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PREFACE

The PhD thesis entitled “Developing 3D In Vitro Tumor Models: Extracellular Matrix
Remodeling by Collagenases to Increase Drug Efficacy” was submitted to the University of
Palermo and to the University of Copenhagen. The research was carried out within a dual
PhD program established in 2022 under a collaborative agreement between the University
of Palermo (Italy), the home institution, and the University of Copenhagen (Denmark), the
host institution. At the University of Palermo, the PhD training was carried out within the
Technologies and Science for Human Health PhD program, while at the University of
Copenhagen, the research activities were conducted under the Graduate School of Health
and Medical Sciences. The PhD project was performed from November 1, 2022, to
October 31, 2025, and involved research activities performed across multiple institutions.
The first year of the PhD (November 1, 2022—October 31, 2023), together with specific
periods of the second year (November 1, 2023—February 5, 2024, and August 1, 2024—
October 31, 2024) and the third year (November 1, 2024—October 31, 2025), were
conducted at the Department of Biological, Chemical, and Pharmaceutical Sciences and
Technologies (STEBICEF) of the University of Palermo, under the supervision of Professor
Giulio Ghersi and the co-supervision of Dr. Simona Campora. From February 5, 2024, to
July 27, 2024, research activities were carried out at the University of Copenhagen within
the Drug Delivery and Biophysics of Biopharmaceuticals (DDBB) Group at the
Department of Pharmacy, under the supervision of Professor Vito Fodera. The PhD
fellowship at the University of Palermo was funded by the National Recovery and
Resilience Plan (PNRR).

The following articles were produced during the PhD program:

I. Lo Buglio G, Lo Cicero A, Campora S, Ghersi G. The Multifaced Role of
Collagen in Cancer Development and Progression. Int J Mol Sci. 2024 Dec
17;25(24):13523. doi: 10.3390/ijms252413523. PMID: 39769286; PMCID:
PMC11678882.

IL. Lo Cicero A, Campora S, Lo Buglio G, Cina P, Lo Pinto M, Scilabra SD,
Ghersi G. Enhancing therapeutic efficacy through degradation of endogenous
extracellular matrix in primary breast tumor spheroids. FEBS J. 2025
Jul;292(13):3494-3507. doi: 10.1111/febs.70069. Epub 2025 Mar 17. PMID:
40098313; PMCID: PMC12220849.



II1.

Lo Cicero A, La Monica F, Lo Buglio G, Campora S, Gangemi F, Cina P,
Salamone M, Lo Pinto M, Scilabra SD, Ghersi G. A vascularized three-
dimensional model integrating primary breast tumor cells and microvascular
fragments: mimicking the tumor microenvironment involved in
chemoresistance. Cancer Cell Int. 2026 Jan 8. doi: 10.1186/s12935-025-04154-
6. Epub ahead of print. PMID: 41507925.



Thesis Outline

This PhD thesis is structured into four main chapters, each addressing a specific aspect of

tumor microenvironment modulation and nanomedicine-based therapeutic strategies:

- Improving Therapeutic Efficacy Through Endogenous Extracellular Matrix Remodeling
in Primary Breast Tumor Spheroids: The first study focused on the generation of three-
dimensional tumor spheroids from primary tumor cells (PTCs) isolated from chemically
induced mammary tumors in Wistar rats. The resulting spheroids, capable of producing a
collagen-rich endogenous extracellular matrix, were treated with a combination of
ultrapure recombinant collagenases to enhance doxorubicin penetration and cytotoxicity.
This approach demonstrated the effectiveness of a two-step synergistic therapeutic strategy
for the treatment of solid tumors. The results presented in this chapter have been published
in The FEBS Journal in 2025 in the manuscript “Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor spheroids” by Lo

Cicero et al. [1]

- Synergistic Effect of Collagenase and PVP-AEDP-Doxorubicin Nanoparticles in Primary
Tumor Cell Spheroids: The second study concentrated on the application of PVP-AEDP
nanoparticles loaded with doxorubicin in combination with enzymatic treatment in PTC
spheroids. The aim was to increase therapeutic specificity and to validate in vitro the
efficacy of nanostructured systems responsive to tumor microenvironmental cues, resulting

in an improved pharmacological response. The manuscript is in preparation.

- Enhancing Drug Penetration and Cytotoxicity in 3D Primary Breast Cancer Cultures via
BSA-Nanoparticles: The third study addressed the synthesis and biophysical
characterization of pH-sensitive bovine serum albumin (BSA) nanoparticles loaded with
doxorubicin, obtained through chemical crosslinking. The combined application of these
nanoparticles with collagenases in PTC spheroids led to a significant increase in
cytotoxicity. In parallel, BSA nanoparticles conjugated with collagenases were synthesized
and characterized using a thermal crosslinking approach to preserve the catalytic activity of
the conjugated enzyme while simultaneously improving its immunocompatibility and

biological performance. The manuscript is in preparation.

- Development and Characterization of 3D Vascularized Tumor Model Integrating Rat
Adipose-Derived Microvascular Fragments and Breast Cancer Cells: Evaluation of
ABCBI1 Expression and Drug Response: The fourth study focused on the generation of an
advanced three-dimensional model based on co-cultures of PTCs and microvascular
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fragments, to more faithfully recapitulate the tumor microenvironment and mimic
neoangiogenic processes in vitro. In these vascularized tumor models, characterized by the
overexpression of molecules associated with drug resistance, the response to
pharmacological treatments was evaluated using doxorubicin, thereby enhancing the
biological and translational relevance of the model. The data discussed in this chapter have
been published in Cancer Cell International (2026) by Lo Cicero et al. in the manuscript
“A vascularized three-dimensional model integrating primary breast tumor cells and
microvascular  fragments: mimicking the tumor microenvironment involved in

chemoresistance” [2]



ABSTRACT

Background:

Solid tumors display a highly complex biological microenvironment, named Tumor
Microenvironment (TME), characterized by a dense Extracellular Matrix (ECM), abnormal
vasculature, and dynamic tumor—stroma interactions that collectively limit drug penetration
and therapeutic efficacy. Traditional two-dimensional (2D) culture systems fail to
adequately reproduce these features, underscoring the need for advanced three-dimensional

(3D) models that better reflect tumor architecture and resistance mechanisms.
Hypothesis and Aim of the Study

The research project aims 1) to develop a two-step, synergistic strategy based on the
controlled remodeling of the collagen-rich tumor ECM using ultrapure recombinant
collagenases, which enhances drug penetration and antitumor efficacy of the anticancer
drug Doxorubicin (DOX) in solid tumors and 2) to conjugate collagenases and DOX to
biocompatible and stimuli-responsive nanoparticles to improve intratumoral drug
bioavailability while reducing off-target effects. To test these hypotheses, the project has
been focused on the 1) evaluation and comparation of the therapeutic performance of
DOX-loaded bovine serum albumin (BSA) nanoparticles and glutathione-responsive
poly(vinyl pyrrolidone) (PVP) nanoparticles (NPs) in advanced 3D tumor models and 2)
validation of a vascularized tumor model incorporating microvascular fragments to better
recapitulate the tumor microenvironment and improve the predictive value of in vitro drug

testing.
Methods:

Primary tumor cells (PTCs) were isolated from a breast tumor chemically induced in
Wistar rats, using ultrapure recombinant collagenases. PTCs were used to generate 3D
tumor spheroids capable of producing an endogenous type I collagen—rich matrix, as
confirmed by immunofluorescence staining. ECM remodeling was achieved using
ultrapure recombinant collagenases (class I and II). Doxorubicin (DOX) was administered
in PTC spheroids as a free drug, conjugated to pH-sensitive BSA NPs, or incorporated into
glutathione-responsive PVP NPs, and their efficacy was evaluated through a cell viability
assay. BSA-DOX NPs were synthesized using the desolvation method and crosslinked
with glutaraldehyde, whereas enzyme-loaded BSA nanoparticles were thermally
crosslinked. The resulting constructs were characterized by Dynamic Light Scattering

(DLS), Transmission Electron Microscopy (TEM), Nanoparticle Tracking Analysis (NTA),
6



and spectrophotometry. In addition, Microvascular Fragments (MVFs) isolated from rat
adipose tissue were co-cultured with PTCs to generate so-called “Angiotumoroids” that
recapitulate the tumor—endothelial cell crosstalk. Co-cultures were characterized by
Scanning Electron Microscopy (SEM) and immunofluorescence, while protein expression
was evaluated by proteomic analysis. Across all 3D models investigated in this study, drug
uptake was assessed by confocal microscopy image analysis, and cell viability was

assessed using an ATP-based luminescent assay.
Results and discussion:

Tumor spheroids developed a dense, collagen-rich ECM that markedly limited doxorubicin
penetration. Pre-treatment with recombinant collagenases reduced ECM density and
synergistically enhanced intratumoral DOX accumulation and antitumor efficacy, both for
free DOX and nanoparticle-based formulations (PVP NPs and BSA NPs). It is well known
that tumor cells present higher levels of intracellular glutathione compared to normal ones.
Therefore, DOX was conjugated to OPVP NPs through a redox-responsive linker to obtain
a controlled drug release mechanism. On the other hand, tumor cells and
microenvironment present low pH, and, therefore, BSA-DOX nanoparticles were
formulated to exhibit pH-dependent aggregation behavior, suggesting a potential acidity-
mediated retention within the tumor microenvironment in vivo. To improve the
immunocompatibility of collagenases, the enzymes were conjugated to BSA nanoparticles
via thermal crosslinking, a strategy that preserved their catalytic activity more eftectively
than conventional chemical crosslinking approaches. Finally, advanced three-dimensional
tumor models were generated by co-culturing Microvascular Fragments (MVFs) with
PTCs, giving rise to structures termed Angiotumoroids. These models displayed a
homogeneous endothelial organization throughout the spheroid architecture and
demonstrated pronounced neoangiogenic potential, mediated both by direct tumor—
endothelial cell interactions and by soluble pro-angiogenic factors. Moreover,
Angiotumoroids exhibited marked overexpression of efflux transporters, such as ATP
Binding Cassette Subfamily B Member 1 (ABCB1), which conferred a drug-resistant
phenotype, as confirmed by cytotoxicity assays. Taken together, these characteristics
support the use of angiotumoroids as robust and physiologically relevant in vitro platforms

for studying mechanisms of tumor drug resistance and assessing treatment efficacy.

Conclusions:
The combined targeting of the tumor ECM and the use of responsive nanoparticles

significantly improve chemotherapeutic delivery in solid tumor models. Advanced 3D and
7



vascularized tumor systems represent powerful and predictive platforms for investigating

tumor resistance mechanisms and optimizing innovative drug-delivery strategies.



RESUME

Baggrund:

Solide tumorer udviser et yderst komplekst biologisk mikromiljo, betegnet tumorens
mikromiljg (Tumor Microenvironment, TME), som er karakteriseret ved en tat
ekstracelluleer matrix (Extracellular Matrix, ECM), abnorm vaskularisering og dynamiske
tumor—stroma-interaktioner, der tilsammen begrenser legemiddelpenetration og
terapeutisk effektivitet. Traditionelle todimensionelle (2D) cellekultursystemer formar ikke
i tilstrekkelig grad at reproducere disse egenskaber, hvilket understreger behovet for
avancerede tredimensionelle (3D) modeller, der bedre afspejler tumorarkitektur og

resistensmekanismer.

Hypotese og formél med studiet:

Dette forskningsprojekt har til formal 1) at udvikle en totrins, synergistisk strategi baseret
pd kontrolleret remodellering af den kollagenrige tumor-ekstracelluleere matrix ved
anvendelse af ultrapure rekombinante kollagenaser med henblik pd at forbedre
legemiddelpenetration og antitumoral effekt af det anticancerogene laegemiddel
doxorubicin (DOX) 1 solide tumorer, samt 2) at konjugere kollagenaser og DOX til
biokompatible og stimulus-responsive nanopartikler for at ege den intratumorale
leegemiddeltilgaengelighed og samtidig reducere off-target-effekter. For at teste disse
hypoteser har projektet fokuseret pa 1) evaluering og sammenligning af den terapeutiske
ydeevne af DOX-indleste bovint serumalbumin (BSA) nanopartikler og glutathion-
responsive poly(vinylpyrrolidon) (PVP) nanopartikler (NP’er) 1 avancerede 3D-
tumormodeller samt 2) validering af en vaskulariseret tumormodel, der inkorporerer
mikrovaskulere fragmenter, for bedre at genskabe tumorens mikromilje og ege den

prediktive verdi af in vitro-laegemiddeltestning.

Metoder:

Primaere tumorceller (Primary Tumor Cells, PTC’er) blev isoleret fra en kemisk induceret
brysttumor 1 Wistar-rotter ved anvendelse af ultrapure rekombinante kollagenaser. PTC’er
blev anvendt til at generere 3D-tumorsfaroider, som var i stand til at producere en endogen
type I kollagenrig matrix, hvilket blev bekraftet ved immunofluorescensfarvning. ECM-
remodellering blev opnaet ved brug af ultrapure rekombinante kollagenaser (klasse I og II).

Doxorubicin (DOX) blev administreret til PTC-sferoider enten som frit laegemiddel,
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konjugeret til pH-sensitive BSA-nanopartikler eller inkorporeret i glutathion-responsive
PVP-nanopartikler, og effekten blev evalueret ved celleviabilitetsassays. BSA-DOX-
nanopartikler blev syntetiseret ved desolvatationsmetoden og krydsbundet med
glutaraldehyd, mens enzymindlaeste BSA-nanopartikler blev termisk krydsbundet. De
resulterende konstruktioner blev karakteriseret ved dynamisk lysspredning (Dynamic Light
Scattering, DLS), transmissionselektronmikroskopi (Transmission Electron Microscopy,
TEM), nanoparticle tracking analysis (NTA) og spektrofotometri. Endvidere blev
mikrovaskulare fragmenter (Microvascular Fragments, MVF’er) isoleret fra rottefedtvaev
og co-kultiveret med primare tumorceller for at generere sakaldte “angiotumoroider”, der
genskaber tumor—endotelcelle-interaktioner. Co-kulturer blev karakteriseret ved scanning
elektronmikroskopi (Scanning Electron Microscopy, SEM) og immunofluorescens, mens
proteinudtryk blev analyseret ved proteomisk analyse. Pa tvaers af alle 3D-modeller
undersogt 1 dette studie blev laegemiddeloptag vurderet ved konfokal mikroskopisk

billedanalyse, og celleviabilitet blev evalueret ved et ATP-baseret luminescensassay.

Resultater og diskussion:

Tumorsfaeroider udviklede en teet, kollagenrig ekstracelluler matrix, som markant
begrensede doxorubicinpenetration. Forbehandling med rekombinante kollagenaser
reducerede ECM-tetheden og egede synergistisk den intratumorale akkumulering af DOX
samt den antitumorale effekt, bade for frit DOX og nanopartikelbaserede formuleringer
(PVP- og BSA-nanopartikler). Det er velkendt, at tumorceller udviser hgjere intracellulere
niveauer af glutathion sammenlignet med normale celler. Derfor blev DOX konjugeret til
PVP-nanopartikler via en redox-responsiv linker for at opnd en kontrolleret
leegemiddelfrigivelsesmekanisme. Omvendt er tumorceller og deres mikromiljo
karakteriseret ved lav pH, og BSA-DOX-nanopartikler blev derfor designet til at udvise
pH-athangig aggregering, hvilket indikerer potentiel surhedsmedieret retention 1 tumorens
mikromilje in vivo. For at forbedre kollagenasernes immunokompatibilitet blev enzymerne
konjugeret til BSA-nanopartikler via termisk krydsbinding, en strategi der bedre bevarede
deres  katalytiske  aktivitet =~ sammenlignet med  konventionelle  kemiske
krydsbindingsmetoder. Endelig blev avancerede tredimensionelle tumormodeller genereret
ved co-kultur af mikrovaskulare fragmenter (MVF’er) og primare tumorceller (PTC’er),
hvilket gav anledning til strukturer betegnet angiotumoroider. Disse modeller udviste en
homogen endotelial organisering gennem hele sferoidarkitekturen og demonstrerede udtalt

neoangiogent potentiale, medieret badde af direkte tumor—endotelcelle-interaktioner og af
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opleselige proangiogene faktorer. Desuden viste angiotumoroider en markant
overekspression af efflux-transporterer, saisom ATP-binding cassette subfamily B member
1 (ABCBI1), hvilket gav en lagemiddelresistent fenotype, som blev bekraftet ved
cytotoksicitetsassays. Samlet set etablerer disse karakteristika angiotumoroider som
palidelige og fysiologisk relevante in vitro-modeller til undersogelse af

tumorlaegemiddelresistens og terapeutisk respons.
Konklusioner:

Den kombinerede malretning af tumorens ekstracelluleere matrix og anvendelsen af
stimulus-responsive nanopartikler forbedrer markant kemoterapeutisk levering i solide
tumormodeller. Avancerede 3D- og vaskulariserede tumorsystemer repraesenterer
kraftfulde og pradiktive platforme til undersegelse af tumorresistensmekanismer og

optimering af innovative leegemiddelleveringsstrategier.
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Chapter 1
INTRODUCTION



1.1 Solid Tumors: Epidemiology and Biological Features

Cancer represents one of the most pressing global public-health challenges, not only
because of its high incidence and mortality, but also due to its profound and long-lasting
impact on quality of life. Recent global health analyses estimate that, in 2023, the
worldwide cancer burden achieved 18.5 million new cases and over 10 million deaths,
contributing to more than 270 million (DALYs) [3]. These numbers highlight the
devastating nature of the disease, but they also conceal marked disparities. Most cancer
diagnoses and deaths occur in low- and middle-income countries, where access to
prevention, early detection, and treatment remains limited [4]. Projections for the coming
decades indicate an even more dramatic trend, with estimates suggesting that global
incidence could exceed 30 million new cases by 2050, accompanied by a substantial rise in
mortality, with regions with limited resources still being the most affected. This is probably
related to modifiable risk factors. Behavioral, environmental, and metabolic determinants,
such as tobacco use, unhealthy diet, obesity, and exposure to pollutants, are collectively
responsible for more than 40% of all cancer-related deaths [5]. Historically, a relatively
small number of modifiable risks has accounted for nearly half of global cancer DALY,

underscoring the central role of prevention strategies in fighting cancer [6].

Solid tumors constitute the largest and most clinically heterogeneous group of
malignancies. This category includes carcinomas, sarcomas, and various other non-
hematologic tumors arising from epithelial or mesenchymal tissues [7]. Their global
impact is particularly evident in high-incidence and high-mortality cancers such as breast,
lung, and colorectal tumors, which together account for a substantial proportion of
worldwide cases and deaths and are often associated with unhealthy lifestyles. For
instance, some solid tumors, such as pancreatic and liver cancer, are increasingly shaped
by metabolic risk factors, including rising rates of high body mass index and elevated
fasting glucose levels, which have been associated with projected increases in mortality in
the coming years [8,9]. From a clinical perspective, managing solid tumors represents a
significant challenge. Effective treatment often requires complex, multimodal approaches,
including surgery, systemic therapies, and radiotherapy. These interventions not only
demand extensive healthcare infrastructure and economic resources but are also associated
with considerable long-term morbidity, as many patients live for extended periods with
side effect treatments, recurrence, or metastatic disease. The persistent inequities in
healthcare access further exacerbate such challenges. In fact, in many countries, diagnostic

delays and limited availability of essential cancer services result in patients presenting at
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more advanced stages, reducing the possibility of successful outcomes. Beyond individual
suffering, the growing incidence of solid tumors places mounting pressure on global health
systems. Without decisive action, the rising global cancer cases will continue to weigh
down on increasing and potentially unsustainable pressure on healthcare systems. This
scenario not only threatens to undermine the ability of institutions to provide timely and
effective care but also significantly affects the psychological and social well-being of the
population, further widening inequalities and diminishing the quality of life of patients and

their families.

1.1.2 Limitations of Conventional Therapies in Solid Tumors

Conventional therapies for solid tumors, such as chemotherapy and radiotherapy,
compromising their clinical efficacy. The limitation of canonical chemotherapeutic agents
is their low specificity, which often leads to significant side effects due to systemic
toxicity, adversely affecting patients' quality of life [10]. However, one of the major
challenges is the poor penetration of drugs within tumor tissue. The dense and complex
structure of the stroma, coupled with elevated interstitial pressure and irregular
vascularization, reduces the uniform distribution of therapeutic agents, exposing several
cells to subtherapeutic doses [11]. This insufficient exposure can promote the development
of resistance mechanisms and hinder complete tumor eradication. The combination of
limited efficacy and systemic toxicity represents a critical challenge in the clinical
management of solid tumors, particularly in those with highly fibrotic or dense

microenvironments.

1.1.3 Biology of Solid Tumors

Solid tumors represent a heterogeneous class of neoplasms characterized by the
uncontrolled clonal proliferation of malignant cells that generate a compact three-
dimensional mass within the tissues. They mainly include carcinomas of epithelial origin,
such as those of the breast, lung, colorectal, and pancreatic origins, each displaying distinct

genetic, epigenetic, and phenotypic profiles [7].

Tumor cells exhibit pronounced intratumoral heterogeneity, encompassing differentiated
subpopulations and subclones with variable metastatic potential, adaptive metabolic
profiles, and resistance to therapeutic strategies [12]. This heterogeneity is further
amplified by the dynamic interactions between tumor cells and the surrounding
components of the tumor mass, which influence important signaling pathways involved in

proliferation, apoptosis, invasion, and angiogenesis [13]. They actively produce and
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remodel the extracellular matrix (ECM), thereby influencing tissue stiffness, interstitial
fluid pressure, and drug diffusion [14,15]. Moreover, the gradients of oxygen, pH,
metabolites, and growth factors determine specific micro niches that selectively enhance

aggressive cellular phenotypes and contribute to drug resistance [16,17].

This results in a tumor microenvironment (TME) that constitutes a critical component of
the solid tumor, where bidirectional interactions with tumor cells and other tumor elements

regulate key processes that enhance tumor progression.

1.2 The Tumor Microenvironment as an Anti-Therapeutic Barrier

The global increase in solid tumor cases, together with the limitations of conventional
therapies, highlights the urgent need for more effective treatment strategies grounded in a
deeper understanding of the tumor microenvironment (TME). Despite considerable
advances, many solid tumors remain difficult to eliminate due to their inherent biological
heterogeneity and the complex network of interactions established among malignant,
stromal, immune, and acellular components. Standard treatments, while capable of
reducing tumor mass, often fail to disrupt the mechanisms that enable tumor cells to adapt,

persist, and eventually relapse or metastasize [18].

The TME constitutes a major barrier to therapeutic success. Key features, such as hypoxia,
acidosis, ECM remodeling, immunosuppressive signaling, and aberrant vasculature, limit
drug penetration and antitumor immune responses. Consequently, tumors must be viewed
as dynamic ecosystems in which malignant progression results from continuous

microenvironment-driven support [19].

These results underscore the need for therapeutic strategies that address not only cancer

cells but also the microenvironmental factors supporting their survival.

1.2.1 Structure and Composition of Tumor Microenvironment

Tumor Microenvironment (TME) is defined as the ensemble of structures and cell
populations that surround neoplastic cells and profoundly modulate their biological and
metabolic behavior. It includes several cellular components, such as cancer-associated
fibroblasts (CAFs), endothelial cells (ECs), immunocytes, adipocytes, blood vessels, and
the ECM, the most representative acellular component [20]. These components strongly
affect the abnormal proliferation of tumor cells, initiating and sustaining mechanisms of
invasiveness, migration, and both physical and biochemical resistance to anticancer
therapies [21]. The tumor microenvironment supports cancer progression by disrupting

normal regulatory signals that control cell proliferation and growth. This enables tumor
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cells to avoid programmed cell death, sustain unchecked growth, invasion of tissues,
reprogram metabolic pathways, induce new blood vessel formation, and evade immune
responses [22]. The TME is not merely a collection of cells and structural components, but
also a chemically and physically altered context compared to healthy tissues. TME is
characterized by a reduced pH resulting from the elevated glucose consumption and lactate
production of tumor cells, further exacerbated by poor oxygenation. This acidic milieu
promotes invasiveness, weakens the immune response, and diminishes the effectiveness of
many therapeutic approaches [23]. Another key hallmark is hypoxia, which arises from the
disorganized and inefficient vascular network that fails to deliver oxygen uniformly. Tumor
cells respond by activating adaptive programs, which enhance their aggressiveness and
survival under adverse conditions [24]. Within this complex chemical and physical
scenario, a continuous crosstalk develops among tumor cells, stromal cells, immune cells,
and the ECM. This bidirectional communication, mediated by soluble factors, metabolites,
and physical interactions, actively reshapes the microenvironment and promotes tumor
growth, while compromising the integrity and function of neighboring tissues. The main

elements of the ECM and the tumor microenvironment are shown in Figure 1 [25].
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Figure 1: Schematic representation of the key components within the tumor
microenvironment of solid tumors. The tumor microenvironment is a complex and
dynamic structure that consists of tumor cells, immune cells, stromal cells, and the
extracellular matrix. One of the major factors influencing the stiffness of the ECM is the
excessive deposition of collagen fibers, which significantly alters the biomechanical
properties of the tumor.

Image from Lo Buglio et al., 'The Multifaceted Role of Collagen in Cancer Development
and Progression,' IJMS, 2024, doi: 10.3390/ijms252413523 [25]. Copyright via CC BY-
NC-ND 4.0 - https://creativecommons.org/licenses/by/4.0/

1.2.2 Cellular Components of the Tumor Microenvironment: Stromal, Immune, and
Endothelial Cells

The tumor microenvironment is shaped not only by its chemical, physical, and signaling
features but also by its cellular constituents, which actively govern tumor behavior. Among
these, stromal cells, immune cells, and endothelial cells play central roles in driving tumor

growth, invasion, and therapeutic response. -

1.2.2.1 Stromal cells: Cancer-Associated Fibroblasts (CAFs)

The most abundant and functionally active stromal cells within the TME are the Cancer-
Associated Fibroblasts (CAFs). They are pivotal components of the tumor
microenvironment that possess enhanced functional properties, such as proliferation,
migration, and secretion of ECM amorphous compounds, including collagen. Although
they were previously identified as homogeneous cell populations, recent studies have

shown that they can exhibit high variability [26,27]. In fact, compared to normal
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fibroblasts, CAFs are characterized by larger sizes and more distinct shapes. They originate
from various sources, including epithelial cells, peri-tumoral adipocytes, hematopoietic
stem cells, endothelial cells, or mesenchymal cells such as fibroblasts [28,29]. Moreover,
CAFs' heterogeneous subpopulations can coexist within the same tumor mass, and they
interact in different ways with tumor ECM and TME cells. Immunohistochemical studies
have shown that CAFs generally express proteins such as the cell surface protein Thyl
(CD90), smooth muscle alpha-actin (a-SMA), fibroblast activation protein (FAP), and
S100A4 protein [30]. CAFs' subpopulations can modify their phenotypes during tumor
progression, highlighting the dynamic nature of the tumorigenic process [31]. They have
an important relationship with the tumor microenvironment. These cells maintain a
hyperactivated state and display heightened metabolic activity. These conditions increase
production of ECM factors, such as tenascin (TNC), periostin (POSTN), and secreted
protein acidic and rich in cysteine (SPARC) [32]. Their activity contributes to shaping the
tumor mass in a thick tumoral ECM. This contribution occurs through the synthesis and
altered deposition of laminin, HA, fibronectin, and collagens type I, III, IV, and V, above
all, collagen type I [33]. CAFs, stimulated by cancer cells, hyperexpress the hyaluronic and
proteoglycan binding protein 1 (HAPLN1), compared to normal fibroblasts [34]. Through
HAPLNI1, CAFs promote the invasion of cancer cells by remodeling the extracellular
tumor matrix, due to an upregulation of the HA/CD168/ERK pathway [35]. Moreover,
CAFs are involved in the initiation, growth, and invasion of cancer cells through the
secretion of several tumor-promoting factors, such as stromal-derived factor 1 (SDF-1),
interleukin 1B (IL-1B), PDGF, phosphatase and tensin homolog (Pten), and Sonic hedgehog
(Shh) (Fig.2) [36-38]. In addition, through the secretion of hepatocyte growth factor
(HGF), CAFs enhance the stem cell-like characteristics of tumor cells, which is essential
for tumor progression. A brief overview of the main protumorigenic roles of CAFs is

shown in Figure 2 [39].
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Figure 2: The role of cancer-associated fibroblasts (CAFs) in cancer. Illustration of the
diverse mechanisms involving cancer-associated fibroblasts (CAFs) within the tumor
microenvironment (TME). CAFs contribute to tumor progression by orchestrating multiple
protumorigenic processes, including remodeling of the immune cells, secretion of
extracellular matrix components and cytokines, stimulation of tumor cell proliferation and
angiogenesis, and facilitation of cancer cell invasion and metastatic dissemination.
Collectively, these activities promote tumor growth, therapeutic resistance, and disease
progression.

Image from Karan Kohli et al. 'Key chemokines direct migration of immune cells in solid
tumors', Cancer Gene Therapy, 2022, doi: 10.1038/s41417-021-00303-x [39]. Copyright
via CC BY-NC-ND 4.0 - https://creativecommons.org/licenses/by/4.0/

1.2.2.2 Tumor-Associated Immune Cells

Together with CAFs, immune cells constitute key components of the tumor
microenvironment, actively interacting with tumor and stromal cells to influence cancer
progression. On one hand, the tumor microenvironment limits the function of tumor-
infiltrating lymphocytes (TILs) through entrapment within the dense collagen matrix and
engagement of inhibitory signals, including Programmed Death-Ligand 1 (PD-L1) and
Leukocyte-Associated Immunoglobulin-like Receptor 1 (LAIR-1) [40-42]. However,
additional immune and stromal elements actively contribute to immunosuppression,
thereby facilitating tumor growth, invasion, and drug resistance. For example, the secretion
of cytokines, such as interleukins (IL-4, IL-6, IL-10, IL-13) and Transforming Growth
Factor Beta-1 (TGF-B) by Tumor-associated macrophages (TAMs), including M2-
polarized macrophages, contributes to TME remodeling and immune suppression [43—45].
TAM2s can promote tumor progression by producing collagen I and activating signaling

pathways like 021 integrin/PI3K/Akt, and regulate immune cell activity, often
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suppressing cytotoxic T lymphocyte function [46,47]. Moreover, the collagen I interacted
with Discoidin Domain Receptor 1 (DDR1) has been shown to upregulate chemokine
CXCLS5. The resulting increase in CXCLS promotes the formation of neutrophil
extracellular traps (NETs) by tumor-associated neutrophils (TANs), a key driver of
metastatic dissemination [48]. Based on the above facts, the complex interaction between
immune cells and the TME becomes evident, as several immune populations contribute to
tumor progression. Therefore, the immune compartment does not exclusively exhibit
antitumor functions but also includes cellular populations that actively support tumor

growth and progression, as illustrated in Figure 3 [49].
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Figure 3: Dual Role of Immune Cells in the Tumor Microenvironment. Schematic
representation of the dual role of immune cells within the tumor microenvironment. While
some immune cell populations contribute to antitumor immunity, others promote tumor
growth and progression by fostering immunosuppression, through the release of cytokines,
chemokines, and growth factors.

Image from Cameron Walker et al. ‘Role of Extracellular Matrix in Development and
Cancer Progression', IJMS, 2018, doi: 10.3390/ijms19103028 [49]. Copyright via CC BY-
NC-ND 4.0 - https://creativecommons.org/licenses/by/4.0/

1.2.2.3 Endothelial Cells and Tumor Vascular Network

Endothelial cells form the inner lining of blood vessels and constitute the fundamental

structural and functional unit of the vascular system. In healthy tissues, they maintain
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vessel quiescence, regulate permeability, ensure oxygen and nutrient exchange, and remain
tightly anchored to a continuous basement membrane [50-52]. Their behavior is tightly
controlled by mechanical cues, growth factors, and interactions with pericytes and the

ECM [53].

Within tumors, endothelial cells undergo profound phenotypic and functional alterations,
giving rise to aberrant angiogenesis with irregular vessel organization, excessive
branching, incomplete pericyte coverage, discontinuous basement membranes, and
enlarged fenestrations up to ~780 nm [54,55]. This structural disarray promotes
uncontrolled passage of large solutes into the tumor interstitium, inducing the Enhanced
Permeability and Retention (EPR) effect [56,57]. Combined with rapid proliferation of
tumor and stromal cells and insufficient lymphatic drainage, this leads to increased osmotic
pressure and elevated interstitial fluid pressure (IFP) [58,59]. Unlike healthy tissues, where
IFP is maintained within 3 mmHg of atmospheric pressure, tumors may reach values up to
100 mmHg [60], generating a steep pressure gradient that drives interstitial fluid outward,
restricting drug diffusion and complicating dosing strategies, thus enhancing therapeutic

resistance (Drug Resistence) [61,62].

From a biochemical perspective, angiogenesis is driven by the vascular endothelial growth
factor (VEGF) family, including VEGFA, VEGFB, VEGFC, and VEGFD [63]. VEGFs are
synthesized and released into the TME by stromal cells, endothelial cells, and tumor cells,
promoting new vessel formation (Neoangiogenesis) [64]. Pro-angiogenic signaling is
further enhanced by hypoxia, resulting from uncontrolled TME expansion and vascular
dysfunction, as well as delivering of oxygen and nutrients, and dissemination of metastasis
(Fig.4) [65,66]. Tumor adaptation relies primarily on hypoxia-inducible factors (HIF1,
HIF2), with HIF-1 inducing transcription of VEGF and other pro-angiogenic genes to
restore oxygen supply[67,68].

Therefore, the tumor vascular system plays a pivotal role in cancer progression. Its
abnormal, leaky architecture contributes to hypoxia, high interstitial fluid pressure, and

impaired drug delivery, directly impacting therapeutic efficacy.
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Figure 4: Schematic representation of the tumor vasculature and its roles in cancer
progression. The tumor vasculature supports growth by facilitating nutrient and oxygen
delivery, while also contributing to chemoresistance by limiting drug penetration.
Additionally, it promotes metastasis by enabling tumor cells to enter the bloodstream,
allowing for the spread of cancer to distant organs.

1.2.3 Non-Cellular Components of the Tumor Microenvironment

In addition to stromal, immune, and endothelial cells, the tumor microenvironment is
defined by a complex network of non-cellular components that play a biochemical and
mechanical role in tumor cell behavior. For instance, cytokines, secreted by both tumor and
infiltrating immune cells, modulate inflammation, immune cell recruitment, and
polarization, thereby shaping antitumor responses [69]. Key pro-inflammatory cytokines,
including IL-6 and IL-8, directly enhance tumor proliferation and survival, whereas
immunosuppressive molecules such as IL-10 and TGF-f attenuate cytotoxic T lymphocyte
activity and promote epithelial-to-mesenchymal transition (EMT), favoring invasion and
metastasis [70—72]. Soluble growth factors, including VEGF, platelet-derived growth
factor (PDGF), and epidermal growth factor (EGF), drive proliferation, survival, and
angiogenesis, stimulating new vessel formation that ensures oxygen and nutrient delivery
to rapidly expanding tumor areas [73]. These factors interact with their respective receptors
on stromal, endothelial, and tumor cells, generating positive feedback loops that further
amplify neoplastic progression [74]. In this contest, extracellular vesicles (EVs), including
exosomes and microvesicles, function as nanoscale shuttles of proteins, lipids, and nucleic
acids, facilitating distal modulation of angiogenesis, immune suppression, and metastatic

competence [75].
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Within solid tumors, all these factors are partially sequestered, organized, and dynamically
exchanged within the ECM, which acts as a biochemical and biophysical scaffold
integrating their signals [76]. Among non-cellular TME components, the ECM holds a
central role, acting not merely as a structural scaffold, but as a dynamic integrator of
chemical, mechanical, and metabolic cues that regulate tumor growth, invasion, and
therapeutic response. Its composition, alignment, and continuous remodeling influence cell
proliferation, migration, immune evasion, and drug diffusion, establishing the ECM as a

critical determinant of tumor progression.

1.2.4 The Tumor Extracellular Matrix

The ECM is a dynamic component of all tissues that provides both a structural scaffold and
instructive biochemical cues. It is composed of water, minerals, and a three-dimensional
network of macromolecules, such as, fibronectin, laminins, elastin, proteoglycans (heparan
sulfate and versican), and adhesive glycoproteins, including tenascin-C and
thrombospondin. Among the more than 300 proteins that compose the ECM and regulate
its functions, typically classified within the so-called matrisome, collagen is the most
abundant, since it plays a key role in tissue biomechanics [25,77]. The functions performed
by the ECM vary within tissues and strongly depend on the different composition of
proteins. In general, the ECM is involved in pH maintenance, regulation of cell
proliferation and differentiation, and support and anchoring for cells [78,79]. Based on
different needs, each tissue develops a bio-physical and bio-chemical dynamism where the
ECM represents the component that changes the most [80]. A synergistic relationship is
established, wherein cells modulate the ECM's compactness, which in turn induces the
activation of various mechanotransduction pathways [47]. However, the ECM plays a key

role in the formation and progression of solid tumors.

From a structural point of view, the ECM of solid tumors is an envelope that surrounds,
protects, and interacts with tumor cells that compose the tumor mass [8§1]. Tumor ECM
has components that share similarities with the ECM of healthy tissues, such as collagens,
hyaluronic acid, elastin, proteoglycans, glycoproteins, such as tenascin-C, laminins,
fibronectins, and other proteins [82]. However, changes in the percentage composition of
these elements compared to healthy tissues lead to structural and functional alterations that

trigger and promote tumor development [83].

Thanks to the macromolecules that compose it, a strong rigidity is generated, which is
abnormal when compared to healthy tissues' ECM. As an example, the stiffness of ECM in
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some districts, such as breast, brain, liver, lung, and pancreas, is generally around 1 kPa,

while it can reach values between 4-10 kPa in tumors located at the same sites [82,84].

1.2.5 Role of Tumor Extracellular Matrix in Cancer Progression

During tumor growth, the fibrotic extracellular environment is continuously modified by
multiple factors, such as matrix metalloproteinases (MMPs). In normal tissue, the constant
remodeling of ECM depends on proteases, particularly MMPs, "a disintegrin and
metalloproteinase with thrombospondin motifs" (ADAMTs), and Tissue Inhibitor of
Metalloproteinase 1 (TIMP-1), secreted by resident cells [85,86]. By modifying various
constituents of the ECM, these enzymes alter microenvironmental density, producing
mechanical signals that influence cellular behavior. However, MMPs actively participate in

tumor progression through extracellular matrix remodeling [87].

Moreover, CAFs play a significant role in ECM architecture. Their heightened secretion of
growth factors and deposition of extracellular components, including collagen, cause
stiffness of the ECM, which impedes the accessibility of drugs and immune cells, reducing
therapeutic efficacy. The ECM turnover by CAFs is a complex process, in which a
heterogeneous structure is created with high-density regions of collagen [88]. In this way,
the invasive capacity and the drug resistance of cancer cells are amplified [89]. Hypoxia
also drives ECM remodeling: HIF-1 regulates genes involved in collagen synthesis and
MMP activity [90], inducing rigid, aligned collagen fibrils through P4HA1, P4HA2,
PLODI, and PLOD2 [91]. This ECM reorganization in sarcomas and breast cancer lines

enhances tumor cell invasion and migration [92-95].

Therefore, a dynamic balance is established between the deposition of collagen and other
ECM components, which increases matrix stiffness, and the remodeling mediated by
MMP, shaping the ECM architecture to support both the protective and invasive needs of
the tumor. This remodeling alters the biochemical composition and mechanical properties

of the ECM, ultimately influencing tumor cell behavior and invasion (Fig. 5).
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Figure 5: Extracellular Matrix Remodeling as a Driver of Tumor Initiation and
Invasion. Rapid proliferation of neoplastic cells induces mechanical stress on the basement
membrane, leading to its deformation. Cancer-associated fibroblasts promote collagen
deposition and alignment through stromal enzymes, such as MMPs and LOX, facilitating
basement membrane disruption and directional cancer cell invasion along remodeled
collagen fibers.

Image from Cameron Walker et al. 'Role of Extracellular Matrix in Development and
Cancer Progression’, IJMS, 2018, doi: 10.3390/ijms19103028 [49]. Copyright via CC BY-
NC-ND 4.0 - https://creativecommons.org/licenses/by/4.0/

1.2.6 Biochemical Signaling, Mechanical Properties, and Implications for Drug
Resistance of Tumor Extracellular Matrix

In addition to serving as a physical scaffold, the ECM acts as a reservoir of bioactive
molecules, including growth factors, cytokines, chemokines (TGF-B, VEGF, PDGF, and
tenascin-C) [96,97]. These factors can be sequestered within the matrix and released upon
proteolytic cleavage, thereby modulating tumor cell proliferation, survival, and invasion

[98-100].

Among the various functions that the ECM performs within the tumor microenvironment,
it also plays a key role in regulating tumor cell metabolism, including the Warburg effect
[101]. Increased ECM stiffness hinders lactate diffusion, promoting its local accumulation

and acidification of the TME [102].

Moreover, the ECM modulates paracrine signaling by retaining or presenting soluble

factors to neighboring cells, thereby orchestrating the cross-talk among tumor, stromal,
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endothelial, and immune cells [103]. Vesicular trafficking, mediated by exosomes and
microvesicles, further amplifies this communication by transporting bioactive molecules
that influence angiogenesis, immune evasion, and the metastatic potential of the tumor

[50,75,104].

The tumor ECM stiffness progressively increases, forming a dense and rigid shell that
supports their uncontrolled expansion, amplifying pro-tumorigenic signaling, enhancing
cell survival, migration, and invasive behavior through the activation of several protumoral
pathways [105,106]. Its extreme rigidity, resulting from the accumulation of collagen and
other proteins, creates a compact network that hinders drug penetration, reducing both
diffusion and convective transport [82]. This elevated stiffness can increase interstitial
pressure and alter the morphology of tumor blood vessels, thereby compromising the

transfer of therapeutic molecules from the bloodstream to the tumor tissue [107,108].

In addition, the ECM further promotes chemoresistance by activating mechanotransduction
pathways. For instance, the increased ECM stiffness promotes drug resistance in gastric

cancer and in hepatocellular carcinoma [109,110].

Therefore, the tumor ECM plays a pivotal role in shaping the biochemical and mechanical
properties of the tumor microenvironment, influencing cell behavior, signaling, and drug
resistance. However, among its different components, collagen represents a key structural
and functional element, critically contributing to matrix stiffness, cell-matrix interactions,

and cell metabolism.

1.2.7 Collagens in the Tumor Extracellular Matrix: Multifaceted Roles in
Mechanotransduction, Chemoresistance, and Immune Evasion

Collagens are a fundamental and multifaceted constituent of the tumor ECM, serving as
both a physical scaffold and an active regulator of tumor cell function. In solid tumors, its
deposition becomes dysregulated, with a pronounced accumulation of fibrillar collagens
such as type I and IV, which strongly contribute to increased matrix stiffness and altered
biomechanical properties Figure 6 illustrates the different collagen types, highlighting their

structural characteristics and their roles in tumor progression. (Fig. 6) [25].
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Figure 6: Overview of Collagens in Tumor Progression. Collagens classification by their
supramolecular organization, highlighting their distinct contributions to tumor
development. Each collagen type plays specific roles in modulating the extracellular
matrix, influencing cancer cell behavior, invasion, and metastasis.

Image from Gabriele Lo Buglio et al. ‘The Multifaced Role of Collagen in Cancer
Development and Progression, IJMS, 2024, doi: 10.3390/ijjms252413523 [25]. Copyright
via CC BY-NC-ND 4.0 - https://creativecommons.org/licenses/by/4.0/

This stiffening arises from excessive collagens synthesis and enzymatic cross-linking,
mediated mainly by LOX and LOX-like enzymes, whose upregulation in the tumor stroma
and malignant cells reinforces a mechanically rigid ECM [111,112]. The collagen
interaction with the cell adhesion receptors, such as integrins, establishes a crosstalk
between these matrix components and the cells of the tumor microenvironment,
transducing extracellular signals into intracellular pathways such as FAK (focal adhesion
kinase), PI3K/AKT, and Rho-GTPases [113-115]. For instance, integrin-mediated
signaling regulates key tumor cell behaviors, including proliferation, chemoresistance, and
migration [116,117]. Integrins are transmembrane glycoproteins that act as
mechanosensors, receiving physical stimuli from the extracellular environment, primarily
through interactions with collagens, and triggering appropriate cellular responses, such as
polarity, migration, differentiation, and survival [118]. Specifically, some of these
glycoproteins are known to be involved in the metastatic process, mediating the
interactions between tumor cells and the site predisposed to metastasis. For example,
integrin avP3 is over-expressed in breast or prostate cancer patients with propensity to

develop bone metastases [119—-122].
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Beyond structural tension, collagen influences tumor cell metabolism. High collagen
density has been shown to stimulate the Warburg-like metabolic reprogramming in cancer
cells, activating integrin-dependent PI3K/AKT signaling, which upregulates glycolytic
effectors such as GLUT1 and PKM2, thus facilitating adaptation to a stiff
microenvironment [123]. Concomitantly, collagen remodeling via MMPs and LOX
facilitates dynamic ECM networking, enabling invasive processes. The interaction between
collagens and integrin triggers persistent signaling such as YAP/TAZ, invadopodia
formation, and epithelial-mesenchymal transition [124,125]. The interplay between
collagen and cell death pathways also underscores its regulatory versatility.
Collagen-integrin engagement can enhance anti-apoptotic signaling, for instance via
B-catenin and Bcl-2, while interactions with DDRs modulate apoptotic sensitivity,
depending on the specific collagen isoforms interaction [126,127]. This duality is well
aligned with the concept of collagen as a "double-edged sword" in cancer progression:
while it may restrain early neoplastic proliferation, it actively supports disease
advancement in established tumors. In metastatic and invasive contexts, the organization of
collagen fibers becomes highly strategic. CAFs not only produce collagen but remodel it

into aligned fibrillar networks that guide invasive fronts.

Collagen also supports chemoresistance through both physical and biochemical
mechanisms. Dense collagen matrices not only restrain drug diffusion but also transduce
survival signals: integrin a2f31—collagen interactions can upregulate ABC transporters and
DNA methyltransferases (e.g., DNMT1), thereby contributing to enhanced drug efflux and
epigenetic alterations that favor resistance [128—130]. Finally, collagen modulates immune
cell behavior within the tumor microenvironment: its dense and aligned fibers can form
physical barriers to immune infiltration, while its interaction with receptors such as LAIR-
1 on T lymphocytes suppresses anti-tumor immune responses, thereby facilitating immune
evasion [131-133]. Taken together, these insights reveal collagens as dynamic and central
regulators of tumor biology, a molecule whose abundance and functional plasticity enable
it to orchestrate mechanotransduction, metabolism, survival signaling, migration,

chemoresistance, and immune crosstalk (Fig. 6).

In conclusion, this evidence indicates that the tumor ECM is a key factor in the progression
of solid tumors, for example, by triggering mechanisms of resistance to chemotherapeutic
agents and to immune-cell activity. Indeed, the excessive ECM density and stiffness form a
physical barrier that impairs drug penetration and promotes the activation of survival

signaling pathways. Since collagen is the main component, its controlled degradation may
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represent a promising strategy to reduce stromal rigidity, enhance the diffusion of drugs

and immune cells, and potentiate their efficacy.

1.3 Tumor Priming Strategies to Enhance Drug Penetration and Overcome
Chemoresistance

In solid tumors, multiple structural and pathophysiological features, such as a dense
collagen-rich ECM, elevated interstitial fluid pressure, and aberrant vasculature, impede
immune-cell infiltration, intratumoral drug diffusion, and efficacy [134—136]. For instance,
these features thereby compromise the efficacy of cytotoxic agents, which is often hindered
by irregular access to tumor tissue [137]. Moreover, suboptimal penetration of
chemotherapeutics into solid tumors may lead to insufficient therapeutic efficacy and can
promote chemoresistance. In fact, sublethal intracellular drug concentrations induce tumor
and stromal cells to chemoresistance, for example, with an increased membrane exposure
of efflux pumps, such as P-glycoprotein (ABCB1 or P-gp) [138]. This mechanism results
in a condition known as Multidrug Resistance (MDR), in which cancer cells exhibit
reduced drug uptake and sensitivity to chemotherapeutic agents [139]. Consequently, these
insufficient drug levels fail to eradicate the tumor and increase the risk of recurrence, as
resistant cell populations persist within the microenvironment [140]. For this reason, tumor
priming could represent a therapeutic strategy aimed at temporarily modifying the tumor
microenvironment to enhance the penetration, distribution, and efficacy of antitumor
agents and/or immune cells, as well as reduce chemoresistance. Tumor priming aims to
overcome these barriers in a controlled and transient manner, leading to an increased
permeability so that therapeutic molecules or cells can more effectively reach cancerous

tissues [141].

A critical aspect of this approach is the precise temporal coordination between the priming
intervention and the administration of the therapies, as improvements in intratumoral
perfusion may be limited in time [142]. Beyond enhancing drug diffusion and efficacy,
pretreatment can also make tumor cells more sensitive to subsequent therapeutic
interventions. Several strategies can be employed to achieve effective tumor priming. For
instance, hyperthermia and ultrasound promote vascular dilation and drug diffusion, while
protease treatment, such as collagenases, can modulate the ECM, increasing therapy
administration [143—-146]. These approaches create a transient manner to improve

enhanced permeability.
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1.3.1 Synergistic Strategies Combining ECM Degradation and Chemotherapy in
Solid Tumors

The synergistic approach that combines ECM degradation with the administration of
antitumor therapies represents a promising strategy to overcome the physical and
biochemical barriers typical of solid tumors.
Several studies, including an in vivo investigation in rats with colorectal peritoneal
carcinomatosis, have demonstrated that collagenase reduced extracellular fibrosis and
enhanced drug accessibility [147]. On the other hand, collagenases can also be conjugated
to liposomes, generating so-called collagozomes, as demonstrated by Wang and colleagues.
In particular, in mouse models of pancreatic ductal adenocarcinoma (PDAC) collagozomes
reduced stromal fibrosis and increased intratumoral accumulation of the subsequently
administered chemotherapeutic agent Paclitaxel, improving therapeutic efficacy without
increasing systemic [147]. Moreover, collagenases have improved the precision, safety, and
accessibility of Chimeric Antigen Receptor (CAR) T cells, reinforcing their potential as
adjunctive  therapies in solid tumors, such as pancreatic cancer [148].
Taken together, these data demonstrate the effectiveness of “two-step” strategies in the
treatment of fibrotic solid tumors, based on pretreatment with collagenase followed by
administration of the chemotherapeutic agent. However, in addition to the sequential

approaches, co-delivery formulations have also been explored.

For example, thermosensitive hydrogels with antivascular effects containing both
collagenase and the trastuzumab antibody enable controlled ECM degradation, improved
penetration of the therapeutic antibody, as well as an increase in drug retention by one
additional week compared to controls [149]. A further approach was described in a recent
study on pancreatic carcinoma, in which copper-based mesoporous nanoparticles decorated
with collagenase enabled significant ECM remodeling in vitro and in vivo, improving the
efficacy of the therapeutic agent [150]. Similarly, Li et al. developed collagenase-
functionalized liposomal nanozymes, showing improved drug diffusion and enhanced

antitumor responses in breast cancer models [151].

Finally, it is also well reported that the combination of ECM degradation with conventional
chemotherapy. For instance, Wang et al. developed pH-sensitive nanocarriers carrying
collagenases, capable of selectively degrading collagen and promoting intratumoral
accumulation of liposomes loaded with the anticancer drug Doxorubicin (DOX-Lip),
showing an increase of up to nearly three-fold in drug accumulation compared with

controls [152]. Additional strategies include gold nanoparticles decorated with
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collagenases and conjugated with doxorubicin, resulting in a more intensive synergistic

effect [153].

1.4 Collagen as a Therapeutic Target

Collagen represents a structural and functional determinant of the tumor ECM, making it
an attractive therapeutic target for stromal normalization. Several strategies, for instance,
using antifibrotic drugs, have been developed to modulate collagen abundance,
biosynthesis, organization, and signaling within solid tumors [102,154,155]. One major
therapeutic approach involves inhibiting collagen cross-linking, primarily mediated by
LOX and LOX-like enzymes, which drive ECM stiffening and promote drug resistance
[156]. Pharmacological or antibody-based LOX/LOX-L inhibitors, for example, in triple-
negative breast cancer (TNBC), can reduce matrix rigidity, enhance intratumoral perfusion,
and increase tumor permeability, sensitivity to chemo and immunotherapies [157]. A
second strategy focuses on suppressing collagen synthesis by targeting enzymes essential
for collagen maturation, such as prolyl 4-hydroxylases (P4HA) type 1 and 2 [158].
Inhibiting these enzymes decreases stromal collagen deposition, attenuates desmoplasia,
and enhances drug diffusion in preclinical models. Upstream regulators, such as TGF-f,
can also be blocked to limit fibroblast activation and collagen production [159]. Interfering
with collagen uptake and metabolism represents an additional therapeutic avenue.
Targeting collagen—cell interactions is another promising direction. For instance, inhibitors
of integrins such as TC-I-15 or DDRs can disrupt collagen-driven mechanotransduction
pathways that promote tumor survival and invasion [160,161]. Collagen-derived
fragments, including tumstatin and tetrastatin, also exhibit anti-angiogenic activity,
offering therapeutic opportunities to exploit collagen [162,163]. Additionally, circulating
collagen fragments have emerged as biomarkers of stromal remodeling and predictors of
therapeutic responsiveness, supporting patient stratification for ECM-targeting treatments

[164].

There is also a therapeutic approach that involves the use of oncolytic viruses conjugated
to collagen-targeting proteases, as well as bacteria, such as Salmonella typhimurium,
capable of recognizing and degrading type I collagen within the tumor ECM, to enhance

the accessibility of drugs or immune cells [165,166].

The use of specific proteases, either recombinant or extractive, such as collagenases, has
enabled the targeted degradation of tumor-associated collagen, thereby enhancing

therapeutic efficacy. Collagenase-based approaches aim to directly digest the pathological
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collagen network, reducing stiffness and enhancing the penetration of both
chemotherapeutics and immune cells [167]. However, the use of collagenases involves
both promising advantages and notable challenges. A balanced assessment of these
potential benefits is therefore necessary to understand their role within emerging tumor-

targeting strategies.

1.4.1 Collagenases Treatment: Advantages and Limitations

Collagenases are extracellular proteases capable of selectively degrading collagen, the
main structural component of the tumor ECM. By enzymatically cleaving collagen fibers,
collagenases reduce matrix rigidity, thereby enhancing the penetration and distribution of

chemotherapeutic agents within the tumor mass [136].

This effect has been demonstrated in multiple preclinical models, where collagenase
treatment improved intratumoral perfusion and increased drug efficacy. In addition to
facilitating drug delivery, collagenase-mediated ECM remodeling can enhance immune
responses [168]. Collagenases can better access cytotoxic T lymphocytes and other effector
immune cells to tumor cells, potentially augmenting the efficacy of immunotherapies
[147,148]. Collagenase therapy can be made highly versatile, as this enzyme can be
combined with different delivery systems to target various tumor types and their
corresponding microenvironmental conditions. For instance, when co-administered with
micro- or nanoparticles or hydrogels, it becomes possible to achieve a more controlled and

targeted release of the drugs (Fig. 7) [169].
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Figure 7: Collagen of tumor ECM and the role of collagenase treatment to improve
drug delivery. The collagen overexpression in tumors is associated with enhanced
tumor growth and metastasis. These ECM components contribute to a protective tumor
microenvironment by increasing interstitial fluid pressure and creating physical barriers
that limit the effective convection and diffusion of chemotherapeutic agents, antibodies,
and nanoparticles. This figure illustrates how collagenase treatment, which depletes
extracellular collagen, has been shown to normalize the tumor microenvironment,
improving drug uptake and diffusion.

Reproduced with permission (license number 6206611089440, 12 Feb 2026) from
Dolor, A.; et al. ‘Digesting a Path Forward: The Utility of Collagenase Tumor Treatment
for  Improved Drug  Delivery’ ACS, 2018, 15, 6, 2069-2083 doi:
10.1021/acs.molpharmaceut.8b00319. Copyright 2018 American Chemical Society
[169].

Thus, the use of collagenases to digest the solid tumor ECM provides significant benefits,
as the enzyme selectively cleaves collagen fibers, reducing stromal stiffness and interstitial
fluid pressure that impedes drug diffusion. In this way, a deeper and more spatially uniform
penetration of chemotherapeutic agents is achieved. Moreover, the localized degradation of
collagen could interfere with pro-survival signaling pathways mediated by integrin-
collagen interactions, further sensitizing tumor cells to treatment. In conclusion, the
transient increase in stromal accessibility creates a therapeutic window that promotes
enhanced drug uptake by tumor cells, thereby improving overall treatment efficacy and
reducing the risk of recurrence. However, despite its therapeutic potential, collagenase
therapy presents several risks, including possible off-target matrix degradation,

inflammatory responses, and immunogenicity.

Collagenases, particularly when derived from exogenous sources such as bacteria (e. g.,
Clostridium histolyticum), cause several immunological risks that must be carefully
considered in clinical applications [170]. One significant concern is immunogenicity

through the production of specific antibodies against the enzymes, leading to
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hypersensitivity reactions, inflammation, short half-life, and other adverse -effects
[171,172]. Moreover, extractive collagenases can carry residual endotoxins that pose safety
concerns for in vivo applications. The presence of these endotoxins may trigger
inflammatory responses and limit the therapeutic use of bacterial collagenases,
highlighting the need for rigorous purification and quality control [173]. Collagenases can
cause a range of allergic reactions, from mild symptoms like swelling and redness to more
severe reactions, including anaphylaxis. Furthermore, the use of collagenases can trigger
osteoarthritis in vivo [174]. Collagenases can exhibit off-target proteolytic activity,
degrading ECM components not only within the tumor, but also in surrounding healthy
tissues [175,176]. This off-target effect may lead to structural damage, inflammation, and
compromise organ integrity. Consequently, the low specificity represents a significant
challenge that must be carefully controlled in therapeutic applications, for example, via

intravenous administration.

1.5 In Vitro Models for Studying the Tumor Microenvironment

The use of in vitro models is a vital tool in cancer research since it allows investigation of
the cellular and molecular processes that underlie tumor progression and therapeutic
responses. It provides reproducible and cost-effective analyses, while avoiding the ethical
and physiological issues of animal models. However, the simplification in vifro can also

become a significant limitation when compared with in vivo conditions.

Traditional two-dimensional (2D) models, commonly employed in cancer research, exhibit
structural and functional constraints that compromise their ability to faithfully reproduce
the tumor microenvironment complexity. In a 2D system, cancer cells grow on uniform
surfaces that do not recapitulate the tridimensional depth, biochemical composition, and
biomechanical dynamics of the TME in vivo [177]. Consequently, cell polarity and the
spatial distribution of membrane receptors are lost. This leads to biochemical alterations
across various signaling pathways, including those mediated by integrins, Focal Adhesion
Kinase (FAK), Rho GTPases, and YAP/TAZ, which regulate adhesion, proliferation,
metabolism, and drug response [178]. Moreover, 2D models fail to reproduce oxygen, pH,
and metabolic gradients, including paracrine gradients, that characterize the TME. In vivo,
this distribution generates regions of hypoxia, necrosis, or active proliferation, shaping

functional heterogeneity [179].

Consequently, 2D models are often inadequate in predicting tumor behavior, drug

resistance, and invasive mechanisms. To overcome these limitations, research has
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progressively shifted toward three-dimensional (3D) cultures, which are capable of reliably

recreating the biochemical, mechanical, and structural properties of the TME.

1.5.1 Spheroids as In Vitro Three-Dimensional (3D) Tumor Models.

3D models represent a fundamental advancement in the study of tumor biology and in
preclinical drug evaluation, as they reproduce in vitro many of the structural, biochemical,
and biomechanical properties characteristic of native tissues. Unlike bidimensional
cultures, which constrain cells within a static and flattened environment, 3D systems
promote radial growth, enabling the formation of tissue-like architectures, the
establishment of cell-cell and cell-matrix interactions, and the spontaneous generation of
oxygen and metabolite gradients [180]. These features recapitulate key aspects of tumor
pathophysiology, including hypoxia, metabolic and cellular heterogeneity, pH variations,
and functional compartmentalization, phenomena that shape proliferation, survival, and

therapeutic response [181].

Among 3D approaches, spheroids represent the most versatile and widely adopted model.
Spheroid cultures allow reproducing interactions among diverse cellular components, the
activation of paracrine signaling pathways, and the genetic and biochemical modulation of
the tumor phenotype. Their customizable cellular composition provides a powerful system
to investigate processes such as immune evasion, ECM remodeling, and angiogenesis (Fig.

8) [182][183].
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Figure 8: Schematic comparison between monolayer cell culture systems and three-
dimensional spheroid models. Characteristics of conventional 2D monolayer cultures
and 3D spheroids, emphasizing their structural, biological, and functional differences.
While monolayer cultures provide a simplified and highly environment, 3D spheroids
better recapitulate key aspects of tissue architecture, cell-cell and cell-matrix
interactions, and the formation of biochemical gradients, representing a more
physiologically accurate model for exploring tumor biology and drug response.

Image from Anali del Milagro Bernabe Garnique et al. 'Two-Dimensional and Spheroid-
Based Three-Dimensional Cell Culture Systems: Implications for Drug Discovery in
Cancer', Drug and Drug Candidates, 2024, doi: 10.3390/ddc3020024 [183]. Copyright

via CC BY-NC-ND 4.0 - https://creativecommons.org/licenses/by/4.0/

The 3D tumor spheroids are classified into homotypic spheroids, composed of a single cell
population, and heterotypic spheroids, which include multiple cell types and allow the
investigation of interactions between tumor cells and stromal or vascular components.
While homotypic spheroids provide a simpler and more reproducible system to study
fundamental tumor-related mechanisms, heterotypic spheroids offer a more complex and
physiologically relevant representation of the tumor microenvironment [184]. An
additional level of biological relevance is achieved with spheroids generated from primary
tumor cells (PTCs) isolated directly from patients, which retain the genetic and phenotypic
heterogeneity of the original tumor [185]. Compared to established cell lines, these models

more accurately reflect therapeutic responses and resistance mechanisms [186].

42


https://doi.org/10.3390/ddc3020024
https://creativecommons.org/licenses/by/4.0/

Spheroids retain several unique strengths. They are cost-effective, highly reproducible,
require minimal specialized equipment, and naturally develop physiological intratissue
gradients that closely mimic those of primary solid tumors. Their flexibility in cellular
composition and potential for standardization make them ideal for comparative studies,
drug screening, and chemoresistance analyses. For these reasons, spheroids represent the
most efficient compromise among biological complexity, cost, scalability, and

experimental control within the landscape of available 3D models.

1.5.2 Endothelial-Tumor Cell Co-Cultures: Advanced Spheroid Models

Among heterotypic spheroids, co-cultures of tumor spheroids with endothelial cells
represent an advanced model for the study of angiogenesis processes [184]. In these
systems, endothelial cells are integrated within or around the spheroid, promoting the
spontaneous formation of vascular structures and the deposition of ECM. The presence of
the endothelial cells allows the analysis of pro-angiogenic factor secretion (such as VEGF
and PDGF) in a TME model, directional migration, vessel assembly, and matrix
remodeling in relation to the angiogenic process [187—189]. Moreover, these spheroids
recapitulate the dynamic cooperation between tumor and vasculature, providing a highly
reliable 3D model for investigating tumor vascular permeability, drug resistance, or the

efficacy of antiangiogenetic therapies.

Beyond the effects on vascular structures, these co-cultures can highlight how the vascular
microenvironment can modulate tumor cell proliferation, survival, and invasiveness.
Recent studies have shown that the integration of human umbilical vein endothelial cells
(HUVEC:S) into patient-derived head and neck cancer spheroids allows a more accurate
evaluation of the response to anti-angiogenic drugs, such as 5-fluorouracil or sunitinib,
compared to 2D models or homotypic spheroids. Furthermore, the ability to combine
stromal cells, fibroblasts, and immune components with endothelial cells in heterotypic
spheroids enables monitoring of increased stemness marker expression and simulating
conditions increasingly closer to the in vivo tumor complexity [190]. Among heterotypic
spheroids, i.e., spheroids composed of multiple cell types, co-cultures of tumor spheroids

with endothelial cells represent an advanced model for the study of angiogenesis processes.

However, models that use endothelial cells exclusively lack some key components, such as
pericytes and the stromal vascular fraction (SVF), which in vivo contribute to vessel
stability and maturation. The absence of these cellular populations can also limit the

model’s ability to fully recapitulate the complexity of the tumor vascular
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microenvironment and the associated paracrine signaling. Integrating pericytes or the SVF
through co-cultures with isolated microvessels would make heterotypic models more

predictive for the study of angiogenesis and therapeutic response.

1.6 Nanotechnology-Based Drug Delivery Systems in Cancer Therapy: Design,
Mechanisms, and Applications

Drug Delivery System (DDS) represents one of the most important applications of
nanotechnology in the cancer therapeutic area, enabling the transport of therapeutic
molecules to specific tissues while minimizing systemic toxicity [191]. Nanoparticles
(NPs) overcome these limitations by acting as multifunctional carriers able to protect drugs
from degradation, improving their biodistribution, and enabling controlled release in

response to microenvironmental cues such as pH, redox state, or temperature [192,193].

The physicochemical properties of NPs, size, shape, composition, and surface
functionalization, critically determine their behavior. Size-dependent biodistribution
regulates circulation time, extravasation, and clearance, with particles small enough to
evade the mononuclear phagocyte system yet large enough to avoid renal filtration [194].
Similarly, surface chemical modifications, including PEGylation, can prolong blood half-
life, modulate immune interactions, and enhance accumulation in target tissues [195].
Functional groups on their surface facilitate conjugation with targeting ligands, antibodies,

or nucleic acids, enabling site-specific delivery and combination therapies (Fig 9).
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Figure 9: Overview of Nanoparticle Characteristics and Applications. Schematic
representation of nanoparticles highlighting their key physicochemical properties and
functional features. The figure illustrates typical size and shape variations (spherical,
cuboidal, rod-like), diverse core materials (e.g., gold, silver, polymeric), and common
surface functionalizations such as PEGylation or fluorescent probes. Major biomedical
applications are also shown, including bioimaging, vaccine delivery, theranostics, and
antimicrobial therapies, emphasizing the versatility of nanoparticles in translational
research.

Image from Simona Campora and Giulio Ghersi: ‘Recent developments and applications of
smart nanoparticles in biomedicine', Nanotechnology Review, 2022 Vol 11, Issues 1, doi:
10.1515/ntrev-2022-0148  [191].  Copyright via CC BY-NC-ND 4.0 -
https://creativecommons.org/licenses/by/4.0/

A broad spectrum of nanomaterials has been engineered as smart DDS. Mesoporous silica
nanoparticles (MSNs), with their tunable pore architecture and high surface area, can
encapsulate large drugs and achieve controlled release through pH-responsive coatings or
polymer grafting, significantly enhancing anticancer efficacy compared with free drugs
[196]. Lipid-based nanoparticles (LNPs), including liposomes and solid lipid nanoparticles,
offer biocompatibility and the ability to encapsulate both hydrophilic and hydrophobic
molecules [197]. Polymer-based nanoparticles (PNPs) constitute another major class of
DDS. Their versatility in composition and synthesis allows fine control of drug loading,
degradation rate, and release kinetics [198]. Several studies demonstrate their ability to
cross biological barriers, including the blood—brain barrier (BBB), or to deliver drugs
selectively to cancer cells, achieving enhanced therapeutic indices while limiting
cytotoxicity to non-target tissues [199]. Amphiphilic copolymers can self-assemble into
micellar structures that encapsulate hydrophobic drugs and accumulate preferentially in
tumor tissues, due to the EPR effect that enhances passive targeting of these platforms, as

well as the other types [200] (Fig. 10).
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Figure 10: Schematic illustration of Enhanced Permeability and Retention (EPR)
Effect. On the right, nanoparticles struggle to permeate the endothelial cells due to tight
junctions between them, decreasing drug delivery. On the left, enhanced nanoparticle
uptake is observed due to the presence of vascular fenestrations, which increase vascular
permeability and allow nanoparticles to accumulate more efficiently in the tumor tissue.

Besides passive targeting, nanoparticles can also exploit active targeting, which relies on
the conjugation of specific molecules, such as antibodies, peptides, aptamers, or small
ligands, to their surface. These targeting molecules selectively recognize and bind
receptors overexpressed on diseased cells, such as tumor cells, thereby enhancing cellular

uptake and improving the precision of drug delivery.

Altogether, these advances indicate how nanotechnology enables a therapeutic revolution
compared to conventional drugs. By integrating protection, targeting, controlled release,
and diagnostic capabilities within a single nanosystem, NP-based DDS offer opportunities
to improve therapeutic efficacy and reduce adverse effects across a wide range of diseases,
like cancer. Within this broader category are included albumin-based nanoparticles, such as

bovine serum albumin (BSA) NPs, as well as polyvinylpyrrolidone (PVP) nanoparticles.

1.6.1 Albumin-Based Nanoparticles for Drug Delivery: Mechanisms, Synthesis, and
Therapeutic Applications

Albumin is a highly versatile protein employed in drug delivery due to its intrinsic
biocompatibility, non-immunogenicity, and natural role as a transporter of endogenous
ligands. A key advantage of albumin-based systems is their long circulatory half-life,
mediated by the interaction with the neonatal Fc receptor (FcRn), which protects albumin

from degradation and prolongs systemic exposure [201].

Furthermore, albumin interacts with specific proteins such as gp60 and SPARC: the gp60
receptor, found on vascular endothelial cells, promotes the transendothelial transport of
albumin, while SPARC is highly upregulated in many tumor cell types and exhibits only
low basal expression in normal tissues [202]. This combination of passive and active
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targeting mechanisms makes albumin-based nanoparticles particularly advantageous for

anticancer therapy.

Within this class, BSA NPs are among the most widely studied. They are typically
synthesized via desolvation or coacervation, followed by crosslinking, either chemical,
using agents like glutaraldehyde, or physical, through heat or UV treatment, to stabilize the
protein platform [203,204]. These methods allow fine control over particle size, surface
properties, and drug encapsulation efficiency. In the albumin-based NPs, like BSA NPs, the
chemotherapeutic agents can either be encapsulated within the protein matrix of BSA
nanoparticles or covalently attached to their outer surface. Encapsulation provides
protected, sustained drug release, while surface conjugation allows controlled exposure of
the active molecule and facilitates targeted interactions [205]. These complementary

strategies enable flexible optimization of therapeutic delivery.

Compared with polymeric or lipid-based nanosystems, BSA nanoparticles are simple to
prepare, cost-effective, and highly stable, offering excellent drug-loading capacity and
broad compatibility with both hydrophilic and hydrophobic agents. Their tunability and
safety profile make them an attractive platform for engineered next-generation drug

delivery strategies.

1.6.2 PVP-Based Nanoparticles for Drug Delivery: Properties, Synthesis, and
Controlled Release Strategies

Polyvinylpyrrolidone is a synthetic, highly biocompatible polymer widely employed in
nanomedicine due to its excellent solubility, chemical stability, and low immunogenicity,
which make it a good candidate for drug-delivery nanosystem formulation. The PVP
nanoparticles are produced through the polymerization of the monomer vinylpyrrolidone

[206].

A key advantage of them is their ability to form stable hydrophilic shells that prevent
protein adsorption, reduce opsonization, and extend circulation time, thereby improving
pharmacokinetics and systemic persistence. In addition to passive accumulation through
the EPR effect, PVP nanoparticles can be engineered for controlled release of conjugated
drugs or active targeting, by introducing bonds responsive to physical stimuli or surface
ligands capable of binding overexpressed receptors on tumor cells [207]. PVP
nanoparticles can be produced via various methodologies, including nanoprecipitation,
solvent evaporation, and self-assembly processes, followed by stabilization through
crosslinking [208,209]. Physical crosslinking techniques are particularly attractive for

biomedical applications, as they eliminate the need for chemical agents: electron-beam (E-
47



beam) irradiation, for instance, induces controlled polymer network formation while
maintaining low cytotoxicity and high structural integrity [209]. These approaches allow
fine modulation of nanoparticle size, rigidity, and drug-loading capacity, facilitating the
nanocarriers design optimized for specific therapeutic needs. In PVP-based nanoparticles,
chemotherapeutic agents can be incorporated following two complementary strategies.
Even in this case, drugs can be encapsulated within the polymeric network, where the
hydrophilic and hydrogen-bonding environment of PVP promotes stable retention and
sustained release profiles. Alternatively, therapeutic molecules can be covalently
conjugated to functional groups on the nanoparticle surface, allowing greater control over

exposure, targeted interactions, and release kinetics under specific physiological conditions
[210].
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Chapter 2
AIM AND OBJECTIVES



2.1 Aim

Our strategy relies on the use of ultrapure recombinant collagenases (Abiel srl), free of
proteolytic contaminants and endotoxins, allowing controlled remodeling of the tumor
matrix without undesired off-target degradation or systemic effects [211,212]. Pre-
treatment with these enzymes enhances doxorubicin penetration and potentiates the
therapeutic response, overcoming the limitations imposed by the dense fibrillar stroma
typical of solid tumors. Doxorubicin, an antitumor antibiotic of the anthracycline class,
acts mainly on proliferating cells by interfering with topoisomerase Il and inducing cell-
cycle arrest through DNA double-strand breaks, increased production of reactive oxygen
species, and apoptosis [213]. Its intrinsic fluorescence enables monitoring of its
distribution and release in vitro and in vivo, making it an ideal model drug for evaluating
advanced delivery systems. Moreover, its well-established pharmacokinetics and the
extensive knowledge of its side effects, such as cardiotoxicity, make doxorubicin a reliable

reference for testing innovative drug-delivery strategies [214].

Therefore, based on the complexity of the TME and its central role in tumorigenesis, our
working hypothesis is that a combined two-step and synergistic approach administering in
vitro and in vivo ultrapure recombinant collagenases to digest the collagen-rich tumor
ECM can enhance doxorubicin penetration and cytotoxicity, ultimately interfering with
tumor progression. Furthermore, the conjugation of these enzymes to BSA nanoparticles
and the conjugation of DOX to biocompatible BSA are expected to increase the therapeutic
efficacy of the drug in vitro and in vivo, while simultaneously reducing systemic side

effects and improving intratumoral bioavailability.

The in vitro efficacy of doxorubicin-loaded BSA nanoparticles will be compared with that
of doxorubicin-conjugated PVP nanoparticles. We hypothesize that nano systems
conjugated with doxorubicin and responsive to altered microenvironmental cues (pH
sensitivity for BSA NPs, and glutathione sensitivity for PVP NPs) will enable more

targeted release, increase treatment specificity, while reduce off-target toxicity.

Finally, the integration of species-specific microvascular fragments (MVFs) from rat
abdominal adipose tissue into co-culture with primary rat tumor cells would enable the
development of even more advanced and complex 3D models. These Vascularized tumor
models (VTMs) models can replicate the vascularization and structural organization of the
TME, thereby improving the predictive reliability of in vitro systems for evaluating

therapeutic responses.
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2.2 Objectives

The specific objectives of this research are outlined as follows:

a) Analyze the effect of collagenases on the tumor matrix and doxorubicin penetration
The primary objective was to determine the extent to which pre-treatment with ultrapure
collagenases, both class I (COLH) and class II (COLH), modifies the density of the ECM
and enhances DOX penetration in tumor spheroids. For this reason, a breast tumor was
chemically induced in an immunocompetent Wistar rat to isolate PTCs and generate 3D
cultures. This approach allows investigation of the enzymes’ capacity to reduce the

physical barrier in vitro and potentially increase chemosensitivity.

b) Evaluate the efficacy of PVP-DOX NPs and BSA-DOX NPs
Compare BSA nanoparticles with PVP-based nanoparticles conjugated to DOX via a
glutathione-sensitive linker, leveraging the altered glutathione levels characteristic of
tumor cells. By comparing in vitro results on primary-cell-derived spheroids, this aims to
assess both pH-responsive and redox-responsive controlled-release systems, identifying
potential advantages of protein-based albumin carriers over synthetic polymers in terms of

therapeutic efficacy and reproducibility.

¢) Develop Bovin Serum Albumin nanoparticles (BSA NPs) as drug-delivery systems
Synthesize BSA nanoparticles loaded with DOX as well as BSA nanoparticles as carriers
of COLG and COLH. These nano systems are designed to improve therapeutic efficacy
and enhance, respectively, drug specificity and bioavailability. In the case of BSA-COL
NPs, enzyme encapsulation is expected to protect them from immune recognition, thereby
improving immunocompatibility and protein half-life. BSA NPs conjugated with
doxorubicin are synthesized to obtain a pH-sensitive release platform, to obtain controlled

drug release with stromal remodeling.

d) Validate a vascularized 3D tumor model to investigate resistance mechanisms
mediated by tumor—vessel crosstalk
The final objective was to integrate PTCs with MVFs to generate vascularized 3D tumor
co-cultures. This advanced model allows the study of interactions among ECM,
vasculature, efflux transporters (such as ABCBI), and response to DOX, simulating more
physiologically relevant conditions and increasing the predictive reliability of in vitro

results.

In summary, the rationale of this research integrates selective degradation of the tumor
ECM via ultrapure collagenases, either free or encapsulated in albumin matrices,
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controlled release of DOX (free or delivered through BSA nanoparticles), comparison with
redox-sensitive PVP-DOX nanoparticles, and the use of advanced 3D tumor models. This
combined approach enables a systematic investigation of the physical and biological
barriers of the TME, providing a significant contribution to the development of advanced
3D models, innovative drug-delivery systems for solid tumors, and the understanding of

mechanical and biochemical mechanisms of therapeutic resistance.
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Chapter 3
MATERIALS AND METHODS



3. Materials and Methods

The following Materials and Methods section is organized into four main research areas,

each describing the specific experimental methodologies applied. These include:

- Improving Therapeutic Efficacy Through Endogenous Extracellular Matrix
Remodeling in Primary Breast Tumor Spheroids

- Synergistic Effect of Collagenase and PVP-AEDP-Doxorubicin Nanoparticles in
Primary Tumor Cell Spheroids

- Enhancing Drug Penetration and Cytotoxicity in 3D Primary Breast Cancer
Cultures via BSA-Nanoparticles

- Development and Characterization of 3D Vascularized Tumor Model Integrating
Rat Adipose-Derived Microvascular Fragments and Breast Cancer Cells:

Evaluation of ABCB1 Expression and Drug Response

3.1 Improving Therapeutic Efficacy Through Endogenous Extracellular Matrix
Remodeling in Primary Breast Tumor Spheroids

3.1.1 Animal model and ethical statement

The experimental protocols involving animals were conducted under the approval of the
University of Palermo (authorization n°® 523/2022-PR), in strict adherence to the Italian
Legislative Decree 26/2014 (Article 31) from the Istituto Superiore di Sanita. Female
Wistar rats, sourced from ENVIGO RMS SRL, were housed in pairs within cages equipped
with EPA filters. Environmental conditions were regulated at a temperature of 23°C +
0.5°C and 50% =+ 5% of humidity level. Lighting followed a 12-hour cycle, active from
7:00 a.m. to 7:00 p.m., with food available ad libitum. At 55 days of age, mammary
tumorigenesis was induced via a single intraperitoneal administration of 7,12-
dimethylbenz(a)anthracene (DMBA, 50 mg/kg) dissolved in corn oil [215]. Following a
six-month observation period, rats displaying detectable tumor masses were euthanized
using 2% isoflurane sedation, followed by tumor excision for downstream cellular

analysis.

3.1.2 Primary Tumor Cell (PTC) isolation and culture
PTCs were isolated from the DMBA-induced mammary tumor in the Wistar rat. After

excision, tumor biopsies were disinfected in 70% ethanol and transferred into HG-DMEM
(Sigma-Aldrich, Milan, Italy) containing high-dose antibiotics (300 U/mL penicillin, 300
mg/mL streptomycin, Euroclone). The tissue was mechanically dissected and subjected to

enzymatic digestion at 30°C for 120 minutes under constant agitation. The digestion
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cocktail consisted of ultrapure recombinant collagenases (Abiel) Class I (Col G, 106.4 U/g)
and Class II (Col H, 453.2 U/g), supplemented with Thermolysin (Promega) at 266.4 ng/g.
The reaction was terminated by adding HG-DMEM with 10% FBS. Isolated cells were
recovered via centrifugation (500 g for 5 minutes), washed thrice, and resuspended in
DMEM/F12 medium (10% FBS, 2 mM L-glutamine, 300 U/mL penicillin G, and 300
mg/mL streptomycin). For initial culture, cells were seeded onto an acetic acid-treated
collagen-coated plate (50 ug-mL—1 in 0.02 N acetic acid). PTC cultures were maintained
under sterile conditions at 37°C within a humidified incubator supplemented with 5% COx.
The growth medium, consisting of HG-DMEM with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin, was systematically refreshed every 72 hours to ensure optimal

nutrient availability.

3.1.3 3D spheroid generation and culture

To produce 3D tumor models, 1x10* PTCs at passages 15-19 were seeded per well into 96-
well low-attachment plates. In specific experimental setups, wells were pre-coated with 40
uL of agarose (1,5% in DMEM-HG). The spheroids were maintained in complete DMEM
at 37°C and 5% CO2, allowing 6 days for mature spheroid formation.

3.1.4 Proteomic analysis
Cells from both 2D and 3D cultures were lysed in STET buffer (10 mM Tris/HCI, 1 mM

EDTA, 100 mM NaCl, and 5% Triton X-100 [v/v]) supplemented with a protease inhibitor
cocktail (Roche, Basel, Switzerland). The lysates were centrifuged at 14,000 x g for 5
minutes to remove cell membranes. Using a colorimetric 660 nm micro BCA assay, the
extracted proteins were quantified. 30 ug of proteins per sample was processed to filter-
aided sample preparation (FASP) using 10 kDa Vivacon 500 spin filter columns (Sartorius,
Gottingen, Germany), as previously described [216].

Each sample was first treated with dithiothreitol (DTT, Sigma-Aldrich) in 200 pL of UA
buffer (8§ M urea in 0.1 M Tris/HCI, pH8.5) to induce reduction and denaturation.
Alkylation was then performed using 50 mM iodoacetamide (IAA, Sigma-Aldrich).
Following these steps, samples were rinsed three times with UB buffer (8 M urea in 0.1 M
Tris/HCI, pH 8.0) to remove excess reagents. Proteolytic digestion was carried out
sequentially, first with LysC at an enzyme-to-protein ratio of 1:50, and then with trypsin at
1:100.

Peptides were collected from the filter columns by centrifugation at 14,000 % g for 60 min

and then acidified with 20 pL of 8% formic acid (FA). Desalting was performed using stop-
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and-go extraction (STAGE) tips packed with reverse-phase C18 material, and the peptides
were subsequently eluted in 40 pL of 60% acetonitrile containing 0.1% formic acid [217].
The sample volume was concentrated using a SpeedVac (Thermo Fisher Scientific,
Waltham, MA, USA), and the peptides were subsequently resuspended in 20 pL of 0.1%
formic acid. Peptide concentration was determined by a NanoDrop 2000

spectrophotometer (Thermo Scientific).

3.1.5 uHPLC-MS/MS and data analysis
As previously described [218]For each sample, 1 pug of peptides was loaded onto a nanoL.C

system (Vanquish Neo UHPLC, Thermo Scientific) fitted with an Acclaim PEPMap C18
column (25 cm x 75 um ID, Thermo Scientific). Peptide separation was achieved over a
130-minute gradient using water and acetonitrile, both containing 0.1% formic acid. The
eluted peptides were analyzed by tandem mass spectrometry (MS/MS) on an Exploris 480
mass spectrometer (Thermo Fisher Scientific). Protein identification and quantification
were performed using label-free quantification (LFQ) in combination with data-
independent acquisition (DIA). DIA consisted of a full MS1 scan from 400 to 1200 m/z,
followed by 60 sequential isolation windows with 1 m/z overlap and optimized window
placement. Full scans were obtained at a resolution of 120,000, using an automatic gain
control (AGC) target of 3 x 10° and a maximum injection time of 50 ms. The 60 DIA
windows were subsequently scanned at 30,000 resolutions, with an AGC target of 8 x 103,
and the maximum injection time was set to automatic to optimize cycle time. Peptide
fragmentation was achieved using higher-energy collisional dissociation (HCD) at 30%
normalized collision energy. MS data were processed using DIA-NN software (version
1.8.1) with a predicted spectral library generated from an in silico digestion of the Rattus
norvegicus UniProt reference proteome (ID UP000002494). Cleavage at lysine and
arginine residues (K* and R*) was allowed, with up to two missed cleavages and a
minimum peptide length of six amino acids. Peptide and protein identifications were
filtered at a 0.01% false discovery rate (FDR). Protein quantification was performed using
LFQ, and values were log2-transformed. Statistical analysis comparing protein expression
between two-dimensional and three-dimensional cultures (n = 5) was carried out using a
two-sided Student’s t-test. The resulting proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE repository under dataset ID PXD061082.

3.1.6 Immunofluorescence and confocal imaging

Spheroids and 2D cells were fixed in 3.7% formaldehyde (1 hour for 3D; 15 minutes for
2D) and permeabilized with 0.1% Triton X-100 in PBS. To prevent non-specific binding,
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samples were incubated for 1 hour with 1% BSA in PBS. Primary antibody incubation was
conducted overnight at 4°C with Rabbit anti-collagen type I (1:20, Millipore). Subsequent
detection utilized fluorophore-conjugated secondary antibodies (Invitrogen), phalloidin-
FITC (1:500) for actin, and DAPI (1:20,000) for nuclei. Coverslips were mounted with a
mounting solution, and 2D cultures were analyzed with an epifluorescence microscope
(Leica, Wetzlar, Germany), while 3D cultures were analyzed with a confocal microscope
(Olympus FV10i and Stellaris 5, Leica, Wetzlar, Germany). Data were processed using

Imagel.

3.1.7 Cell viability assays

6-day spheroids were washed and incubated with recombinant collagenases (20 U/mL
COLG and 80 U/mL COLH, Abiel) in serum-free DMEM for 75 minutes at 37°C. FBS-

containing media was then used to stop enzymatic activity.

Spheroids (control or collagenase-treated) were exposed to 20 uM Doxorubicin for
intervals of 2, 4, 8, or 24 hours. Post-incubation, area measurements (including necrotic

regions) and drug uptake were assessed through confocal imaging and ImagelJ software.

Spheroids, either untreated or pretreated with collagenases, were incubated with 20 uM

doxorubicin for 8, 16, and 24 h at 37 °C.

3.1.8 Statistical analysis

Experimental data are expressed as Mean = SD. Comparative analysis was performed via
one-way or two-way ANOVA using GraphPad Prism software, with statistical significance

defined by a *p-value <0.05.

3.2. Synergistic Effect of Collagenase and PVP-AEDP-Doxorubicin Nanoparticles in
Primary Tumor Cell Spheroids

3.2.1 Quantification of doxorubicin conjugation to PVP-AEDP Nanoparticles

UV-vis spectrophotometer (SinergyHT, BioTek, Winooski, VT, USA) was used to
calculate the doxorubicin conjugated to PVP-AEDP nanoparticles. For this purpose, 100
uL of solution containing nanoparticles was measured using a UV-vis spectrophotometer
at 480 nm to confirm the concentration of the drug. The amount of doxorubicin was

calculated using a standard curve.

3.2.2 Generation of tumor spheroids from primary tumor cells

PTCs from rat tumor mass were cultured using DMEM high glucose supplemented with

1% penicillin/streptomycin, 1% L-glutamine, and 10% fetal bovine serum (FBS) for 15
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passages. Cells were propagated at 37°C in a humid atmosphere with 5% CO2. To generate
spheroids, primary cancer cells were seeded into a 96-well under low-attachment
conditions at a density of 1 x 10* cells per well in complete DMEM. The cells were

incubated at 37°C and 5% CO2 and allowed to grow for 6 days.

3.2.3 Cell viability assay
For the 2D cell viability assay, PTCs were treated with free doxorubicin (DOX) or PVP-

AEDP-DOX nanoparticles at concentrations ranging from 0.125 to 20 uM for 24 h. Cell
viability was subsequently assessed using the Alamar Blue assay (Thermo Fisher). For the
3D model, 6-day spheroids were washed and incubated with recombinant collagenases (20
U/mL COLG and 80 U/mL COLH, Abiel) in serum-free DMEM for 75 minutes at 37°C.
FBS-containing media were then used to stop enzymatic activity. After 2 washes, spheroids
were incubated with 20 pm doxorubicin conjugated with polyvinylpyrrolidone (PVP)-
AEDP nanoparticles for 24 h at 37 °C. Following treatment, spheroids were washed with
PBS three times, resuspended in 100 pL of DMEM, and mixed with an equal volume of
CellTiter-Glo® 3D Reagent (Promega) according to the datasheet. The plates were agitated
for 5min at 240 g, followed by a 25 min incubation at room temperature, after which
luminescence was measured using a luminometer (SinergyHT, BioTek, Winooski, VT,

USA).

3.2.4 Immunofluorescence staining and imaging
Cells (2D and 3D) were fixed in 3.7% formaldehyde (1 hour, 15 minutes for 2D cells, at

room temperature), and, after washing three times in PBS, nuclei were stained with DAPI
(1:20,000 in PBS) for 15 minutes, while 2D cultures were stained also with phalloidin-
FITC (1:500) for actin. After washing, coverslips were mounted with a mounting medium
and examined by an epifluorescence microscope (Leica, Wetzlar, Germany). Data were

processed using ImageJ.

3.2.5 Statistical analysis

Experimental data are expressed as Mean = SD. Comparative analysis was performed via
one-way ANOVA using GraphPad Prism software, with statistical significance defined by a
*p-value <0.05.
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3.3 Enhancing Drug Penetration and Cytotoxicity in 3D Primary Breast Cancer
Cultures via BSA-Nanoparticles

3.3.1 Synthesis of albumin-based nanoparticles with chemical cross-linking method

BSA nanoparticles (BSA NPs) were prepared using the classical desolvation method
according to a previously described protocol [203], which was partially modified to
optimize nanoparticle stability. Briefly, 20 mg of bovine serum albumin (Sigma-Aldrich)
were resuspended in 100 pL of dimethyl sulfoxide (DMSO, Sigma-Aldrich) and incubated
for 5 min, a step essential for obtaining polydisperse nanoparticles. Subsequently, 1 mL of
distilled water was added, and the mixture was stirred at 300 rpm for 20 min at room
temperature. Desolvation was then induced by adding 3.5 mL of absolute ethanol using a
syringe pump at a flow rate of 5 mL/min, followed by 1 h and 30 min of continuous
stirring. Crosslinking was achieved by adding 100 pL of 2% glutaraldehyde, and the
suspension was incubated overnight. The resulting nanoparticles were purified by three
centrifugation cycles at 14,000 rpm and 4°C to remove residual solvent and unconjugated
proteins. Finally resuspended in distilled water. For the preparation of drug-loaded
nanoparticles (BSA-DOX NPs), BSA was first resuspended in DMSO and then incubated
with doxorubicin (350 uL of 2 mg/ml, in water); the subsequent steps were identical to
those described above, and the entire procedure was performed in the dark to prevent drug

photodegradation.

3.3.2 Drug loading quantification
A UV-vis spectrophotometer (SinergyHT, BioTek, Winooski, VT, USA) was used to

confirm the drug loading content (LC) and encapsulated efficiency (EE) of BSA-DOX
NPs. Briefly, an aliquot of 100 pL of supernatant from each wash following centrifugation
was analyzed using a UV—Vis spectrophotometer at 480 nm to determine the doxorubicin
(DOX) concentration. The amount of unencapsulated DOX was then calculated based on a
standard calibration curve. The LC was calculated as the mass ratio between the initial
DOX amount to that measured in each supernatant. The EE was defined as the percentage

of encapsulated DOX.

3.3.3 Transmission Electron Microscopy (TEM) analysis of NPs

A classical protocol for staining was used. 3.5 pL aliquot of the sample was placed onto a
Copper 400-mesh grid coated with Formvar/Carbon film (Electron Microscopy Sciences).
After 60s, 10 pL of Milli-Q water was added, and excess liquid was gently removed with
filter paper. For negative staining, 10 uL of the BSA nanoparticle solution was placed on

the grid and incubated for 30s. The grid was then aspirated and allowed to air-dry for a
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few minutes before imaging. Samples were imaged at the University of Copenhagen’s
Core Facility for Integrated Microscopy using a Philips CM100 TWIN TEM with a Veleta
Camera (Olympus) and processed in iTEM (Olympus). The size distribution of NPs was
evaluated by ImageJ.

3.3.4 Evaluation of nanoparticle stability under physiological and acidic conditions

To study the behavior and stability of nanoparticles in solution under varying pH
conditions, BSA-NPs and BSA-DOX NPs were resuspended in PBS (100 uM) at pH 7.4,

6.5, and 5.5. The samples were incubated for 24 hours under agitation on a wheel.

The degree of aggregation of the nanoparticles was evaluated by spectrophotometric
absorbance analysis (500 nm) at each pH value, both for the control BSA-NPs and for the
BSA-DOX NPs. For each experimental condition, 100 pL of the sample was analyzed with
a spectrophotometer. The obtained values were normalized relative to the control

absorbance at pH 7.4 and converted to a percentage.

3.3.5 Nanoparticle analysis by Dynamic Light Scattering (DLS)

The size and polydispersity index (PDI) of the nanoparticles were determined using the
dynamic light scattering (DLS) technique. Measurements were performed with a Zetasizer
Nano ZS (Malvern) at room temperature (25°C). The BSA-NP solution was diluted in a
1:10 ratio in PBS pH 7.4 and subsequently placed in cuvettes for DLS analysis. Each
sample was analyzed in triplicate, with a minimum of 10 measurements per sample. The
results regarding size and polydispersity index (PDI) were analyzed using the dedicated

software (Zetasizer).

3.3.6 Zeta Potential measurement (§)

The zeta potential ({) of the nanoparticles was determined by laser Doppler electrophoresis
using a Malvern Zetasizer Nano ZS. The particles were diluted 1:10 in PBS 100 uM (pH
7.4, 6.5, and 5.5). For each sample, measurements were performed at room temperature
(25°C) in electrophoretic cells, recording at least three readings per sample from 100 zeta
runs. The reported values correspond to the mean + standard deviation of the triplicate

measurements. The zeta potential values were expressed in millivolts (mV).

3.3.7 3D spheroid generation and culture

To produce 3D tumor models, PTCs at passages 15-18 were seeded at a concentration of
5000 cells per well into 96-well low-attachment plates. The 3D cultures were maintained in

complete DMEM at 37°C and 5% CO2, allowing 6 days for mature spheroid formation.
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3.3.8 Experimental treatments and cell viability assays

6-day spheroids were washed and incubated with recombinant collagenases (20 U/mL
COLG and 80 U/mL COLH, Abiel) in serum-free DMEM for 75 minutes at 37°C. FBS-
containing media was then used to stop enzymatic activity. Spheroids, untreated or treated
with collagenases, were incubated with 10 um doxorubicin (free or conjugated with BSA
NPs) for 24 h at 37 °C. Following treatment, spheroids were washed with PBS three times,
resuspended in 100 uL of DMEM, and mixed with an equal volume of CellTiter-Glo® 3D
Reagent (Promega), according to the datasheet. The plates were agitated for 5 min at 240 g,
followed by a 25 min incubation at room temperature, after which luminescence was

measured using a luminometer (SinergyHT, BioTek, Winooski, VT, USA).

3.3.9 Data collection and processing of Small-Angle X-ray Scattering (SAXS) analysis
SAXS experiments were performed at the P12 EMBL BioSAXS beamline at PETRA III,

operated at a fixed energy of 10 keV (lambda =0.124 nm), running in SEC-SAXS mode.
Briefly, 4 mg/mL of ColH in XX Buffer was injected onto a Superdex S200 column (24
mL volume) using an Agilent1260 HPLC system at a flow rate of 0.5 mL/min. The eluent
from the column was routed through a quartz capillary, and SAXS data were continuously
collected (1-second frames for the whole run-time of the column). This resulted in roughly
2880 individual SAXS spectra from the whole column run. The collected SAXS data were
further processed using the CHROMIXS program from the ATSAS package. Briefly, the
CHROMIXS software integrates the intensity in the g-range 0.01-0.08 A ! for each
sequential frame and plots the integrated intensity against the frame number (Fig 1a),
allowing for identification of the major protein elution peak. Frames from the identified
elution peak were then averaged, and a suitable buffer region containing a similar number
of frames was similarly identified, averaged, and subtracted from the averaged elution peak
spectra, resulting in the protein SAXS curve (Figure 1b). The resulting SAXS curve is
displayed in the Normalised Kratky plot format (Figure 1c), and is indicative of a globular
protein. Determination of the radius of gyration by linear fitting of the Guinier equation in

the low-q regime (q*Rg =<1.3) indicates a radius of gyration of 4.52 nm (Figure 1d).

For EOM analyses, a model was built consisting of three main sub-units of the protein,
namely, MBP (PDB ID: 1MPD), which was linked via flexible glycine linkers to the
catalytic domain of ColH determined from the alphafold structure (UniprotID: Q46085).
The three C-terminal domains (also taken from the alphafold structure) were linked to the

catalytic domain of COLH via flexible linker regions.
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EOM was used to construct a library of 10.000 conformations where the COLH catalytic
domain was in a fixed position, and the other structured domains were allowed to sample
conformational space via the disordered linker regions. For each conformer, a theoretical
SAXS curve was generated using the program Crysol. As a subset, or sub-ensemble, of
these conformers is then fitted to the experimental scattering curve, this was achieved
using the program GAJOE, which employs a genetic algorithm to select the best-fitting

ensemble.

3.3.10 Synthesis of albumin-based nanoparticles with thermal cross-linking method

Thermal crosslinked BSA NPs were prepared following the same initial desolvation steps
used for the preparation of chemically crosslinked BSA nanoparticles. However, after
incubation with ethanol, the nanoparticles were thermal crosslinked in an oven at 65 °C for
25 min. At the end of the incubation, the reaction was stopped by placing the samples on
ice. The nanoparticles were then washed three times by centrifugation at 14,000 rpm at 4
°C to remove residual solvent and unconjugated proteins, and finally resuspended in 1 mL

of distilled water.

To evaluate the thermal stability of the enzymes, collagenases were incubated at different
temperatures (55—65 °C) for varying time intervals (1040 min). Enzymatic activity was
subsequently assessed by gelatin zymography to determine whether heat exposure affected
their proteolytic function. The results showed that collagenases retained high enzymatic
activity after incubation at temperatures up to 65 °C for 20 min, with no appreciable loss of
function. Based on these findings, 65 °C for 20 min was selected as the optimal condition
for the thermal crosslinking step during the synthesis of BSA nanoparticles. For the
synthesis of collagenase-loaded BSA nanoparticles, 2 mg of collagenase (ColH or COLG)
and 18 mg of BSA were used. Subsequent preparation steps were identical to those
described for the synthesis of thermally crosslinked BSA NPs control at 65°C for 20 min.
After this step, the reaction was stopped by placing the nanoparticle suspension in an ice

bath, followed by three washing steps performed at 14,000 rpm for 30 minutes.

3.3.11 Qualitative analysis of enzymatic activity by spotting zymography

The qualitative enzymatic activity was evaluated using a modified version of canonical
zymography, which we named spotting zymography. This approach was adopted because
the large size of the nanoparticles prevented their migration during conventional
electrophoretic separation. Briefly, a 7.5% zymography gel was prepared by mixing
acrylamide solution (1,250 pL), 1.5 M Tris-HCI buffer (pH 8.8; 1,250 pL), 10% (w/v)

sodium dodecyl sulfate (SDS; 50 pL), distilled water (3 mL), gelatin solution (6 mg/mL;
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875 uL), ammonium persulfate (APS; 25 uL), and TEMED (3 pL). The mixture was

allowed to polymerize and subsequently incubated at 37 °C for 25 min.

After incubation, the gel was carefully detached from the glass plates and washed for 15
min in washing buffer (2.5% Triton X-100 and 0.02% sodium azide in distilled water). The
washing buffer was removed, and the gel was then air-dried for 1 hour. After this step, 2
uL of each sample, supplemented with 2 mM calcium chloride, were spotted onto the gel

surface.

The gel was incubated overnight at 37 °C to allow enzymatic digestion of the gelatin
substrate. Subsequently, the gel was stained with Coomassie Brilliant Blue R-250 and
destained with distilled water. Gel images were finally acquired to visualize white halos

related to proteolytic activity.

3.3.12 Statistical analysis

Experimental data are expressed as Mean + SD. Comparative analysis was performed via
one-way or two-way ANOVA using GraphPad Prism software or Microsoft Excel

(Microsoft Corporation), with statistical significance defined by *p-value <0.05.

3.4 Development and Characterization of 3D Vascularized Tumor Model Integrating
Rat Adipose-Derived Microvascular Fragments and Breast Cancer Cells: Evaluation
of ABCB1 Expression and Drug Response

3.4.1 Rat model

All procedures involving animals received formal approval from the University of
Palermo. The study was conducted under authorization n° 523/2022-PR, granted in
compliance with art. 31 of D.lgs. 26/2014 by the Istituto Superiore di Sanita, Italy. Female
Wistar rats, utilized as the biological source for the experiments, were provided by

ENVIGO RMS SRL.

3.4.2 Microvascular fragments Isolation

The isolation of microvascular fragments (MVFs) was performed using visceral adipose
tissue isolated from female Wistar rats, following previously established protocols [219].
Animals were anesthetized using 2% Isoflurane before sacrifice, after which the abdominal
adipose tissue was surgically removed. The explanted adipose tissue was placed in high-
glucose Dulbecco’s Modified Eagle’s Medium (HG-DMEM, Sigma-Aldrich, Milan, Italy)
supplemented with 15,000 U/ml penicillin, 300 pg/ml streptomycin, and 0.75 pg/ml
amphotericin B (Sigma-Aldrich, USA). After three washes in PBS without CaCl; and

Mg?" the tissue was finely fragmented with scissors. The adipose fragments were then
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incubated in a digestion buffer with ultrapure recombinant collagenase (Col H 300 U/gr,
Abiel srl) and 100 pL/gr of Thermolysin (10 mg/ml, Promega). The digestion phase was
conducted for 30 minutes at 30°C under constant agitation, followed by an additional 20-
minute digestion period after further mixing. The enzymatic reaction was terminated by
adding HG-DMEM containing 10% (v/v) FBS (Euroclone, Celbar, Pero (MI, Italy). The
suspension was washed three times in HG-DMEM and centrifuged at 700 rcf for 10
minutes to separate the MVFs. The resulting pellet was resuspended in HG-DMEM
supplemented with 10% (v/v) FBS, 2 mM L-Glutamine, and 3% of antibiotic-antimycotic,
then passed through a 300 um mesh. Quantification of the MVFs was performed using a

Burker’s chamber.

3.4.3 Primary Tumor Cells (PTCs) and MVFs 3D co-culture

PTCs, originally isolated from a breast tumor mass in an immunocompetent female Wistar
rat, were maintained in complete HG-DMEM (10% FBS, 1% penicillin/streptomycin, and
1% L-Glutamine) at 37°C in a 5% COxz. The vascularized tumor models were generated by
co-culturing PTCs (P15-19) and isolated MVFs in 96-well low-attachment plates for a 5-
day period. Three distinct experimental conditions were established by seeding a constant
number of PTCs (3000 cells) with either 60, 125, or 250 MVFs. Control groups consisted
of spheroids formed by MVFs alone (500 MVFs) or PTCs alone (3000 cells). The size and

structure of co-cultures were analyzed through optical microscopy, using ImageJ software.

3.4.4 Spheroids fixation and preparation for scanning electron microscopy (SEM)
imaging

Spheroids were washed in complete PBS three times before being fixed in 4%
glutaraldehyde in PBS for one hour at 4°C. After two subsequent PBS washes, the samples
were dehydrated through a graded ethanol series (30%, 70%, 90% in PBS, and 100%) for 5
minutes each step. To achieve critical point drying, the dehydrated 3D cultures were
incubated in hexamethyldisilazane (HMDS, Sigma-Aldrich) for 10 minutes. The 3D
cultures were then mounted on stubs using carbon tape, dried at room temperature, and
coated with platinum for 15 seconds using a Quorum SC7620 sputter coater. High-vacuum
imaging was conducted in Secondary Emission (SE) mode with a SEM EVO 10, and data

analysis was performed using SmartSEM Touch software.

3.4.5 Immunofluorescence staining and imaging

The 3D structures were fixed in 3.7% formaldehyde (one hour at room temperature) and
permeabilized overnight at 4°C in PBS with 0.1% Triton X-100. Following a one-hour
blocking step in PBS with 1% BSA, samples were incubated overnight at 4°C with primary
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antibodies: Rabbit anti-CD31 (1:50, Abcam), Rabbit anti-Collagen Type 1 (1:20,
Millipore), Rabbit anti-Collagen Type IV (1:100, Abcam), or Mouse anti-ABCB1 (1:100,
Invitrogen). Visualization was achieved using species-specific secondary antibodies
(Invitrogen) during a 2-hour incubation. The actin filaments were stained with phalloidin-
FITC (1:500, Sigma-Aldrich) for 30 minutes, and nuclei were marked via DAPI staining
(1:20,000, Sigma-Aldrich). Coverslips were mounted with a mounting solution, and
samples were examined using an Olympus FV10i confocal microscope. Z-stacks were
acquired at 20x magnification with a 10 um step size, maintaining uniform intensity

settings across all groups for subsequent ImagelJ analysis.

3.4.6 Western Blot analysis
Protein extraction from 3D cultures was performed using RIPA buffer (20 mM Tris, 150

mM NaCl, 0.1% Triton X-100, 1 mM EDTA, pH 7.2) containing protease inhibitors.
Proteins were incubated in reducing sample buffer, separated via 10% SDS-PAGE, and
transferred to Amersham nitrocellulose membranes. After blocking in PBS/Tween 0.1%
(PBS/T) with 5% non-fat milk, membranes were incubated with primary antibodies against
CD31 (1:1000, Abcam) or ABCBI1 (1:500, Antibodies) diluted in PBS/T. Following four
washes in blocking buffer, membranes were incubated with HRP-conjugated secondary
antibodies (Sigma) and developed using Super Signal West Femto substrate. Protein bands

were captured and analyzed using a ChemiDoc XRS system.

3.4.7 Zymography assay

To evaluate proteolytic activity, 15 pg of proteins from 3D cell models were resolved on
10% acrylamide gels containing 0.09% gelatin. The gels were washed in 2.5% Triton X-
100 for 10 minutes and then incubated overnight at 37°C in an activation buffer (50 mM
Tris-HCI, 2 mM CaCl,, 0.02% NaN3, 1.5% Triton X-100). The gel was stained with
Coomassie Brilliant Blue R-250 for one hour, followed by aqueous destaining. The

quantification of resulting proteolytic bands was assessed by using Imagel software.

3.4.8 Collagen gel for embedding of MVFs and angiotumorids, and sprouting analysis

MVFs and 3D models were included within a collagen matrix made of 35.3% of buffer
solution (2X PBS, 100 mM HEPES, pH 7.4), 35.3% type I collagen extracted from rat tail
(3 mg/ml), and 29.4% complete HG-DMEM. While isolated MVFs were maintained in the
gel for one week, angiotumoroids and controls were embedded for 48 hours. The degree of

sprouting was analyzed through optical microscopy and quantified using Imagel.
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3.4.9 Conditioned media treatments from PTCs and analysis of sprouts

MVF-only spheroids embedded in collagen gels were exposed to conditioned medium
collected from PTCs grown in 2D monolayers. Controls were maintained in standard
complete HG-DMEM. Sprouting quantification was conducted during the first and second
days of treatment through optical microscopy, quantifying them using ImageJ software

analysis.

3.4.10 Proteomic analysis

Angiotumoroids and control spheroids (PTC and MVF) were incubated in STET lysis
buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, 5% Triton X-100) with protease
inhibitors. After centrifugation (14,000 rpm, 5 min), protein concentrations were
determined using a microBCA assay. 30 pg of protein per sample were processed via
Filter-Aided Sample Preparation (FASP) with 10 kDa spin filters. Samples were reduced
with DTT in 8M Urea buffer, alkylated with 50 mM iodoacetamide, and digested
sequentially with LysC and trypsin. Peptides were eluted, acidified with 8% formic acid,
and desalted using C18 STAGE tips. Final peptide concentrations were measured using

Nanodrop 2000.

3.4.11 uHPLC-MS/MS and data analysis
Peptide samples (1 pg) were separated via a Vanquish Neo UHPLC system using an

Acclaim PEPMap C18 column over a 110-minute gradient. Mass spectrometry was
performed on an Exploris 480 using data-independent acquisition (DIA). Full MS1 scans
(380-980 m/z) at 120,000 resolution were followed by 49 DIA windows at 30,000
resolution. Data were analyzed with DIA-NN (v2.0.2) against the Rattus norvegicus
Uniprot database. A 0.01% FDR was applied for identification. Log2-transformed LFQ
values were compared using a two-sided Student’s t-test (n=4), and data were deposited in

the PRIDE repository.

3.4.12 Doxorubicin uptake analysis by confocal microscopy

To evaluate drug internalization, 125-MVF angiotumoroids and PTC spheroids were
treated with 10 uM Doxorubicin for 30, 60, 120, or 240 minutes. Following incubation,
samples were processed for immunocytochemistry and visualized using an Olympus FV10i

confocal microscope, with subsequent image analysis performed in ImageJ.

3.4.13 Cell viability assay
The metabolic activity of 125-MVF angiotumoroids and PTC spheroids was assessed

following a 24-hour exposure to 10 pM Doxorubicin. Post-treatment, samples were

washed in PBS and analyzed using the CellTiter-Glo® 3D Reagent (Promega). The plates
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were agitated for 5 min at 240 g, followed by a 25 min incubation at room temperature,
after which luminescence was measured using a luminometer (SinergyHT, BioTek,

Winooski, VT, USA).

3.4.14 Statistical analysis

Experimental results are expressed as mean + standard deviation (SD). Data were
evaluated using one-way or two-way ANOVA via GraphPad Prism software. Statistical

significance was defined as a *p< 0.05.

67



68

Chapter 4
RESULTS AND DISCUSSION



4.1 Improving Therapeutic Efficacy Through Endogenous Extracellular Matrix
Remodeling in Primary Breast Tumor Spheroids

4.1.1 Breast Tumor Induction, Primary Tumor Cells Isolation and Characterization

To investigate the extracellular matrix (ECM) dynamics in primary breast tumor spheroids,
breast tumor was chemically induced in immunocompetent female Wistar rats by
intraperitoneal injection of 7-12 dimethylbenz[a]anthracene (DMBA), according to
protocols reported in the literature [220] (Fig.11A). Tumors became detectable
approximately 24 weeks after induction and were localized in the abdominal sub-
mammary region, displaying a notably large size (Fig.11B). To preserve the intrinsic
heterogeneity of the tumor, tissue samples were collected from the external portion of the
mass, excluding the inner necrotic core (Fig.11C-D). This strategy enabled the recovery of
a mixed cell population consisting of not only tumor cells but also stromal and
microenvironment-associated cell types, which are known to play a crucial role in ECM

remodeling.
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Figure 11:Chemical induction of Breast tumor in immunocompetent Wistar
rat by intraperitoneal DMBA injection. (A) Schematic representation of the
tumor induction; (B) representative photograph showing the abdominal
localization of the tumor mass; (C) morphology of the excised tumor mass; (D)
detail of the outer region of the tumor mass, from which PTCs were isolated.

Image (B) adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/
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Following tissue dissociation, different enzymatic digestion conditions were evaluated to
optimize the isolation of Primary Tumor Cells (PCTs). Specifically, several concentrations
of COLH, COLG, and thermolysin and different incubation times were tested to identify

the best condition to obtain the highest number of primary cells.

The PTCs displayed morphological heterogeneity, as shown in Figure 12A, reflecting the
complex cellular composition typical of the tumor microenvironment. Therefore, it is
evident that the presence of cells with different morphologies, sizes, and shapes.
Immunostaining for collagen type I (green) confirmed the presence of some cells (probably
fibroblasts) able to synthesize collagen, while no signal was detected in the other cells,
indicating the presence of distinct cell (Fig.12B). Furthermore, the quantitative analysis of
collagen type I-positive cells within the PTC population revealed cellular heterogeneity:
only 50% of the total number of cells are positive for collagen and therefore produce
collagen. These cells are probably fibroblast compounds, since the principal role of
fibroblasts is the production of extracellular molecules like collagen (Fig.12C). Given the
intense cellular heterogeneity of the tumor microenvironment, a heterotypic 3D model
markedly increases their experimental reliability, conferring a physiological relevance that

more accurately reflects the complexity of in vivo tumor architecture [221].
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Figure 12: Morphological and immunophenotypic characterization of
primary tumor cells. (A) PTCs isolated from the excised tumor mass (PTCs).
(B) Fluorescence microscopy analysis of PTCs showing collagen type 1
immunostaining (magenta) and nuclei stained with DAPI (blue). (C) Quantitative
representation of collagen type [—positive cells within the PTC population. Scale
bar: 15 pm. Data are mean + SD. T-test was performed (n=3) (***P <0.001).

Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/
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4.1.2 Generation of Primary Tumor Spheroids

To better recapitulate the structural organization and functional properties of solid tumors
in vitro, PTCs were maintained under low-adhesion culture conditions that inhibit cell-
substrate interactions. This environment promotes cell-driven aggregation through
enhanced cell—cell adhesion, leading to the generation of three-dimensional (3D) tumor
spheroids that more closely replicate in vitro the in vivo TME. [182] (Fig.13A). After six
days of culture, the spheroids displayed pronounced structural compaction and a smooth,
uniform surface, as shown by the optical (Fig.13B) and confocal microscopy (Fig. 3C)

images, with diameters consistently ranging between 400 and 450 pum.

A Low Attachment PTC
Condition spheroid

Primary Tumor Cells
(PTCs)

Figure 13: Formation and charachterization of 3D tumor spheroids. (A)
Schematic representation of the spheroids formation under low-attachment
conditions. (B) Optical microscopy images showing the spheroids with a well-
defined, spherical morphology. (C) Confocal microscopy analysis of the
spheroids, with F-actin labeled by phalloidin-FITC (green) and nuclei stained
with DAPI (blue). Scale bar: 100 um.

Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/
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In collaboration with Dr. Simone Dario Scilabra and Dr. Margot Lo Pinto of Ri.MED
Foundation, high-resolution proteomic analysis was performed to compare the molecular
landscape of PTC cells grown in conventional 2D monolayers versus 3D spheroids. 6,572
proteins were detected in spheroids and 6,573 in 2D cultures, with 6,486 shared between
the two systems (Fig.14A). Among the common proteins, 1,128 were upregulated in
spheroids, whereas 816 were more abundant in 2D cultures, indicating an important

proteome reprogramming under 3D conditions.

Focusing specifically on ECM-associated proteins defined by the Gene Ontology term
GO:0031012, 128 ECM-related proteins were identified. Of these, 12 were significantly
downregulated in spheroids, while 45 exhibited a marked increase (Fig.14B).
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Figure 14: Proteomic comparison of 2D cultures and 3D primary breast
tumor spheroids. (A) Venn diagram and volcano plot showing the distribution of
all proteins identified in five biological replicates of 2D cell cultures (magenta)
and 3D spheroids (green). The volcano plot represents —logl0 P-values versus
log2 protein ratios, with proteins enriched in 3D spheroids shown in blue and
those enriched in 2D cultures in red (n = 5). (B) Venn diagram and volcano plot
focusing on extracellular matrix (ECM) proteins, comparing 2D cell cultures and
3D spheroids. The volcano plot illustrates —logl0 P-values versus log2 protein
ratios for ECM proteins, with 3D spheroid—enriched proteins in blue and 2D
culture—enriched proteins in red (n = 5).

Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

Furthermore, several matrix MMPs, including MMP1b, MMP2, MMP3, MMP14, and

MMP19, were overexpressed in spheroids (Fig.15A), and MMP9, together with MMP13,
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was uniquely detected in the 3D condition, suggesting that 3D spheroids were
characterized by intense matrix remodeling processes. MMPs play key roles in
tumorigenesis by remodeling the ECM and modulating signaling pathways within the
tumor microenvironment. Similarly, collagen isoforms such as Col5a2, Col4al, Coll8al,
Col5al, Col8al, Col4a2, and Coll6al were present in both systems but consistently
expressed in 3D cultures compared to 2D cultures (Fig.15B, indicating a more structured

and abundant ECM.

These proteomic findings indicated that tumor spheroids recapitulate key ECM features of
solid tumors, including enhanced deposition of fibrillar collagens and matrix remodeling
enzymes, such as MMPs. MMP9 and MMP13 promote ECM regulation, cell proliferation,
and extravasation [222,223], while increased expression of different collagen isoforms can

modulate cell behavior, intracellular signaling, and drug sensitivity [224].

In summary, these results suggest that spheroids developed a more complex and

physiologically relevant matrix, better mimicking in vitro the solid tumor

microenvironment.
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Figure 15: Differential expression of MMPs and collagens in 2D and 3D
cultures. (A) Label-free quantification (LFQ) of the most significantly expressed
matrix metalloproteinases between 2D and 3D cell cultures (n = 5) reveals that 3D
spheroids display a distinct proteolytic profile compared with conventional 2D
cultures, reflecting the in vivo ECM remodeling of tumor microenvironment. (B)
LFQ analysis of the predominant collagen types demonstrates differences in
collagen expression between 2D and 3D models, suggesting that the 3D culture
environment promotes a more structured ECM. Data are presented as mean + SD.

Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/
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4.1.3 Spatial Distribution and Enzymatic Collagen Type I Degradation in Primary

Breast Tumor Spheroids

The proteomic evidence of enhanced collagen deposition in spheroids led to an
investigation of the spatial organization of collagen type I, the predominant fibrillar
collagen in many solid tumors. The image obtained by confocal microscopy showed that
spheroids produced a robust endogenous matrix characterized by collagen type I
(magenta), primarily distributed in a dense peripheral shell surrounding the spheroid,

closely mimicking in vitro the in vivo tuamor ECM architecture (Fig.16).

Col Type | / Phalloidin

Figure 16: Confocal imaging of primary tumor spheroids. Representative
confocal microscopy stacks of primary tumor spheroids, acquired from top to
bottom, showing cytoskeletal F-actin labeled with phalloidin-FITC (green),
collagen type I (magenta), and cell nuclei stained with DAPI (blue). Scale bar:
100 um. Experiments were repeated three times (n = 3).

Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

To investigate the role of collagen matrix, the spheroids were treated with the ultrapure
recombinant collagenase COLH (class II, active on linear regions of collagen) either alone
or in combination with COLG (class I, targeting triple-helical collagen regions. Several

concentrations of each enzyme were tested to determine the most effective conditions for
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collagen degradation. Treatment with COLH alone resulted in a measurable, but
incomplete, reduction of extracellular collagen, as observed by confocal microscopy
(Figure 7, center). In contrast, complete degradation of collagen type I was achieved only
when COLH and COLG were used in combination (Fig.17). These results highlight that a
combination of the two enzymes efficiently digests the collagen-rich ECM in the spheroids
and suggest that a specific combination of collagenases could represent a powerful
approach to overcoming the ECM-mediated barrier in tumors. Furthermore, these enzymes

were able to digest collagen, maintaining the structural integrity of the spheroids.
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Figure 17: Confocal imaging of primary tumor spheroids after collagenase
treatment. Primary tumor spheroids untreated (Control), treated with
recombinant collagenase COLH (+COLH) for 1 h 15 min, or in combination with
COLG (+COLH/COLG) for 1h 15min. Following enzymatic treatment,
spheroids were stained with phalloidin-FITC (Phal, green), an anti—collagen type
I antibody (magenta), and DAPI (blue) for nuclei, and analyzed by confocal
microscopy. Images show both the surface (left) and central region (right) of the
spheroids. Scale bar: 100 um. Experiments were repeated three times (n = 3).
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Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

4.1.4 Enhanced Uptake of Doxorubicin Following Collagenase-Based Matrix
Degradation

To investigate the impact of ECM degradation due to collagen digestion on drug
accessibility, Doxorubicin (DOX) uptake in PTCs spheroid was evaluated using DOX
intrinsic  autofluorescence. Confocal microscopy images revealed a progressive
accumulation of DOX within the spheroids over 24 hours, with the highest fluorescence
intensity, indicating significant drug uptake (Fig.18A). Importantly, spheroids pretreated

with the combination of collagenases COLG and COLH exhibited 38% increase in total
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fluorescence intensity in all spheroid structures (Fig.18B), compared to control (untreated
spheroids). These findings suggest that collagen degradation within the ECM increases
deeper drug penetration and distribution within the spheroids. This highlights the potential

of ECM remodeling as a strategy to enhance intratumoral drug uptake.
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Figure 18: Collagenase treatment enhances doxorubicin uptake in primary
breast tumor spheroids. (A) Confocal microscopy analysis (sum intensity of z-
stacks, 20 um) showing doxorubicin uptake (magenta) in control spheroids
(DOX) and spheroids pretreated with collagenases (DOX + COL) at different time
points (2, 4, 8, 24h). (B) Fluorescence sum intensities were quantified and
normalized to the control. (C) Confocal analysis of the central z-stack (20 um)
highlighting doxorubicin accumulation in the spheroid core for control and
collagenase pretreated spheroids over time. (D) Central stack fluorescence
intensities were quantified and normalized to control. Doxorubicin
autofluorescence is shown in magenta. Scale bar: 100 um. Data are presented as
mean + SD, and statistical significance was determined by two-way ANOVA
(n=3, **p<0.01, ***p<0.001).

Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

4.1.5 Collagenase Pretreatment Improves Chemotherapeutic Response

To investigate whether improved drug penetration results in enhanced therapeutic efficacy,
spheroids were first treated with collagenases and then incubated with DOX for 24 hours,
and the spheroid area, including dead cells, was analyzed (Fig.19A). Collagenases
treatment removes the protective effect of collagen type I without altering spheroid
architecture, likely due to the presence of other ECM components. DOX alone increased
the total spheroid area by 75%, reflecting cell death and structural laxity. Interestingly,
collagenase pretreatment potentiated DOX efficacy, resulting in a 34% additional increase

in spheroid area compared to those incubated with DOX alone (Fig.19B).
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Time-course cell viability analyses further supported these results (Fig.19C). More
specifically, after 8 hours of incubation, no significant cytotoxicity was observed in the
spheroids treated with collagenases and the drug compared to controls, while partial
responses emerged at 16 hours. However, after 24 hours, spheroids pre-treated with
collagenases and then with DOX exhibited a 50% reduction in viability compared to those

treated only with DOX.

This finding highlights the critical role of ECM as a biomechanical barrier, where collagen
degradation facilitates the chemotherapeutic agents penetration. Although collagenases are
clinically applied for wound and ulcer debridement, their potential use in tumor treatment
remains unvalidated. [224]. These data also suggest that collagenase-mediated ECM
remodeling can probably improve immune cell infiltration, since the dense and stiff ECM

produced by tumors can physically impede T cell migration [148].
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Figure 19: ECM digestion enhances doxorubicin-induced cytotoxicity in
primary tumor spheroids. (A) Optical images of primary tumor spheroids under
different conditions: untreated control (Control), treated with collagenases alone
(COL), treated with doxorubicin 20 uM (DOX), and treated with the combination
of collagenases and doxorubicin 20 uM (DOX + COL), at 24 h. (B) Spheroid area
quantification at 24 h was normalized to the TO area. Statistical analysis was
performed using one-way ANOVA (n=3). (C) Cell viability of primary tumor
spheroids over time (8, 16, 24 h) under the same treatment conditions. Scale bar:
100 um. Data are presented as mean+ SD, and statistical significance was
determined by two-way ANOVA (n=3, **p <0.01, ***p <0.001).

Image adapted from Lo Cicero et al: ‘Enhancing therapeutic efficacy through
degradation of endogenous extracellular matrix in primary breast tumor
spheroids’ FEBS J. 2025, doi: 10.1111/febs.70069 [1]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/
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4.2 Synergistic Effect of Collagenase and PVP-AEDP-Doxorubicin Nanoparticles in
Primary Tumor Cell Spheroids

4.2.1 Characterization of PVP-AEDP-DOX NPs

The role of collagen matrix around and inside tumor masses, in limiting drug accessibility,
was further investigated by using nanoparticles (NPs) as a vehicle for uptake into the
tumor. For this purpose, Polyvinylpyrrolidone (PVP) nanoparticles were synthesized by
high-energy electron beam irradiation, in collaboration with Professor Clelia Dispenza's
research group (Department of Ingegneria Chimica, Gestionale, Informatica, Meccanica
(DICGIM) of the University of Palermo). This technique permitted obtaining sterile and

functionalized NPs with a controlled size.

PVP NPs were conjugated to DOX through (3-[(2 aminoethyl)dithio] propionic acid)
AEDP linker. The disulfide bond in AEDP is sensitive to the altered intracellular
glutathione levels typically found in tumor cells, enabling controlled and selective release
of doxorubicin within the tumor microenvironment (Fig.20A). Conjugation of DOX to
PVP via the AEDP linker can improve biodistribution, reduce systemic toxicity, and allow
for a stimulus-responsive release mechanism that exploits the biochemical differences
between tumor and healthy cells [225]. The amount of conjugated drug (62,3 uM) was
evaluated by spectrophotometric analysis using a doxorubicin calibration curve. Dynamic
Light Scattering (DLS) analysis showed an NPs average size of 113 nm, a PdI value of
0.195, and a Z-potential of -24.6 + 5.89. The effect of PVP-AEDP-DOX NPs was
evaluated both in 2D and 3D systems of PTC cells (Fig. 20B).
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Figure 20: Synthesis of PVP-AEDP-DOX nanoparticles and their application
in vitro. (A) Representative schematic illustration of polyvinylpyrrolidone (PVP)
nanoparticle synthesis by high-energy electron beam irradiation and subsequent
functionalization with doxorubicin via the redox-cleavable AEDP linker. The
disulfide bond within the AEDP linker is reduced in the presence of elevated
intracellular glutathione levels characteristic of tumor cells, thereby triggering
intracellular DOX release within the tumor microenvironment. (B) Representative
schematic illustrating the in vitro applications of PVP-AEDP-DOX nanoparticles
in PTCs cultured under two-dimensional (2D) and three-dimensional (3D)
conditions.

4.2.2 Antitumor Efficacy of PVP-AEDP-DOX NPs in 2D PTC Culture
The effect of PVP-AEDP-DOX on PTC was evaluated both by cytotoxic assay and

fluorescence uptake. Cell viability quantification, normalized to untreated controls,
revealed that PTCs treated with free DOX exhibited a dose-dependent cytotoxicity,
reaching an ICso of approximately 5 puM. In contrast, DOX conjugated to PVP
nanoparticles displayed a markedly reduced dose-dependent effect, with the ICso not
reached even at the highest tested concentration of 20 uM. Overall, the cytotoxic efficacy
of nanoparticle-conjugated DOX was lower compared to free DOX wunder these

experimental conditions (Fig.21).
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Figure 21: Cytotoxic effect of PVP-AEDP-DOX NPs. Cell viability showed
that free DOX (red) induced dose-dependent cytotoxicity, whereas PVP-
conjugated DOX (blue) exhibited reduced efficacy compared to the free drug.

On the other hand, fluorescence uptake studies (Fig.22) revealed that the nanoparticles
were internalized by cells within 30 minutes. At this time point, the red fluorescence
corresponding to doxorubicin was diffusely distributed throughout the cytoplasm and
partially colocalized with the nuclei (blue), indicating that the drug remained largely
associated with the nanoparticles. After 1 hour, doxorubicin released from the
nanoparticles produced an increasingly strong signal, which continued to rise over time. By
8 hours, a reduction in cell density was evident, with the highest doxorubicin accumulation

within the nuclei.
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Figure 22: Cellular uptake and nuclear accumulation of PVP-DOX
nanoparticles. Time-dependent fluorescence imaging of PTCs treated with PVP-
DOX nanoparticles. Within 30 min, DOX (red) was mainly cytoplasmic and
partially colocalized with nuclei (blue). Nuclear DOX signal increased over time,
reaching maximum accumulation at 8 h, accompanied by reduced cell density.
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4.2.3 Cytotoxic Effect of PVP-AEDP-DOX Evaluated in 3D system

While 2D cell cultures are widely used for preliminary cytotoxicity assays, they fail to
capture key features of the tumor microenvironment, such as nutrient and oxygen
gradients, cell—cell and cell-matrix interactions, and the complex architecture of the ECM
[226]. These features, which are characteristic of solid tumors, can lead to elevated
intracellular glutathione levels and create physical barriers that limit drug penetration and
efficacy, conditions not replicated in flat 2D systems [16,227,228]. To better reflect these
in vivo-like conditions, subsequent experiments were conducted using three-dimensional
tumor spheroids. In this context, collagenase pre-treatment was employed to partially
degrade the dense ECM, thereby facilitating nanoparticle infiltration and enhancing drug-

mediated cytotoxicity.

Thus, to investigate whether ECM remodeling further enhances the efficacy of these
nanoparticles, PTCs spheroids were incubated for 24 hours with 20 uM PVP-AEDP-DOX
NPs, corresponding to the doxorubicin concentration, either with or without collagenase

pre-treatment (Fig.23A). Optical microscopy images revealed dead cells surrounding the
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spheroids after incubation with NPs, similar to samples treated with free doxorubicin,
along with a modest reduction in spheroid size, relative to controls, in both collagenase-un-
treated and pre-treated conditions. Cell viability analysis at 24 hours confirmed these
findings (Fig.23B). More specifically, spheroids pre-treated with collagenases followed by
PVP-AEDP-DOX NPs incubation exhibited approximately 50% lower viability compared
to spheroids treated with PVP NPs alone, indicating that ECM digestion enhances the
therapeutic impact of the redox-sensitive nanoparticles. Importantly, collagenase treatment
alone in control spheroids did not induce significant cytotoxicity, confirming even in this

case that enzymatic activity selectively targets the ECM while maintaining spheroid

integrity.
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Figure 23: Evaluation of the Therapeutic Efficacy of PVP-AEDP-DOX
Nanoparticles. (A) Optical images (10% magnification) of control spheroids and
spheroids treated with PVP-AEDP-DOX nanoparticles, with (+ COL) or without
(-COL) collagenases pre-treatment. (B) Corresponding cell viability analysis
graph after 24 hours of treatment showed a sensible reduction in cell viability.
Data are presented as mean + SD (n=7-8, ****p <0.0001).

Uptake analysis using immunofluorescence at 1- and 2-hour post-incubation was
conducted to investigate if ECM degradation could increase nanoparticle penetration. As
shown in Figure 24A, no significant differences in DOX autofluorescence were detected
after 1 hour. However, at 2 hours, spheroids pre-treated with collagenases showed
significantly higher DOX content from nanoparticle accumulation compared to those

treated with PVP NPs alone (Fig.24B).

These results confirm that ECM remodeling improves the delivery and cytotoxicity of both
free drug and glutathione-sensitive PVP-AEDP-DOX nanoparticles in 3D PTCs spheroids.
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Figure 24: Analysis of Nanoparticle Uptake in PTC Spheroids. (A) merged
images showing doxorubicin autofluorescence (red) and DAPI-stained nuclei
(blue) in spheroids (10x magnification). (B) Quantification of fluorescence
intensity at 1 h and 2 h post-incubation, showing a statistically significant
increase in doxorubicin uptake after 2 h in spheroids pre-treated with collagenase
compared to those without collagenases. Data are presented as mean £ SD (n =3,
**P <0.01).

4.3 Enhancing Drug Penetration and Cytotoxicity in 3D Primary Breast Cancer
Cultures via BSA-Nanoparticles

4.3.1 Synthesis and Physicochemical Characterization of BSA Nanoparticles

Previous experiments demonstrated that PVP-AEDP-DOX nanoparticles, designed for
redox-sensitive drug release, exhibit significant cytotoxic effects in 3D PTC spheroids.
However, pH-sensitive BSA-DOX nanoparticles represent a more advantageous
therapeutic strategy than glutathione-responsive PVP-DOX systems, primarily due to their
enhanced selectivity in drug release within the tumor microenvironment. This is because
acidic pH is a consistent and well-conserved feature of the tumor microenvironment,
enabling controlled and predictable release of doxorubicin upon nanoparticle
internalization by tumor cells [16]. This mechanism ensures high therapeutic efficacy
while minimizing premature drug release under physiological conditions. In contrast,
glutathione-responsive systems rely on intracellular GSH gradients that can be highly
heterogeneous across different tumor types, disease stages, and cellular populations,
thereby reducing the reproducibility and uniformity of the therapeutic response [229].
Moreover, elevated glutathione levels are also present in healthy cells as one of the main
antioxidant molecules, increasing the risk of non-selective drug release and potential side
effects due to off-target toxicity [230]. From a biological point of view, albumin provides

additional advantages, including biocompatibility, biodegradability, and the ability to
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exploit albumin-mediated uptake mechanisms, thereby promoting tumor accumulation and
improving penetration within neoplastic tissues [231]. Building on these considerations, it
was evaluated whether similar synergistic effects could be achieved with pH-sensitive
nanoparticles based on Bovin Serum Albumin (BSA) conjugated with Doxorubicin (DOX),
which can exhibit a retention-based mechanism triggered by the acidic tumor
microenvironment. The rationale behind this experiment is to determine if the combination
of ECM remodeling via collagenase pre-treatment and the pH-triggered retention of BSA-
DOX nanoparticles can replicate or even improve the therapeutic efficacy observed with

redox-sensitive PVP-AEDP-DOX.

The first part of the study was dedicated to the synthesis and characterization of Bovine
Serum Albumin nanoparticles (BSA NPs) as a control for the optimization and validation
of the synthesis protocol of BSA nanoparticles conjugated to doxorubicin (BSA-DOX
NPs). The BSA NPs were obtained through a desolvation method, followed by crosslinking
with glutaraldehyde, chosen to confer structural stability to the nanoparticles over time
(Fig.25A). Glutaraldehyde mainly reacts with free amine groups (—NH:) of lysine side
chains present in proteins. Through the formation of Schiff base bond (—C=N-),
glutaraldehyde creates inter- and intramolecular link between different albumin molecules
[232]. The morphology of the BSA NPs was initially examined by Transmission Electron
Microscopy (TEM) in order to observe structural details and confirm the homogeneity of
particle size distribution. TEM images showed that the nanoparticles were almost spherical
and exhibited a low level of aggregation, with an average diameter of approximately 96 nm

(Fig.25B).
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Figure 25: Synthesis and Characterization of BSA Nanoparticles. (A)
Schematic representation of the synthesis process. (B) TEM image showing the
compact structure and spherical morphology of the nanoparticles.
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Subsequently, the size distribution profile and the polydispersity index (PDI), which reflect
the uniformity of particle distribution in solution, were obtained using Dynamic Light
Scattering (DLS). DLS analyses revealed that the obtained nanoparticles have well-defined
nanometric sizes of approximately 110,7 nm, a value determined by the data normalized by
the particle volume. The size measured by DLS was higher than that recorded by TEM,
likely due to the hydration layer of the particles, which is intrinsically estimated by DLS
approaches. The size distribution was highly homogeneous, as indicated by the low PDI

values (0.123), reflecting a uniform distribution of nanoparticles.

To further investigate the characteristics of the nanoparticles, additional measurements
were performed using Nanoparticle Tracking Analysis (NTA). NTA provided additional
information on particle size and concentration, revealing a diameter of 102 nm, determined
as the mode of the size distribution. Moreover, the concentration of nanoparticles was 7,99

x 10" + 1,49 x 10" particles/mL.

Overall, these results indicate that the BSA NPs synthesis protocol was successfully
optimized, producing well-characterized nanoparticles with good control over size and low

polydispersity, ensuring their homogeneity and stability over time.

4.3.2 pH-Responsive Behavior of BSA Nanoparticles in Acidic Conditions

The response of the nanoparticles to acidic pH, typical of the tumor microenvironment,
was studied by exposing the nanoparticles to solutions with pH 6.5 and 5.5. After 24 hours
of incubation, nanoparticle aggregation was detected as an increase in solution turbidity
both at pH 6.5 and, more markedly, at pH 5.5, where clear sedimentation also occurred

(Fig.26).
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Figure 26: Acid pH—Responsive Behavior of the Nanoparticles. (A) Images of
the nanoparticle suspensions at acidic pH, showing evident higher tubidity of
solution at pH 6,5, and sediment formation at pH 5.5.

Through zeta potential (ZP) measurement, we analyzed changes in the surface charge of
the nanoparticles at different pH values. At pH 7.4, the nanoparticles exhibited a net charge
of -18 mV, whereas at pH 6.5 and 5.5 the charge decreased to -1,9 mV and -1,7 mV,
respectively, indicating a change in particle stability in response to acidic pH. To analyze
the size of nanoparticles in response to acidic pH conditions, we employed the DLS

technique. In particular, we focused on the average size of the aggregates.

The results showed that, at neutral pH (7.4), after 24 hours of incubation, the nanoparticles
had an average size of 130 nm. At pH 6.5, the nanoparticles exhibited an average size of
143,4 d.nm, a moderate increase compared to neutral pH, suggesting minimal response to
acidic pH without drastic aggregation. However, at pH 5.5, we observed a remarkable
increase in the average size of the nanoparticles, with a diameter reaching the size of 777
nm with a PDI of 1, indicative of strong size heterogeneity. This significant increase was in
agreement with Figure 13 and suggests that under acidic pH, the nanoparticles tend to
aggregate more markedly, likely due to a change in particle surface charge that promotes

interactions between them.

These results have fundamental importance for the design of drug-loaded nanoparticles. In
particular, the observation of control BSA nanoparticles at pH 6.5 and 5.5, compared to
physiological pH 7.4, suggests that the nanoparticles can respond dynamically to acidic

conditions. This phenomenon could be useful in therapeutic contexts where localized
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particle accumulation at the tumor site is desired, exploiting acidic pH conditions to

facilitate their retention.

4.3.3 Development and Characterization of BSA Nanoparticles Conjugated with
Doxorubicin

Once the synthesis protocol was optimized and the drug-free BSA nanoparticles were
characterized, the next step was dedicated to the synthesis of BSA nanoparticles
conjugated with doxorubicin (BSA-DOX NPs). The synthesis process was carried out
following the same methodology used for the drug-free nanoparticles, with the only
difference being the inclusion of doxorubicin during the synthesis process (Fig.27A). To
determine the amount of drug incorporated into the nanoparticles, the supernatant from the
post-synthesis washes was analyzed through spectrophotometric measurements. These
readings allowed the quantification of the unbound drug fraction removed during the
washing process, revealing that approximately 50% of the initially added doxorubicin was
effectively incorporated within the nanoparticles. This result confirms the efficiency of the
conjugation process, ensuring that a significant amount of drug remains stably associated

with the system.

The morphology of the BSA-DOX NPs was initially determined by TEM, in order to
observe the shape and size distribution of the nanoparticles. TEM images revealed that the
BSA-DOX NPs exhibited a perfectly spherical and well-defined shape, with an average
diameter of approximately 87 nm (Fig.27B).
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Figure 27: Synthesis and Characterization of BSA-DOX Nanoparticles. (A)
Schematic representation of the synthesis process. (B) TEM image showing a NPs
compact structure and highly spherical morphology of the nanoparticles
conjugated to the drug.

Subsequently, DLS analyses were performed to obtain information on the size profile and

87



polydispersity index. DLS data, obtained by volume normalization, showed that the BSA-
DOX NPs had an average size of 115,6 nm with an even more homogeneous distribution
compared to the control NPs (PDI = 0,06). To complete the characterization, Nanoparticle
Tracking Analysis (NTA) was performed, revealing a characteristic size of 78.4 d.nm
(determined as the mode of size distribution) with a concentration of 9,50 x 107 £ 1 x 107

particles/mL.

Overall, these results, together with the quantification of the DOX unbound fraction,
indicate that the synthesis of BSA-DOX NPs was successful, preserving the reproducibility

of the conjugated drug while maintaining the nanoparticle characteristics.

4.3.4 pH-Responsive Behavior of BSA-DOX Nanoparticles in Acidic Conditions

Analogously to the control nanoparticles, the physicochemical dynamics of the drug-
conjugated nanoparticles in response to pH variations were studied by exposing the
particles to solutions with pH 6.5 and 5.5. After 24 hours of incubation, the BSA-DOX
NPs in solution exhibited similar behavior, although with the formation of a sediment

already at pH 6.5, as evidenced in the acquired images (Fig.28).
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Figure 28: Acid pH-Responsive Behavior of the Nanoparticles. (A) Images of
the nanoparticle suspensions at acidic pH, showing clearly visible sediment
formation already at pH 6.5, which is further confirmed at pH S.5.

These results suggest that the drug-conjugated nanoparticles are also sensitive to pH
variations, behaving similarly to the BSA NPs. Moreover, in the supernatants, doxorubicin

was not detected, indicating that the construct does not display a controlled drug-release
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profile under the experimental conditions analyzed. However, this behavior suggests that
BSA-DOX NPs could be used as a system for localized drug retention at the tumor site

rather than as a release platform.

In parallel, a zeta potential (PZ) analysis of the BSA-DOX NPs was performed at different
pH values to examine changes in the surface charge of the particles in response to acidic
conditions. Interestingly, despite the clear evidence of sedimentation and aggregation of
the nanoparticles at pH 6.5 and 5.5, the zeta potential was close to zero at all tested pH
values, with a slight reversal of the charge from physiological pH (+1,68 mV) to acidic pH
(S0 mV).

This behavior suggests that, despite the physical changes observed in the nanoparticles,
such as sedimentation at acidic pH, the surface charge of the BSA-DOX NPs did not
undergo substantial modifications in response to acidic pH. Furthermore, the total
difference in surface charge compared to the PZ of control NPs at pH 7,4 (-18 mV)
suggests that the conjugation of doxorubicin influenced the net charge of the nanoparticles.
This is because doxorubicin is a positively charged molecule. In fact, its positive charge is
due to the presence of an amino group (NH2) that, at physiological pH (~7.4), is
protonated and therefore contributes to the positive charge of the particle [233]. This
phenomenon could thus be a further indication that doxorubicin was indeed conjugated to
the surface of the nanoparticles, without severely compromising their ability to maintain a

stable form in solution.

To further investigate the size in response to pH variations, the BSA-DOX NPs were
analyzed using DLS. As also observed for the BSA NPs, at pH 7.4, the nanoparticles had
an average size of 120 nm after 24 hours of incubation, again referring to the recorded
intensity. At pH 6.5, the average size of the BSA-DOX NPs doubled, reaching 246,9 nm,
suggesting a greater response to pH variation compared to the BSA NPs control. At pH 5.5,
a significant increase in size was observed, with the nanoparticles reaching an average size
of 933,6 nm, indicating greater aggregation compared to neutral and slightly acidic pH. A
significant increase in PDI was also detected, indicating the formation of potential

aggregates.

In summary, the data obtained from the BSA-DOX NPs are consistent with those observed
for the BSA NPs in response to acidic pH. Although the surface charge of the BSA-DOX
NPs did not show drastic variations at pH 6.5 and 5.5, the indication of a slight change in

zeta potential suggests that doxorubicin was indeed conjugated to the nanoparticle. This is
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because DOX loading shifted the nanoparticle surface potential toward positive values
[234-236]. Moreover, the aggregation observed at acidic pH confirms that the BSA-DOX
NPs are sensitive to pH variations, with potential for localized retention of the particles in

the tumor microenvironment, which is more acidic than healthy tissues.

4.3.5 Combined Effect of Collagenases and BSA-DOX Nanoparticles in PTC
Spheroids

After the synthesis and characterization of pH-sensitive BSA-DOX nanoparticles, their
cytotoxic activity was evaluated in rat PTCs spheroids. Analogously to what was
previously performed with free doxorubicin, the spheroids were pretreated with
collagenases, aimed at partial digestion of the endogenous ECM of the spheroids, in order
to improve drug permeability and efficacy. Preliminary observations using optical
microscopy after 24 hours (Fig.29) of incubation showed that pretreatment with
collagenases alone, as well as the combination of collagenase with control nanoparticles
devoid of drug, did not induce the formation of a noticeable halo of dead cells around the
spheroid. This indicates that enzymatic digestion of the matrix, in the absence of a
cytotoxic agent, is not sufficient to cause significant damage to cell viability, and that
control NPs do not lead to evident mortality. In contrast, when spheroids were treated with
free doxorubicin or with DOX conjugated to BSA NPs, a peripheral halo of dead cells was
observed, which was particularly pronounced when the pharmacological treatment was

combined with collagenases pretreatment.
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Figure 29: Cytotoxic activity of BSA-DOX nanoparticles in PTC spheroids.
Representative optical microscopy images after 24 h showing that collagenase
alone (-COL) or in combination with control BSA NPs does not induce evident
cell death, whereas treatment with free doxorubicin or BSA-DOX NPs leads to
the formation of a peripheral halo of dead cells, particularly enhanced upon
collagenases (+COL) pretreatment. Scale bar: 100 um.
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These qualitative observations were supported by quantitative data on cell viability at 24
hours (Fig.30). For this purpose, the results obtained with free drug were normalized to
untreated control spheroids, while the results from the conjugated drug treatment were
normalized to spheroids treated with control BSA NPs under all experimental conditions.
Analysis of the results shown in the graph indicates that treatment with collagenase alone
(C + COL) did not cause a significant reduction in cell viability compared to control,
confirming that the enzyme is not highly cytotoxic under the experimental conditions used.
In contrast, the combination of collagenase with either free DOX or DOX conjugated to
BSA NPs led to a significant increase in cell mortality compared to the respective controls.
In particular, the combination of collagenase with BSA-DOX was the most effective,
reducing cell viability to values close to the ICso, whereas free DOX + collagenases,
although showing a noticeable increase in cytotoxicity, remained significantly less

effective.

This result represents the most relevant aspect of the study, as cell mortality is significantly
higher when DOX is delivered via BSA nanoparticles compared to free DOX in the
presence of collagenases, demonstrating the superior therapeutic efficacy of the
nanoparticles. Furthermore, these results confirm that collagenases pretreatment improves
drug accessibility to the inner cellular layers of the spheroid and that conjugation of
doxorubicin to pH-sensitive BSA NPs further enhances this effect. Therefore, the
combined approach of collagenases + BSA-DOX emerges as a more effective strategy

compared to free doxorubicin in the three-dimensional PTC spheroid model.

91



150

0
(o)
j: Kok okokok Kkk  dkokok
< 1 M
g‘g 100 - - -
i mC
el
= N 1 BSANPs
&) E el [ BSA-DOX NPs
-
(o)
“ I
0_

T T
24h 48h
Figure 30: Quantitative analysis of cytotoxicity in PTC spheroids. Graph
showing cell viability at 24 h: untreated control (C, orange) and collagenase alone
(C + COL, green) do not significantly reduce viability. Treatment with free DOX
(red) or BSA-DOX NPs (blue) induces a marked decrease in viability, which is
further enhanced when combined with collagenases. The combination of
collagenases + BSA-DOX NPs shows the greatest cytotoxic effect, approaching
ICso values, highlighting the superior therapeutic efficacy of the nanoparticle-

based delivery system. Data are presented as mean £ SD (n=3, *p< 0.05,
**p<0.01, ***p<0.001).

4.3.6 BSA Conjugated with Recombinant Ultrapure Collagenases: SAXS Reveals
Compact Conformation of COLH in Solution

The recombinant collagenases Abiel, COLG (Class I), and COLH (Class II) are produced
from two distinct genes of C. histolyticum, which were cloned to obtain two chimeric
forms in E. coli. COLG exhibits high collagenolytic activity, specifically hydrolyzing the
three-dimensional triple-helix regions of native collagen, whereas COLH shows a more
moderate activity toward the collagen triple helix, acting predominantly on linear regions

of the molecule.

The advantage of using ultrapure collagenases lies in the possibility of achieving greater
experimental reproducibility, as the catalytic activity of the enzymes is precisely known for
each batch. Furthermore, the absence of contaminating proteases ensures higher enzymatic
specificity and better cell viability. However, a potential limitation of collagenases in vivo
is due to their bacterial origin, which may induce an important immune response, rapid
inactivation, poor biodistribution, and lack of selectivity for tumor tissue [237]. In this
context, the use of nanoparticle systems represents a promising strategy to overcome these
issues [238]. To improve the immunocompatibility, specificity, and the half-life of the
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enzyme, we focused on the synthesis and characterization of BSA-based nanoparticles in

which to incorporate the collagenases, starting with BSA-COLH NPs as a model system.

First of all, to gain insight into the solution structure of the recombinant collagenase COLH
and to understand its suitability for incorporation into BSA nanoparticles, small-angle X-
ray scattering (SAXS) analysis was performed and combined with computational
modeling. The Ensemble Optimization Method (EOM) was applied to the set of generated
models in order to select sub-ensembles capable of reproducing the experimental SAXS
profile as accurately as possible. Through 50 cycles of the genetic algorithm, a sub-
ensemble was identified with a y* value of 2,29, indicative of a good fit to the experimental
SAXS data (Fig.31A). The radius of gyration (Rg) distribution of the random pool is
shown in Figure 31B as black points, while the distribution of the selected pool is
represented by the red line. Analysis of the selected sub-ensemble revealed a theoretical
radius of gyration of 4,60 nm, in excellent agreement with the Rg value determined by

Guinier analysis (4,52 nm).

Comparison of the two distributions highlights that the selected pool exhibits a more
compact conformation than expected based on the random pool, suggesting that the protein
in solution tends to adopt a globally more compact structure. Consistent with this
observation, the most representative structural model shows that the three additional C-
terminal domains are spatially close to the main catalytic region of COLH, further

contributing to the overall compactness of the protein in solution (Fig.31C).

SAXS and EOM results indicate that COLH adopts a compact conformation in solution,
with the C-terminal domains positioned near the catalytic region, making it particularly
suitable for integration into BSA protein nanoparticles. Overall, these findings support the

structural and physicochemical rationale of the approach adopted for collagenase delivery.
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Figure 31: EOM analysis of the ColH form factor. (A) Fit of the sub-ensemble
selected by EOM to the SEC-SAXS data. (B) Representation of the selected pool
(red dots) compared to the random pool (black dots). (C) Representative
conformations selected by EOM and their corresponding sizes as radius of
gyration and dmax (both in angstrom).

4.3.7 Glutaraldehyde-Mediated Crosslinking of BSA Nanoparticles Conjugated with
Collagenases

The next part of the work was dedicated to the development of BSA nanoparticles
conjugated with ultrapure recombinant collagenases designed to promote the digestion of
the tumor ECM. The BSA-COL NPs were synthesized using the same desolvation and
chemical crosslinking protocol with glutaraldehyde, with a BSA: enzyme ratio of 9:1

(Fig.32A).

The morphology of the BSA-COLH NPs was initially analyzed by TEM to evaluate the
shape and size distribution of the nanoparticles. TEM images showed spherical, well-
defined, and wuniformly distributed nanoparticles with an average diameter of
approximately 106.3 nm (Fig.32B).
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Figure 32: Synthesis and Characterization of BSA-COLH Nanoparticles
through glutaraldehyde crosslinking. (A) Schematic representation of the
synthesis process. (B) TEM image showing the spherical NPs morphology.

Subsequently, the nanoparticles were characterized by DLS to obtain information on the
size profile in solution and the polydispersity index. DLS data, normalized for volume,
revealed an average hydrodynamic size of 115 d.nm, with a particularly homogeneous
distribution (PDI = 0,16), indicating that collagenase conjugation does not compromise the
colloidal stability of the system. Next, it was evaluated whether the nanoparticle synthesis
process had altered the catalytic activity of the enzyme. For this purpose, the solution
containing the nanoparticles was spotted directly onto zymography gels, and the ability of
the conjugated enzyme to digest gelatin was qualitatively analyzed, compared to the
positive control given by free collagenase. BSA NPs not conjugated with the enzyme were
used as a negative control. As observed, the enzyme-conjugated nanoparticles did not show

any catalytic activity. In contrast, the free enzyme clearly exhibited its function (Fig.33).

These results suggest that the conjugation process, carried out via glutaraldehyde,
compromises enzymatic activity. Likely, the formation of the rigid chemical bond
introduced by the crosslinker interferes with the enzyme’s active site, preventing proper
function. Consequently, the nanoparticles are unable to replicate the activity observed with

the free enzyme, indicating an inhibitory effect of the conjugation.
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Figure 33: Qualitative analysis of enzymatic activity by spotting zymography.
No activity was observed for BSA-COLH NPs compared to free COLH,
indicating that the enzyme was likely inactivated during the nanoparticle
synthesis process.

4.3.8 Thermal Crosslinking as an Alternative Strategy to Preserve Collagenase
Activity in BSA Nanoparticles

The previous result highlighted the need to develop an alternative approach capable of
stabilizing the nanoparticles without compromising collagenases’ activity. In the literature,
several studies report that BSA NPs can be effectively stabilized through high-temperature
thermal crosslinking, avoiding the use of potentially denaturing chemical agents such as

glutaraldehyde [239].

Following this principle, the synthesis protocol was modified by introducing a thermal
treatment. Specifically, the nanoparticles were prepared using the traditional desolvation
and resolvation steps, followed by incubation at 65°C, promoting the formation of stable
intermolecular bonds within the protein system without the need for chemical solvents

(Fig. 34A).

The process was initially tested on control BSA NPs, without the enzyme, to evaluate the
effectiveness of thermal stabilization and to determine potential morphological and
dimensional changes. The resulting BSA NPs were characterized by TEM, which
confirmed their spherical morphology and uniform size distribution, with an average

diameter of approximately 101 d.nm (Fig. 34B).

Subsequently, DLS analysis showed an average volume-based size of 129,8 nm, indicating
a slight difference compared to the TEM measurements, likely due to the hydrated nature
of the particles in solution. NTA further confirmed these characteristics, reporting an

average size of 88.9 nm and a concentration of 5,14 x 107 £ 5,75 x 10° particles/mL.
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These results demonstrate that thermal crosslinking allows the production of stable,
spherical, and uniform nanoparticles with controlled sizes, providing a solid platform for
collagenase incorporation. At this point, the nanoparticles are ready for the subsequent
enzymatic conjugation step, with the prospect of preserving at least partial catalytic
activity of the enzyme, thus overcoming the limitations observed with the previous

protocol.
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Figure 34: Synthesis and Characterization of BSA Nanoparticles via Thermal
Crosslinking. (A) Illustration of the nanoparticle preparation process. (B) TEM
image revealing that the thermally crosslinked BSA-nanoparticles are well-
defined and predominantly spherical, with a uniform size distribution.

4.3.9 Morphological, Physicochemical, and Biochemical Characterization of BSA-
COLH and BSA-COLG Nanoparticles Prepared via Thermal Crosslinking

BSA nanoparticles were synthesized through thermal crosslinking while separately
incorporating the two recombinant collagenases, namely COLH and COLG, obtaining the
BSA-COLH NPs and BSA-COLG NPs, respectively. The choice to prepare two separate
systems allowed for more precise control of their different catalytic activities and
specificities both in vitro and in vivo, facilitating the comparative evaluation of functional

performance.

Morphological and dimensional characterization was performed using TEM, DLS, and
NTA. TEM revealed that the particles were approximately spherical and not perfectly
uniform as the controls, with an average diameter of 80 nm for the BSA-COLH NPs (Fig.
35A) and 91 nm for the BSA-COLG NPs (Fig. 35B). However, unlike the control NPs, the
surfaces of the collagenase-containing particles appeared irregular and slightly granular,

suggesting a possible interaction between the protein matrix and the enzyme.

97



DLS analysis showed volume-based average sizes of 131 nm for the BSA-COLH NPs and
128 nm for the BSA-COLG NPs, with a PDI below 0.2 in both cases. Finally, NTA
reported average sizes of 90 nm for the BSA-COLH NPs and 89 nm for the BSA-COLG
NPs, with concentrations of 4,9 x 107 + 5.2 x 10° particles/mL and 5,1 x 107 + 5,7 x 10°
particles/mL. All values are reported.

B
A BSA-COLH NPs BSA-COLG NPs

Figure 35: TEM analysis of BSA-COL nanoparticles. (A) BSA-COLH NPs
and (B) BSA-COLG NPs. Both nanoparticle types show relatively uniform size
distribution, particularly the BSA-COLH NPs. Although the particles are not
perfectly spherical, exhibit a granular surface, suggesting possible interactions
between the protein matrix and the incorporated enzyme.

To verify enzymatic activity after synthesis, a zymography assay was performed for both
nanoparticles. The results showed the presence of a degradation halo in both cases,
indicating that the collagenase remained partially active, albeit with reduced activity
compared to the free enzymes (Fig. 36). This confirms that thermal crosslinking allows the
catalytic function of both constructs to be at least partially preserved, providing a stable
platform for future studies and for applications where controlled degradation is required.
Notably, this innovative approach could be extended to the conjugation of other proteins,
as thermal crosslinking may represent a general strategy to preserve protein structure and

functionality while enabling their incorporation into nanoparticulate systems.
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Figure 36: Qualitative analysis of enzymatic activity by spotting zymography.
(A) BSA-COLH NPs and (B) BSA-COLG NPs. Both nanoparticle formulations
display gelatin degradation, as evidenced by the presence of a digestion halo,
indicating that the collagenases retain partial enzymatic activity after
incorporation. However, their activity is reduced compared to the free enzyme
controls.

4.4 Development and Characterization of 3D Vascularized Tumor Model Integrating
Rat Adipose-Derived Microvascular Fragments and Breast Cancer Cells: Evaluation
of ABCB1 Expression and Drug Response

4.4.1 Isolation of Adipose-Derived Microvascular Fragments from Rat

Although the model composed of PTCs provides a valuable platform for studying tumor
cell behavior and NPs efficacy, it lacks the critical vascular compartment that characterizes
solid tumors, limiting its ability to fully replicate the tumor microenvironment and
associated physiological processes. This complexity arises from the tumor
microenvironment being a highly intricate network, comprising not only malignant cells,
but also various stromal components, immune cells, fibroblasts, and a dense ECM. Among
these, the vascular system plays a central role in supporting tumor growth and progression
by delivering oxygen and nutrients, removing waste products, and positively influencing
metastasis [240]. Modeling of tumor vasculature is therefore essential for in vitro studies

aiming to recapitulate in vivo tumor pathophysiology. Traditional 3D tumor models often
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incorporate endothelial cells, such as Human Umbilical Vein Endothelial Cells (HUVECsS),
to recreate vascular networks. However, these systems are limited in their physiological
relevance because HUVEC:s fail to fully replicate the structural and functional complexity
of native vasculature, lacking essential accessory cells, such as pericytes [241,242]. In
contrast, adipose-derived Microvascular Fragments (MVFs) preserve the full architecture

of functional microvessels, including pericytes and small branches [219].

For this reason, in order to generate a 3D tumor model that better mimicked the tumor
microenvironment in vitro and, in particular, the tumor-associated vascular system, PTCs
derived from rat mammary tumors were co-cultured with species-specific MVFs isolated

from the visceral adipose tissue of female Wistar rats (Fig.37).

Vascularized tumor models (VTMs)

PTCs

| Rat abdominal
| adipose tissue

Figure 37: Illustration of the Isolation Process of Microvascular Fragments
(MVFs) from Rat Adipose Tissue and Generation of Angiotumoroids in
Combination with PTCs.

Tissue digestion was performed using a combination of enzymes, such as ultrapure
recombinant collagenase (COLH — Class II) and thermolysin [219]. Following digestion,
an average yield of about 2 x 10* microvascular fragments was recovered from each gram
of adipose tissue. As observed by optical microscopy (Fig.38A), the MVFs had a length
ranging from 50 um to 300 pum, displaying a mean luminal diameter of approximately
18 um, and exhibited small lateral branches. Within the vessel lumen, traces of blood
residual from the digestion were present (Fig.38B). Accurate visualization and analysis of
the morphology of the extracted MVFs were obtained via Scanning Electron Microscopy
(SEM) (Fig.38C). The images obtained showed the typical tubular architecture of the
MVFs, with no detectable adipocytes present, demonstrating the isolation procedure
efficiency. Furthermore, the presence of some erythrocytes adhered to the vessel surface
was noted, which were certainly also residues of the digestion process. Notoriously, the

vascular apparatus, regardless of tissue type, requires the biomechanical support of a three-
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dimensional collagen-based matrix for proper vessel assembly and to fully unleash its

angiogenic potential, in terms of sprouting and branching [243].

Figure 38: Isolation of adipose-derived microvascular fragments. (A) Rat
visceral adipose tissue. (B) Morphological characterization of MVFs by optical
microscopy. It’s possible to observe blood residual in the vessel lumen. (C)
Scanning electron microscopy (SEM) of MVFs.Arrows highlight the presence of
erythrocytes in the MVFs surface. Scale bars: 20 um,10 pm and 5 um.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

To evaluate the neoangiogenic potential over time, the MVFs were incorporated into a type
I collagen gel matrix and allowed to grow for seven days, already showing sprouting and
vascular branching from individual fragments after three days, which progressively
increased over time. By day 7, some lateral branches originating from different MVFs

fused, a canonical feature in the processes of new vessel formation in tissues (Fig.39).
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Figure 39: Microvascular fragments MVFs embedded in type I collagen gel
at different time points. Optical images of MVFs cultured in type I collagen at

day 1 (D1), day 3 (D3), day 5 (D5), and day 7 (D7). The images show a time-
dependent increase in MVF sprouting. Scale bar: 10 um.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

4.4.2 3D Co-Culture of Species-specific MVFs together with PTCs, in Generation of
Angiotumoroids.

Once the proliferative capacity of the extracted vessels was confirmed, PTCs were co-
cultured with the MVFs under low-adhesion conditions to generate 3D vascular models,
which were named 'angiotumoroids.' These models were prepared with a variable number
of MVFs (60, 125, or 250 per condition), while keeping the number of PTCs constant (3 x
10? cells/well) (Fig.40A).
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Figure 40: Optical microscopy images of PTCs cocultured with MVFs.
(A) Angiotumoroids generated by co-culture with increasing numbers of
microvascular fragments (60, 125, or 250 MVFs), PTC spheroids and
MVF-only spheroids, monitored at day 0 (D0), day 1 (D1), day 2 (D2), and
day 5 (D5). Scale bar: 100 um. (B) Quantitative analysis of spheroid
diameter measured at day 5 (n=6). Results are expressed as mean + SD.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional
Model Integrating Primary Breast Tumor Cells and Microvascular
Fragments: Mimicking the Tumor Microenvironment Involved in
Chemoresistance’ Cancer Cell Int. 2026, doi: 10.1186/s12935-025-04154-6
[2]. Copyright via CcC BY-NC-ND 4.0 -
https://creativecommons.org/licenses/by/4.0/

In addition, spheroids composed of PTCs alone or MVFs alone were generated as controls.
The inclusion of these controls allowed the specific and independent contribution of each
cellular component in the generated models to be evaluated across various assays.
Quantitative analysis of spheroid diameter was performed (Fig. 27B). The angiotumoroids
and controls were allowed to grow for 5 days, with changes in size, morphology, and
spheroid compaction monitored over time. As can be observed from the optical microscopy
images, PTC spheroids compacted within 24 hours, maintaining their spherical and
compact structure over the following days. Angiotumoroids containing 60 and 125 MVFs
also formed by day 1, with progressive compaction, while spheroids with 250 MVFs
required an additional 24 hours to achieve a compact structure. As expected, by day 5 post-
seeding, the angiotumoroids were larger than the controls composed only of tumor cells.
However, co-cultures with 250 MVFs displayed greater size heterogeneity (200445 pm)
compared to those with 125 and 60 MVFs, as shown in the graph. Furthermore, in all co-
cultures, small satellite structures were observed around the main spheroid, sequestering

part of the cells from the central mass. In angiotumoroids containing 250 MVFs, these
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aggregates were more numerous and larger than in the other groups. Finally, spheroids
composed of only microvessels required five days to reach compact and spherical
structures. For this reason, the data indicate that the presence of tumor cells with an
epithelioid phenotype plays a decisive role in the compaction of the 3D model,
highlighting the structural synergy established among the various components of a
microenvironment and how the quantitative balance between them is fundamental in the

formation of a tumor tissue.

4.4.3 Scanning Electron Microscopy (SEM) Analysis of Angiotumoroids
For a more detailed study of the morphology and structural compaction of the different

models, images of the various models acquired by Scanning Electron Microscopy (SEM)
were analyzed (Fig.41). SEM analysis on day 5 revealed a compact ovoid morphology for
PTC spheroids and for angiotumoroids with 60 or 125 MVFs, whereas angiotumoroids
with 250 MVFs showed poorly integrated surface cells, indicating reduced structural
compaction. Spheroids composed solely of MVFs also exhibited overall compactness,

although greater than that observed in the co-cultures with 250 microvessels.

Thus, the acquired images once again suggest that, to obtain a reliable and reproducible
model that mimics the tumor microenvironment, it is necessary to quantitatively balance

tumor cells and microvessels within the spheroids.

PTC +60MVFs +125MVFs +250MVFs MVFs

Figure 41: Scanning electron microscopy (SEM) images. Spheroids at day 5 of
culture highlight surface morphology and structural organization. Scale bar: 30
pm.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

4.4.4 MVF Integration and Disposition Detected by CD31

The data obtained through both optical and electron microscopy provided a fundamental
contribution to visualizing the morphology of the various models under study. However, it

was not clearly possible to visualize the presence of vascular networks within the different
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3D models. Therefore, to evaluate the incorporation and distribution of MVFs,
immunostaining of the spheroids was performed 5 days post-seeding using the vascular
endothelial marker Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1 or CD31)
[244], phenotypically characterizing proliferating and quiescent endothelial cells
(Fig.42A). Images obtained via confocal microscopy showed that CD31 (in red) was

homogeneously expressed in MVF spheroids and in the angiotumoroids.

Interestingly, in spheroids with 125 MVFs, a well-defined and distributed vascular network
was clearly formed (Fig.42B). As expected, no signal was detected in the PTC-only control
spheroids.

A B

PTC +60MVFs +125MVFs +250MVFs MVFs +125MVFs

Phalloidin/CD31

a
@
(=]
<
=
®
[a]
(3]
<
£
3
-]
®
£
a

Figure 42: Integration of microvascular fragments within angiotumoroids.
(A) Confocal microscopy images of PTC spheroids, angiotumoroids containing
60 (+60 MVFs), 125 (+125 MVFs), or 250 (+250 MVFs), and MVF-only
spheroids, at day 5 of seeding. Samples were stained with phalloidin—FITC
(green) to label the actin, anti-CD31 antibody (red) to identify endothelial
structures, and DAPI (blue) to visualize nuclei. (B) Representative central optical
section obtained by confocal microscopy of angiotumoroids containing 125
MVFs. CD31 staining (red) highlights the formation of vessel-like vascular
structures within the construct (white arrows), indicating the organization of
endothelial cells into microvascular networks. Scale bar: 100 pum.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

Thus, CD31 expression in the angiotumoroids progressively increased with the density of
seeded MVFs, in agreement with Western blot data showing a density-dependent increase
in CD31 levels (Fig.43). These images demonstrated effective and proportional integration

of MVFs in the 3D co-cultures.
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Figure 43: Western blot analysis to detect for CD31. GADPH was used as
control.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

4.4.5 Quantification of Matrix Metalloproteases (MMPs) in Angiotumoroids

Matrix metalloproteinases (MMPs) play a central role in angiogenesis. They degrade the
ECM, allowing endothelial cell migration. This remodeling, in which MMP9 and MMP2
are particularly involved, is essential for the formation of new vessels and capillary
networks [245,246]. However, few published studies have evaluated MMP expression in
3D in vitro models, and the existing ones have been limited to homotypic tumor spheroids,
without recreating a complex microenvironment that includes key components such as the
vascular compartment [247]. Considering the role of MMPs in angiogenesis, zymography
assays were performed to analyze total protein extracts from angiotumoroids and control
spheroids. Subsequently, MMP activity levels were quantified and reported, comparing the
activities of MMPs in the different models to those detected in PTC-only spheroids
(Fig.44).

Zymography analysis showed that the activity of the multimeric enzymatic complex was
higher in angiotumoroids with 250 MVFs and in MVF-only spheroids compared to PTC
control spheroids, although no statistical significance was observed. In contrast, pro-
MMPO activity was significantly higher in angiotumoroids containing 125 and 250 MVFs,
as well as in spheroids composed solely of MVFs, compared to PTC spheroids, which
exhibited approximately threefold lower -catalytic activity, whereas no significant
differences were found in angiotumoroids with 60 MVFs. Similar to the pro form, the
active form of MMP9 was overexpressed in angiotumoroids with 125 and 250 MVFs
compared not only with PTC spheroids, suggesting that crosstalk between the two

components synergistically promotes MMP9 expression.. The described results reflect a
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known behavior of tumor cells, which, through factors such as the tyrosine kinase VEGFR-
1 (Flt-1), stimulate the overexpression of MMP9 in endothelial cells, establishing a
biochemical crosstalk favorable to tumor progression and metastasis [248]. The activity of
both the pro- and active forms of MMP2 did not show significant differences among all
spheroid models. In summary, it was demonstrated that the quantity of MVFs in
angiotumoroids modulates MMPs activity, particularly affecting MMP9, known for its

involvement in tumor-associated neoangiogenic processes.
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Figure 44: Quantification of zymography assay of protein extracts from PTC
spheroids, angiotumoroids containing 60 (+60 MVFs), 125 (+125 MVFs), or
250 (+250 MVFs) MVFs, and MVF-only spheroids. Quantitative analysis of
gelatinolytic activity is shown for the following matrix metalloproteases (MMPs):
MMP complex (A); pro-MMP9 (B); active MMP9 (C); pro-MMP2 (D); and
active MMP2 (E). Data are presented as mean + SD. Statistical significance was
determined using one-way ANOVA (n = 3; *p < 0.05, **p <0.01).

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

4.4.6 Angiotumoroid Sprouting in Collagen Gel

Since proliferative activity had previously been observed in MVFs incorporated alone in
collagen gel, it was evaluated whether vessels within the co-cultures retained the same
behavior. For this reason, angiotumoroids and controls matured for 5 days were embedded
in a 3D collagen gel, and vessel formation was monitored via optical microscopy during

the 48 hours following embedding (Fig.45A).

In the two days after embedding, no vessel formation was observed in PTC-only spheroids,
which progressively became less compact as cells migrated into the surrounding matrix. It
is well known that tumor cells composing a spheroid, when incorporated into a collagen
matrix, do not remain confined within the 3D structure but progressively migrate into the

surrounding matrix [249].
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In contrast, MVF-only spheroids and angiotumoroids containing 60 or 125 MVFs
exhibited visible sprouts after two days of incubation in the gel. However, angiotumoroids
with 60—125 MVFs generated more extensive branching and a higher number of sprouts
compared to MVF-only spheroids, suggesting that crosstalk between PTCs and MVFs
promotes in vitro neoangiogenesis (Fig.45B). Unlike the other two co-cultures,
angiotumoroids with 250 MVFs showed reduced compactness, with cells migrating out of

the spheroids similar to the control and minimal formation of vascular branches.

A

+60MVFs +125MVFs +250MVFs

Number of sprouts

Figure 45: Angiotumoroid sprouting in collagen gel. (A) PTC spheroids,
angiotumoroids containing 60 (+60 MVFs), 125 (+125 MVFs), or 250 (+250
MVFs) MVFs, and MVF-only spheroids embedded in collagen gel at day 0 (DO0),
day 1 (D1), and day 2 (D2). Scale bar: 100 um. (B) Quantification of the number
of sprouts at D2. Data are presented as mean = SD. Statistical analysis was
performed using two-way ANOVA (n = 3; p <0.05).

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

Therefore, despite high levels of active MMP9 in both 125- and 250-MVF angiotumoroids,
only spheroids with 125 MVFs exhibited effective sprouting and branching.

Furthermore, when two angiotumoroids with 125 MVFs were cultured in the same
collagen gel, connections between the vessels of adjacent spheroids within two days were
observed, demonstrating the ability to form a coordinated communication network

(Fig.46).
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Figure 46: Angiotumoroids containing 125 MVFs (+125 MVFs) forming
interconnections within collagen gel. Scale bars: 50 um and 25 pm.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

The sprouting in gels was further assessed by CD31 staining (Fig.47). Fluorescence
microscopy confirmed the absence of a CD31 signal in PTC spheroids, while in
angiotumoroids, the new vessels showed positive signals for CD31. However, even in this
case, angiotumoroids with 250 MVFs did not show evident sprouting, but single
endothelial cells coming out into the collagen matrix, confirming their reduced
neoangiogenic potential compared to the other two models. These findings suggest that
angiotumoroids with 60 and 125 MVFs serve as more reliable models for accurately

mimicking the neoangiogenic process in vitro over time.

PTC + B60MVFs +125MVFs +250MVFs MVFs
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Figure 47: Integration of MVFs into Angiotumoroids Embedded in Collagen
Gel. Confocal microscopy of PTC spheroids, angiotumoroids with 60 (+60
MVFs), 125 (+125 MVFs), or 250 (+250 MVFs) MVFs, and MVF-only spheroids
embedded in collagen gel, stained with phalloidin-FITC (green), anti-CD31
antibody (red), and DAPI (blue). Scale bar: 100 pm.
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4.4.7 PTC Influence on Neoangiogenesis

Several studies have demonstrated that tumor cells actively contribute to neoangiogenesis
through the secretion of soluble pro-angiogenic factors, such as Vascular Endothelial
Growth Factor (VEGF) and Fibroblast Growth Factor (FGF), and matrix-remodeling
molecules [250,251]. These mediators act on endothelial cells, promoting their
proliferation, migration, and the formation of new wvascular sprouts. Furthermore,
interactions between tumor cells and the vascular compartment establish feedback

mechanisms that support tumor progression [76].

Based on these findings, this aspect was evaluated in an in vitro system, investigating
whether PTCs were able to modulate neoangiogenesis not only through direct cell—cell
interactions, but also via soluble factors secreted at a distance. To this end, spheroids
composed solely of MVFs were embedded in 3D collagen matrices and exposed to PTC-
conditioned medium. Optical microscopy images at 24 and 48 hours after embedding were
acquired (Fig.48A). After the first 24 hours, MVF spheroids treated with conditioned
medium showed a 2.2-fold increase in sprout formation compared to untreated controls, an
increase that became statistically significant at 48 hours (Fig.48B). Furthermore,
quantitative analysis of vascular branching revealed a marked increase in branching in

spheroids treated with conditioned medium (Fig.48C).

Overall, these data indicate that PTCs actively modulate the neoangiogenic process of
MVFs, promoting new vessel formation both through direct cellular interactions and via

paracrine mechanisms mediated by soluble factors.
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Figure 48: Effect of PTC-Conditioned Medium on MVF Spheroid Angiogenic
Sprouting. (A) MVF spheroids embedded in collagen gel with High Glucose-
DMEM (control, MVFs) or with conditioned medium from PTCs (MVFs + PTC
CM) at day 1 (D1) and day 2 (D2). Scale bar: 100 um. (B) Quantification of the
number of vascular sprouts and (C) branching at D1 and D2 in MVF spheroids
embedded in collagen gel with High Glucose DMEM (Control) or PTC-
conditioned medium (PTC CM). Data are presented as mean + SD. Statistical
analysis (2-way ANOVA) was performed (n = 3) (*p < 0.05; **p < 0.01; ***p <
0.001).

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/

4.4.8 Proteomic Analysis of Angiotumoroids

Based on their compactness, MMP9 expression, and sprouting and branching capability,
angiotumoroids with 125 MVFs were identified as the most reproducible tumor models to
mimic the tumor vascularization. To analyze the protein expression profile of these models
in depth, in collaboration with Dr. Simone Dario Scilabra and Dr. Margot Lo Pinto of
Ri.MED Foundation, high-resolution proteomics was performed on angiotumoroids with
125 MVFs, PTC spheroids, and MVF-only spheroids, focusing on angiogenesis mediators,
ECM components, and matrix-remodeling proteins (Fig.49A).

The relative expression of proteins in angiotumoroids versus both control spheroids was
determined through label-free quantification. A comparison of angiotumoroids with PTC
spheroids revealed 1,587 proteins that were significantly different from the 5,093
identified. Among 773 proteins upregulated in angiotumoroids, including: MMP9,
MMP10, MMP13, a disintegrin and metalloproteinase with thrombospondin motifs 1
(ADAMTS1), vascular endothelial growth factor A (VEGFA), platelet glycoprotein 4
(CD36), and Adiponectin (Adipoq), indicating enhanced ECM remodeling and metabolic

activity. While protein expression involved in mitochondrial respiration and ECM
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composition, such as NDUFS1, NDUFV1, NDUFV2, NDUFB7, FOXREDI1, CSPG4, and
Collagen I (Collal), were decreased in angiotumoroids compared to PTC spheroids. When
compared with MVF-only spheroids, angiotumoroids displayed 1,070 upregulated and
1,272 downregulated proteins. In this case, ECM remodeling proteins, including MMP3
and MMPI10, and protein transporters, such as sodium- and chloride-dependent taurine
transporter (Slc6a6), phospholipid-transporting ATPase (Atp8al), and Sodium/Potassium-
Exchanging ATPase Complex (subunits Fxyd2 and Atplbl), were more abundant, in
contrast with ECM-related components, like extracellular superoxide dismutase [Cu-Zn]
(SOD3), collectin-12 (COLEC12), tenascin-C (Tnc), and fibrillin-1 (Fbnl). Based on
UniProt Gene Ontology, the relative quantification of proteins involved in angiogenesis
revealed that VEGFA and Epiregulin (EREG) were significantly upregulated in
angiotumoroids relative to PTC spheroids, while neuropilin-1 (NRP1) and MMP2 were
downregulated. Compared to MVF spheroids, protein kinase C alpha (PRKCA) and
Protein Tyrosine Kinase 2 Beta (PTK2B) were overexpressed. Collectively, these results
indicate that the vascularized tumor model represents a distinct biological platform in vitro,
displaying, increased MMP-mediated remodeling (MMP3, MMP9, MMP10, MMP11,
MMP13), angiogenic potential, and enhanced ECM composition (collagen types I and IV)
(Fig.49B). Additionally, proteomic analysis revealed significant upregulation of ATP-
binding cassette (ABC) transporters (Fig.49C). As can be observed, there is a statistically
significant difference in ABCBI expression between angiotumoroids containing 125
MVFs and spheroids composed solely of PTCs, and even more so compared to spheroids
composed only of microvascular fragments. This indicates that the integration of MVFs
into the tumor spheroids enhances the expression of ABCBI, suggesting an increased
potential for drug efflux and a more pronounced chemoresistant phenotype in the

angiotumoroid model.
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Figure 49: Proteomic Analysis of 125 MVFs (+125 MVFs), MVF spheroids, and
PTC spheroids. (A) ECM composition and remodeling were assessed via proteomics,
with differences in protein expression, misured as Label-Free Quantification intensity
(LFQ). (B) LFQ intensity of the most differentially expressed Matrix Metalloproteinases
(MMPs) in angiotumoroids with 125 MVFs (+125 MVFs), MVF spheroids, and PTC
spheroids. (C) LFQ intensity of the differentially expressed ABC transporters in the same
conditions (n = 4).

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model Integrating
Primary Breast Tumor Cells and Microvascular Fragments: Mimicking the Tumor
Microenvironment Involved in Chemoresistance’ Cancer Cell Int. 2026, doi:
10.1186/s12935-025-04154-6  [2]. Copyright via CC BY-NC-ND 4.0 -
https://creativecommons.org/licenses/by/4.0/

4.4.9 ABCBI1 Expression and Disposition

The behavior observed in our in vifro models is consistent with published evidence.
Indeed, previous studies have demonstrated that endothelial cells within the tumor
neovasculature can express high levels of P-glycoprotein. In human brain tumors, P-gp is
specifically detected in endothelial cells of newly formed vessels, indicating the presence
of a drug-resistant vascular barrier, while complementary in vitro studies have shown that
endothelial cells can upregulate ABC transporters, including P-gp, further highlighting the

active role of the vascular compartment in therapy resistance [252].
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Therefore, to confirm the overexpression of ABCB1 in our 3D models, a western blot
assay was conducted using total proteins isolated from angiotumoroids and PTC spheroids.
As shown in Figure 50A, Western blot analysis demonstrated that angiotumoroids with 125
MVFs exhibited significantly higher ABCB1 expression than PTC spheroids, suggesting
that the presence of MVFs in the tumor in vitro model contributes to the upregulation of
this key efflux transporter involved in drug resistance. In addition, to examine the spatial
distribution of the protein within the angiotumoroids, immunofluorescence analysis was
performed. The confocal microscopy images revealed a homogeneous localization of
ABCBI in angiotumoroids, expressed in both endothelial and tumor cells, while PTC
spheroids displayed only minimal signal, supporting its functional relevance within the

vascularized tumor microenvironment (Fig.50B).
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Figure 50: ABCB1 Expression in Angiotumoroid. (A) Western blot showing
ABCBI levels in PTC spheroids and angiotumoroids containing 125 MVFs (+125
MVFs). (B) Confocal microscopy images of PTC spheroids and angiotumoroids
containing 125 MVFs at day 5, stained for ABCB1 (green) and CD31 (red). Scale
bar: 100 um.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/
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4.4.10 Doxorubicin Uptake and Cytotoxicity in Angiotumoroids
Since DOX is a well-established substrate of P-glycoprotein [253] angiotumoroids drug

uptake and cytotoxic response were analyzed and compared to PTC spheroids. Time-
course monitoring of DOX autofluorescence at 30 minutes, 1 hour, 2 hours, and 4 hours
was performed by confocal microscopy (Fig.51A). The quantitative fluorescence intensity
analysis showed a markedly faster and more pronounced accumulation of doxorubicin in
angiotumoroids compared to control spheroids (Fig.51B). This enhanced uptake highlights
the impact of the integrated microvascular fragments on drug delivery, suggesting that the
presence of a vascular-like network facilitates deeper penetration and more efficient
retention of the chemotherapeutic agent within the 3D tumor-like structures. The findings
indicate that angiotumoroids better recapitulate the in vivo tumor microenvironment,

providing a more physiologically relevant model for assessing drug distribution and

efficacy.
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Figure 51: Doxorubicin Uptake in PTC and Angiotumoroids. (A) Fluorescence
analysis of doxorubicin in red (10 uM) uptake in PTC spheroids (PTC) and PTC
spheroids with 125 MVFs (+125 MVFs) monitored at 30 min, 1h, 2h, and 4 h.
Scale bar: 30 um. (B) Quantification of fluorescence intensity of doxorubicin,
normalized to angiotumoroids +125 MVFs at 4 h. Data are mean + SD. Statistical
analysis (2-way ANOVA) was performed (n = 3) (**p <0.01).

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments: Mimicking
the Tumor Microenvironment Involved in Chemoresistance’ Cancer Cell Int. 2026,
doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-ND 4.0 -
https://creativecommons.org/licenses/by/4.0/

Interestingly, the doxorubicin detected was mainly concentrated in MVF-rich areas, as
indicated by its colocalization with CD31 (Fig. 52). These results suggest that the vascular
components facilitate drug uptake, compartmentalization, and local transport, more

accurately reflecting drug distribution in vivo.
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DOX

Figure 52: CD31 and Doxorubicin Colocalization in Angiotumoroids. Confocal
microscopy images of angiotumoroids containing 125 MVFs, stained with anti-
CD31 antibody (green) and doxorubicin (red), showing the spatial relationship
between endothelial structures and the drug.

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments: Mimicking
the Tumor Microenvironment Involved in Chemoresistance’ Cancer Cell Int. 2026,
doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-ND 4.0 -
https://creativecommons.org/licenses/by/4.0/

However, after treatment with doxorubicin at day 5 post-seeding, a clear difference
between angiotumoroids and PTC spheroids was observed. As shown by optical
microscopy images (Fig.53A), the angiotumoroids remained more compact and cohesive
after 24 h of doxorubicin incubation, with fewer dead cells around them, while PTC
spheroids appeared less compact, with a clear halo of dead cells surrounding the spheroids.
This observation is supported by the cell viability assay (Fig.53B), indicating that
approximately 60% of cells within the angiotumoroids were viable after 24 hours of
doxorubicin exposure, compared to only 23% in the PTC spheroids. This increased
resistance is likely associated with the elevated expression of ABCB1 observed in
angiotumoroids, which could enhance drug efflux and reduce intracellular accumulation of
doxorubicin, thereby contributing to their greater resilience against chemotherapeutic

treatment.

To sum up, the inclusion of MVFs markedly influences both the distribution and
effectiveness of chemotherapeutic agents such as doxorubicin, as reflected by altered
uptake patterns and cytotoxic responses. These results underscore the potential of
angiotumoroids as a robust in vitro platform for studying solid tumors, in particular the
interactions between tumor cells and vessels and the evaluation of drug delivery strategies

designed to target the tumor microenvironment.
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Figure 53: Effect of Doxorubicin on PTC and +125 MVFs Spheroids. (A)
PTC spheroids and angiotumoroids containing 125 MVFs (+125 MVFs)
following 24 h treatment with 10 uM doxorubicin. Scale bar: 100 pum. (B) Cell
viability was assessed in PTC spheroids and +125 MVFs angiotumoroids
following 24 h treatment with 10 uM doxorubicin (DOX), where PTC C and +125
MVFs C were used as untreated controls. Data are presented as mean + SD.
Statistical analysis was performed using 2-way ANOVA (n = 3) (***p <0.001).

Image adapted from Lo Cicero et al: ‘Vascularized Three-Dimensional Model
Integrating Primary Breast Tumor Cells and Microvascular Fragments:
Mimicking the Tumor Microenvironment Involved in Chemoresistance’ Cancer
Cell Int. 2026, doi: 10.1186/s12935-025-04154-6 [2]. Copyright via CC BY-NC-
ND 4.0 - https://creativecommons.org/licenses/by/4.0/
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5.1 Conclusions

This PhD thesis focused on the investigation of the biomechanical and biochemical barriers
defining the tumor microenvironment (TME), with the central hypothesis that the
extracellular matrix (ECM) constitutes the primary determinant of drug resistance in solid
tumors. Furthermore, the work aimed to validate innovative strategies to overcome these
barriers. The results obtained not only confirm this hypothesis but also open new
perspectives in the fields of precision medicine and nanosystem-based drug delivery. The
multidisciplinary approach adopted allowed for the connection of advanced cell biology,
proteomic characterization, and the engineering of vascularized three-dimensional models,
providing a technically solid overview consistent with the bibliographic sources present in

the literature.

A primary cornerstone lies in the validation of three-dimensional (3D) models to mimic the
tumor microenvironment in vitro. The induction of breast tumor mass via 7-12
dimethylbenz[a]anthracene (DMBA) in immunocompetent female Wistar rats allowed for
operation on a biological substrate of high complexity, overcoming the limitations of
immortalized cell lines that often lose the ability to synthesize an endogenous matrix,
compatible with solid tumors. Indeed, the isolation of PTCs guaranteed the maintenance of
intrinsic cellular heterogeneity, including stromal populations essential for the deposition
and remodeling of the ECM. It was observed, via uHPLC-MS/MS mass spectrometry data,
a radically different proteomic profile between two-dimensional (2D) systems and the
respective three-dimensional models, with the overexpression of over 1128 proteins in the
spheroids. Among these, the identification of specific matrix markers, such as the collagen
1soforms Collal, Col4al, and Col5a2, together with the overexpression of matrix MMPs
with the exclusive detection of MMP-9 and MMP-13 in PTC spheroids, confirms that
three-dimensional architecture is a fundamental condition for faithfully replicating the

density and rigidity of the tumor stroma observed in vivo [226].

The most significant evidence emerged regarding the function of collagenase as a "tumor
priming" agent. Characterization via confocal microscopy and immunofluorescence clearly
showed how the spheroids produce a dense peripheral shell of type I collagen, which acts
as a biomechanical shield against drugs and immune system cells. In response to this
barrier, the enzymatic degradation strategy demonstrated that only the combination of
recombinant Class I (ColG) and Class II (ColH) collagenases guarantees a complete lysis
of the collagen fibrils. This enzymatic administration induced a total digestion of type I

collagen in the spheroids, with an immediate effect on the in vitro pharmacokinetics. In
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fact, the uptake over time of free doxorubicin (DOX) increased significantly in the pre-
treated spheroids compared to the untreated control, demonstrating that resistance is not
only a genetic-molecular phenomenon, but a problem of physical transport conditioned by
the reduced permeability of the tumor matrix. This tangible increase in drug uptake proved
fundamental in increasing the cytotoxicity of PTC spheroids, confirming the importance of

ECM, and particularly of collagen, in drug resistance.

The transition from the free drug administration to drug delivery systems (DDS)
represented a strength of this research. The aim was to overcome the dose-dependent
cardiotoxicity of doxorubicin and the immunoreactivity of collagenases in vivo. The
synthesis of nanoparticles based on bovine serum albumin (BSA) exploited the intrinsic
biocompatibility of this protein and its capacity for selective accumulation at tumor sites
[235]. A primary technical challenge was the development of a stabilization protocol that
would not compromise the functional integrity of the incorporated collagenases. The
comparison between chemical crosslinking with glutaraldehyde and thermal crosslinking
highlighted that the latter, conducted at 65°C, allows for the partial preservation of the
enzyme's catalytic activity. Zymography analyses indeed confirmed the persistence of
gelatin degradation halos for the thermally stabilized nanoparticles, in contrast to those

chemically stabilized, which were catalytically inactive.

Furthermore, a fundamental contribution of this project lies in the comparison between
different DDS conjugated to the chemotherapeutic, using doxorubicin as a drug model.
Under acidic conditions mimicking the tumor microenvironment, BSA nanoparticles
showed aggregation phenomena associated with reduced colloidal stability, which may
contribute to increased intratumoral retention [254]. On the other hand, the use of
polyvinylpyrrolidone (PVP) nanoparticles conjugated via the AEDP linker allows for redox
sensitivity to intracellular glutathione (GSH) levels, achieving a selective release within the
tumor cytoplasmic compartment [207]. Moreover, cytotoxicity data on primary cell tumor
spheroids confirmed that the combination of collagenase pre-treatment and drug
administration by nanoplatform (both BSA-DOX and PVP-AEDP-DOX) produces a
higher synergistic effect, reducing spheroid cell viability compared to controls not treated

enzymatically, further confirming the fundamental role of the matrix in solid tumors.

The integration of the vascular compartment using microvascular fragments (MVFs)
isolated from rat adipose tissue allowed for an elevated degree of in vitro model reliability.
In fact, the angiotumoroids generated preserved the architecture of native microvessels,

overcoming the limits of models based on HUVEC. The formation of organized vascular
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networks within the spheroid, confirmed by CD31 staining, revealed a dynamic interaction
with tumor cells that was both physical and paracrine, stimulating neoangiogenesis through
the secretion of factors such as VEGF. A particular incisive result of this research was the
detection of high levels of ABCBI1 (P-gp) transporter in both the tumor cells and the
endothelial cells of the angiotumoroids. This drug-resistant vascular barrier, together with
the matrix collagen, defines how in vitro solid tumor models acquire resistance to
chemotherapeutics both mechanically and biochemically. Indeed, it was observed that
doxorubicin was localized predominantly in MVF-rich regions, suggesting that
vascularization facilitates initial uptake. However, the subsequent diffusion is limited by

efflux pumps and matrix density.

In conclusion, the present study demonstrates that effective oncological therapy cannot
ignore a "tumor priming" strategy aimed at normalizing the stroma. The combination of
recombinant collagenases and chemotherapeutics conjugated to nanoparticles sensitive to
environmental stimuli represents a viable pathway for breaking down the physical and
biochemical resistance of solid tumors, increasing specificity, and potentially decreasing
systemic toxicity in vivo. The validation of species-specific vascularized models also lays
the foundations for the development of personalized screening systems, where cells
derived from human biopsies and autologous MVFs can be employed to predict individual
clinical response, accelerating the transition from basic research to oncological clinical

practice.

5.2 Future Prospectives

The strategies outlined in this thesis open scenarios of considerable interest, both regarding
the optimization of nanotechnological platforms and the evolution of three-dimensional
preclinical models. One of the main directions for future research lies in the refinement of
the molecular targeting of albumin nanoparticles (BSA). Although the results confirmed
the therapeutic efficacy of the nanoparticles in vitro, the integration of specific ligands on
the surface of the nanoparticles could further increase specificity, using, for example,
molecules such as folic acid or bombesin, whose receptors are widely expressed in tumor
cells [255,256]. In parallel, the "tumor priming" strategy based on recombinant
collagenases requires a further validation phase to establish the ideal concentration in in
vitro models and the optimal therapeutic window in vivo. It will be essential to determine
the latency time between the administration of the enzyme (whether free or encapsulated)
and the injection of the chemotherapeutic agent. Excessive or prolonged degradation of the

ECM could, in fact, theoretically favor epithelial-mesenchymal transition (EMT) processes
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and subsequent cellular extravasation, increasing the risk of metastasis [257,258].
Therefore, the development of a programmed release nanoplatform in synergy with
collagenases able to digest the matrix only in a transitory manner at the tumor mass site
will be a bioengineering challenge of primary importance to enhance treatment safety.
Another area of future development concerns the implementation of the "angiotumoroid"
as models, toward an even higher multicellular complexity. For example, the integration of
immune system components, such as tumor-associated macrophages (TAMs) increase
reliability, since these components are fundamental in the tumor progression [259]. From
the diagnostics and personalized medicine perspective, the methodological approach
validated here in Wistar rats represents the foundation for the creation of patient-specific
screening platforms. More specifically, the prospect is to use human biopsies to generate
autologous angiotumoroids, integrating the patient’s tumor cells with microvascular
fragments obtained from their own adipose tissue. Such models could be employed to test
ex vivo different therapeutic combinations and collagenase doses, allowing the oncologist
to predict the individual's response with greater accuracy. This would reduce the reliance
on empirical therapeutic approaches, which are often onerous for the patient’s health. In
summary, future research aims at the development of an integrated multimodal therapeutic
protocol, in which biomechanical matrix modulation is no longer an isolated intervention
but a synergistic component of a two-step treatment strategy, designed to overcome genetic

heterogeneity, stromal barriers, and vascular complexity in solid tumors.
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Abstract: Collagen is a crucial protein in the extracellular matrix (ECM) essential for preserving tissue
architecture and supporting crucial cellular functions like proliferation and differentiation. There
are twenty-eight identified types of collagen, which are further divided into different subgroups.
This protein plays a critical role in regulating tissue homeostasis. However, in solid tumors, the
balance can be disrupted, due to an abundance of collagen in the tumor microenvironment, which
significantly affects tumor growth, cell invasion, and metastasis. It is important to investigate the
specific types of collagens in cancer ECM and their distinct roles in tumor progression to comprehend
their unique contribution to tumor behavior. The diverse pathophysiological functions of different
collagen types in cancers illustrate collagen’s dual roles, offering potential therapeutic options and
serving as prognostic markers.

Keywords: collagen; extracellular matrix; solid tumor; tumor microenvironment

1. Introduction

Collagen is the most abundant protein in the human body, accounting for 25-30% of
its total protein content and is the main constituent of various tissues, including bones,
ligaments, and skin [1]. As the fundamental component of the extracellular matrix (ECM),
collagen plays a crucial role in the structural and functional organization of all tissues [2,3].
The ECM is a dynamic three-dimensional network of macromolecules, such as glycopro-
teins, proteoglycans, fibronectin, and laminin, with functions that are highly dependent on
protein compositions. These functions include pH maintaining, regulating cell proliferation
and differentiation, and providing support and anchorage for cells [4,5]. Collagen and other
ECM components vary in structure and function, thereby regulating tissue homeostasis.

The equilibrium of ECM can be affected by injuries, aging, and various diseases [6].
Recent research studies have focused on understanding the role of ECM and collagen in the
formation and progression of solid tumors. Together with tumor vasculature, associated
connective tissues, infiltrating immune cells, and cancer-associated fibroblasts (CAFs), the
component of ECM constitutes the tumor microenvironment (TME) of solid tumors [7].
Therefore, solid tumors are characterized by ECM rich in collagen, which encapsulates
tumor cells, influencing cell accessibility and metabolism, and promoting tumor cell pro-
gression, invasion, and migration. This high collagen density leads to a TME stiffness that
is significantly stronger compared to healthy tissues [8,9]. This condition is also influenced
by the orientation of collagen fibers, which form a random reticle, dynamically remod-
eled during disease progression [10-12]. Excessive deposition and specific orientation of
collagen are considered the major pathological features of solid tumors, allowing colla-
gens to play active roles in cancer [13,14]. Increasing evidence suggests that the various
types of collagens in the tumor ECM promote tumor proliferation and invasion and create
conditions that enhance metastatic dissemination [15].
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This review aims to provide an overview of the pathological role of different types of
collagens in solid tumors, highlighting how these molecules represent excellent therapeutic
targets and reliable prognostic markers. By exploring the diverse functions of collagen
within the ECM, it is possible to better understand its impact on tumor biology and identify
novel approaches to modulate the ECM for improved cancer treatment outcomes.

2. Collagen: Role and Structure

Along with fibronectin, laminin, and elastin, collagen constitutes the matrisome of the
ECM, composed of approximately 300 proteins [16]. Collagen is a complex and dynamic
macromolecule, assuming various structures in different tissues, conferring them a range of
biological functions. To date, 28 collagen subtypes have been identified, with type I collagen
representing over 90%, being the primary component of organs and connective tissues [6].
As a key component of connective tissues, collagen plays an essential role in maintaining
their structural and biological integrity [17]. The synthesis and remodeling of collagens
are dynamic mechanisms that are closely dependent on the physiological and, in some
cases, pathological conditions of the tissue. These processes primarily involve fibroblasts,
chondrocytes, osteoblasts, smooth muscle cells (SMCs), epithelial cells, endothelial cells,
hepatic stellate cells, and cardiac myocytes [18-24]. The o chains of various types of
collagen are used to build trimeric molecules, which intertwine into a 300 nm long triple
helix and subsequently assemble into fibrils. Some types, such as type II collagen, form
homotrimeric molecules, while others, such as types I and V, form heterotrimers [25,26].
The collagen components interact in a specific sequence with each other and with other
tissue proteins and cells, producing higher-order structures. For example, continuous
crosstalk occurs between collagen fibers and resident fibroblasts, allowing for a balance of
tensile and recoil energy in a tissue, and modulating mechanotransduction pathways [27].
The modulation of the intracellular signaling pathways also depends on the turnover of the
various collagens within the extracellular matrix. This process is highly dependent on the
activity of specific proteases, particularly matrix metalloproteinases (MMPs) secreted by
resident cells [28,29]. These enzymes modify the different extracellular matrix components,
altering the density of the microenvironment and leading to mechanical loads perceived
by the cells. Several studies have examined the influence of mechanical force on the
extracellular matrix formation. However, the complexity of controlling and assembling
collagen fibrils is still not well understood. Some studies suggest both cell-dependent
and cell-independent models for collagen organization, highlighting the importance of
mechanochemistry in determining fibril arrangement under mechanical stress [30].

3. Biosynthesis

The different types of collagen share the canonical sequence domain Gly-X-Y, where
Xand Y can vary with a consistent presence of proline and hydroxyproline residues [31].
Hydroxyproline is an amino acid not commonly found in the amino acid sequence of
proteins; however, it may account for more than 50% of the total amino acid content of
collagen [32]. The high percentage of these residues is critical for reducing the entropic
contribution during collagen filament folding [33]. Collagen synthesis is a multi-step
process involving several enzymes. After synthesis, pre-collagen undergoes disulfide bond
formation at the N- and C-terminal propeptide regions followed by post-translational
modifications, mainly on lysines and prolines, such as hydroxylation (via lysyl hydroxylase
activity) and glycosylation (through the addition of glucose and galactose oligosaccharides),
leading to the formation of pro-collagen « chains [34]. Lysine hydroxylation induces the
formation of triple helices, which are then secreted into the extracellular environment via
Golgi vesicles [15]. Once secreted, collagen undergoes a combined activity of lysyl oxidases
(LOX) and some classes of LOX-like proteins (LOXL) [35], which function as cross-linking
agents found both in the intracellular and extracellular environment. They are necessary
for collagen’s mechanical properties acquisition, such as tensile strength, contributing to
the regulation of ECM stiffness [36,37].
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4. Tumoral Extracellular Matrix

Tumorigenesis is a complex and dynamic process involving the cooperation of various
elements within the tumor microenvironment (TME) [7]. The TME components play sev-
eral critical roles in promoting and sustaining tumor progression. These roles include the
deregulation of proliferative signals and the evasion of growth suppression control. Conse-
quently, tumor cells acquire several characteristics: resistance to apoptosis, uncontrolled
proliferation, promotion of tissue colonization, modulation of cellular metabolism, stimula-
tion of angiogenesis, and evasion from the immune system [38]. The TME is composed of
multiple cellular components, such as endothelial cells (ECs), immunocytes, adipocytes,
cancer-associated fibroblasts (CAFs), and the ECM [3] (Figure 1).
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(triple helix)
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Dendridic cell *—

Proteoglycan

Natural Killer cell . Hamigh
Active T-cell .
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Figure 1. Schematic representation of the major components of tumor microenvironment in solid
tumors. The tumor microenvironment mainly consists of tumor cells, immune cells, stromal
cells, and extracellular matrix. The primary factor contributing to matrix stiffness is the exces-
sive presence of collagen, which significantly impacts various crucial biological processes throughout
tumor development.

CAFs are pivotal components of the TME with enhanced functional properties, such
as proliferation, migration, and secretion. They persist in a hyperactivated condition and
exhibit elevated metabolic activity. Their activity contributes to shaping a thick tumoral
extracellular matrix, through synthesis and abnormal deposition of fibronectin, laminin,
hyaluronic acid, and collagen types I, I1I, IV, and V, above all collagen type I [39—41].

The ECM plays a key role in the TME, encapsulating tumor cells within an acidic
and hypoxic extracellular matrix, which reduces cell accessibility and influences their
metabolism. From a structural point of view, the ECM of solid tumors is an envelope that
surrounds, protects, and interacts with tumor cells. Moreover, due to its macromolecular
composition, the tumor ECM exhibits abnormal rigidity compared to the ECM of healthy
tissues. For example, while the stiffness of the ECM in healthy tissues such as the breast,
brain, liver, lung, and pancreas is typically around 1000 Pa, it can reach values between
4 and 10 kPa in tumors located in these same sites [8]. This increased stiffness can result from
different biomechanical factors, including an imbalance between matrix deposition and
degradation, the presence of contractile actomyosin in CAFs, interactions between tumor
and normal cells, and especially altered collagen cross-linking [42,43]. Tumor ECM shares
several components with healthy tissues ECM, such as collagens, elastin, proteoglycans,
and glycoproteins like tenascin-C, laminins, and fibronectins [44]. However, changes in
the relative composition of these elements lead to structural and functional alterations
that promote tumor development [45]. The ECM components contribute to a fibrotic
extracellular environment, modified by multiple factors, such as MMPs. MMPs actively
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contribute to tumor progression by participating in ECM turnover, which influences tumor
cell proliferation, angiogenesis, and invasion, as well as apoptosis inhibition [46].

5. Collagens in Solid Tumors

Collagen is a key component of the ECM in the TME, significantly contributing to
tumors’ physical and biochemical properties. The organization and density of collagen
fibers can significantly affect the progression and spread of tumors. Collagen provides
structural support to tumors, creating a scaffold that aids tumor growth. Increased collagen
deposition leads to a stiffer ECM, promoting tumor cell proliferation and survival. Cancer
cells interact with collagen through integrins and other receptors, transducing signals that
influence tumor cell behavior, leading to cell growth, invasion, resistance to chemotherapy,
metabolism variation, invasion, migration, and evasion to the immune system.

5.1. Collagen and Cancer Cell Proliferation

Collagen and other ECM components interact directly with tumor cells, influenc-
ing their growth. These molecules play an important role in regulating the cell cycle.
Some fibrillar collagens suppress tumor growth by interacting with Discoidin Domain
Receptor 2 (DDR2), a transmembrane receptor tyrosine kinase (RTK). Along with Discoidin
Domain Receptor 1 (DDR1), DDR2 binds collagen in the extracellular matrix of various tis-
sues. This interaction leads to cell cycle arrest at the G1/S checkpoint [47]. Other collagens,
such as type III collagen, induce tumor cells into dormancy via the DDR1/Signal Trans-
ducer and Activator of Transcription 1 (STAT1) signaling pathway [48]. However, most of
them promote tumor cell proliferation through various pathways. For instance, it has been
shown that monomeric collagen can inhibit the expression of p21 in tumor cells in vitro,
altering cell cycle restrictions [49]. Moreover, collagen interaction with integrin beta-1 leads
to increased tumor cell proliferation, through the activation of 3-catenin [50,51] However,
collagen regulates tumor cell proliferation through several mechanisms, including diverse
metabolic pathways.

5.2. Collagen and Tumor Metabolism

One of the aspects that over the years led to significant attention in the scientific
community is tumor glucose metabolism. Tumor cells can absorb more glucose than
their healthy tissue counterparts, converting it into lactate [52]. This process, known
as the Warburg effect, is regulated by numerous factors, including matrix collagen. It
has been demonstrated in vitro that increased collagen density promotes aerobic gly-
colysis in human breast cancer cell lines, stimulating integrin activation [53]. This ac-
tivates the Posphoinositide 3-Kinase (PI3K)/Protein Kinase B (Akt) signaling pathway,
which positively modulates the activity of various factors upstream, such as Glucose
Transporter 1 (GLUT1) and pyruvate kinase M2 (PKM2) [54,55]. Furthermore, these
metabolic anomalies modify glutamine uptake and its fate in tumors. In this context,
a recent in silico study focused on the increased glutamine uptake in tumor cells exploiting
the Warburg effect, noting that this metabolite is directed toward stromal collagen production.

Thus, through positive feedback mechanisms, tumor cells link collagen with glucose
and lipid metabolism, promoting tumor progression [56-58].

5.3. Collagen and Apoptosis

Apoptosis represents a highly regulated cell death process governed by various
endogenous or exogenous stimuli. However, in the tumorigenesis contest, this mech-
anism is completely dysregulated, promoting tumor growth at the expense of surround-
ing tissues [59]. The involvement of matrix collagen in anti-apoptotic processes is not
fully understood. The presence of collagen in gastric cancer has been shown to upreg-
ulate, both in vitro and in vivo, the expression of anti-apoptotic factors, such as B-cell
lymphoma 2 (BCL2), increased by the 3-catenin pathway [60]. Moreover, DDR1 pathway
activation mediated by type I collagen inhibits tumor cell growth, through the pro-apoptotic
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factor BCL-2 interacting killer (BIK), a member of the BCL2 family [61,62]. Collagen can also
suppress tumor growth by negatively modulating certain cell cycle factors, such as p21 and
CDKs, and regulating caspase expression [63]. In addition to collagen, some of its peptide
derivatives can induce apoptosis, by Bcl-2 and BCL-extra large (BCLxL) pathways [64].

To resume, the dual role of collagen raises many questions about its actual function in
solid tumors. Given its pleiotropic effects on malignancy, different factors may play crucial
roles, such as tumor type, staging, and the specific type of matrix collagen.

5.4. Collagen and Tumor Cell Invasion

Among the hallmarks of solid tumors, the invasion of tumor cells is one of the most
determining factors for patient prognosis since this mechanism plays a crucial role in tumor
progression and metastasis formation [65]. For instance, collagen regulates the extension of
invadopodia through the integrin av 33/ Dishevelled-associated activator of morphogenesis
1 (DAAM1)/Ras Homolog family member A (RHOA)-dependent cascade [66], which are
small actin-rich protrusions that mediate the invasion of tumor cells [67]. From a biophysical
perspective, the increased stromal tension caused by matrix collagen accumulation in breast
cancers enhances the integrin 1-mediated signaling pathway, leading to the activation of
the Focal Adhesion Kinase (FAK)/ Yes-Associated Protein (YAP) pathway [68]. Activation
of integrin 31 can be triggered by mutated collagens at one or more sites, which accelerate
the tumor cell invasion, as observed in invasive epithelial tumors [69]. However, YAP
activation must be corroborated by collagen matrix remodeling, mediated by Lox3 and
MMPs, which are regulated by the microenvironment stiffness [70]. On the other hand,
collagen degradation, or the loss of ECM stiffness induced by ultraviolet radiation (UVR)
against fibroblasts, could surprisingly increase the survival of melanoma patients due to
the lack of matrix support for invasiveness [71].

5.5. Collagen and Metastasis

Besides driving tumors to cell invasion, collagen plays a key role in cell migration.
The ECM of solid tumors changes the acquisition of metastatic potential [72], and the
collagen within it acts as a “molecular binary” to increase the tumor cell’s escape from
the primary site [73,74]. However, cancer research has recently focused on the path-
ways regulated by stromal collagen implicated in this process. For instance, the DDR1
or DDR?2 activation mediated by collagen positively regulates the metastatic process in-
volving tumor-associated neutrophils (TANs) and CAFs [75,76]. Upregulation of collagen
prolyl-4-hydroxylases (P4HA) of class I and II, whose expression is increased by tissue
hypoxia [77], could drive collagen deposition in metastatic ovarian tumors, leading to
neo-angiogenesis and tumor cell migration [78].

Thus, metastasis is a complex process involving multiple converging and diverging
signaling pathways, often upstream regulated by collagen. Some pathways are even in-
dependent, such as versican (VCAN)/Extracellular signal-Regulated Kinase (ERK) and
poly [ADP-ribose] polymerase 1 (PARP1)/Zinc finger E-box-Binding homeobox 1 (ZEB1)
pathways, which promote the proliferation and migration of colorectal cancer cells, regu-
lated directly or indirectly by collagen [79]. In other cases, collagen can be secreted into
exosomes to promote metastasis, as observed in osteosarcomas [80].

5.6. Collagen and Tumor Angiogenesis

Increased collagen deposition and its alignment are characteristics that impact neo-
vascularization [81,82]. More specifically, the high density of collagen and other matrix
components creates a hypoxic environment at the tumor core, activating the hypoxia-
inducible factor (HIF-1) [83]. HIF-1 is a pivotal transcription factor for vascular endothelial
growth factor (VEGF), which stimulates neo-angiogenesis and actively contributes to tumor
progression [84]. Additionally, HIF-1 is involved in immune evasion mechanisms through
the expression of immunosuppressors, such as those regulating antigen presentation to
Natural Killer (NK) cells [85].
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Thus, collagen plays a physical role in tumor vascular system formation. However,
some studies have also examined the biochemical role of collagen in neo-angiogenesis,
investigating the pathways in which this protein is involved. More specifically, some of its
peptide derivatives exhibit anti-angiogenic effects involving integrins av33 and «5p31 [86].
Other peptides, including those derived from type IV collagen, inhibit endothelial cell
proliferation stimulated by basic fibroblast growth factor (bFGF) or induce apoptosis in
endothelial cells via a Fas-dependent mechanism [87], confirming the pleiotropic nature of
tumor-associated collagen.

5.7. Collagen and Chemoresistance

Despite the significant advancements in research, chemoresistance remains the main
challenge in tumor relapse and therapeutic ineffectiveness [88]. ECM, particularly col-
lagen, plays a crucial role in chemoresistance, acting as a physical barrier against drugs.
Additionally, collagen can influence various biochemical processes, such as dormancy, where
tumor cells enter a quiescent state and become desensitized to chemotherapeutic agents before
re-entering the G1/S phase [89,90]. Another important mechanism of chemoresistance is drug
efflux, mediated by the upregulation of the ATP-binding cassette (ABC) superfamily, with
P-glycoprotein (ABCB1) being the most well-known factor [91]. Specifically, ABCs can be
positively modulated by «2(31-integrin, which is activated by the stromal collagen [92]. More-
over, collagen can also affect the transcription of certain genes to promote chemoresistance. In
ovarian carcinoma, collagen can stabilize and activate DNA methyltransferase 1 (DNMT1),
which leads to methylation and downregulation of miR-509-3p promoter, an anti-tumor
miRNA that also suppresses chemoresistance [93].

Therefore, in addition to physically preventing drug entry, collagen in the tumor
matrix can access multiple signaling pathways that reduce therapeutic efficacy.

5.8. Collagen and Immunomodulation

ECM plays an immunomodulatory role in solid tumors. This dense and fibrotic
structure, rich in collagen, creates barriers that hinder the infiltration of chemotherapeu-
tics and immune cells. For instance, the ECM can influence leukocyte localization and
transmigration, reducing their accessibility to the tumor mass [94,95]. Among the ma-
trix components, collagen regulates immune cell activity, such as T lymphocytes and
macrophages, often favoring tumor progression [96,97]. The increased matrix density and
collagen alignment suppress the tumor-infiltrating T lymphocyte (TIL) activity [98]. It has
been shown in vivo that tumor collagen alignment mediated by the DDR1 extracellular
domain binding hinders the infiltration of CD4+ and CD8+ T lymphocytes [99]. Support-
ing this study, the use of PRTH-101 (monoclonal anti-DDR1 antibodies) in breast cancer
mouse models disrupted stromal collagen organization, increasing immune infiltration
and, consequently, survival [100]. Beyond DDRs, collagen has receptors on leukocytes,
such as leukocyte-associated immunoglobulin-like receptor 1 (LAIR-1). This receptor has
an essential physiological role in preventing the immune system’s uncontrolled responses,
such as autoimmune reactions [101]. However, when LAIR-1 binds collagen of the tu-
mor microenvironment, the antitumor potential of cytotoxic T lymphocytes is suppressed
in an SHP-1-dependent pathway, as seen in gliomas [102]. Therefore, LAIR-1 has re-
cently become a therapeutic target to counteract immune evasion in solid tumors [103,104].
Similarly, collagen fragments generated by MMP1 and MMP9 can bind LAIR-1, leading
to immune suppression. LAIR-2, a soluble homolog of LAIR-1, reverses T lymphocyte
collagen-mediated suppression through a competitive mechanism [105].

Thus, tumor collagen and the other associated factors, such as lysyl oxidase, represent
important therapeutic targets to enhance immune responses against solid tumors [106-110].
However, some cytokines, such as chemokines produced by immune cells, can contribute to
tumor matrix formation or even interfere with the antitumor activity of the immune system.
Indeed, specific interleukins (IL), such as IL-4, IL-6, and IL-13, induce collagen synthesis,
contributing to tissue fibrosis and tumor progression. In addition, other factors, such
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as IL-10 and Transforming Growth Factor Beta-1 (TGF-f3), secreted by M2 macrophages,
inhibit Th1 lymphocyte responses and immune cell activation, creating an environment
that supports tumor growth and immune evasion [111,112]. Moreover, it has been studied
that the collagen I/DDRI1 axis activates the Protein Kinase C theta (PKC8)/Spleen tyrosine
kinase (SYK)/Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-«B) cas-
cade, resulting in the upregulation of the chemokine C-X-C motif chemokine 5 (CXCLS5).
This chemokine leads to the formation of neutrophils extracellular traps (NETs) by TANs, a
key mechanism driving the metastatic process [113,114].

Therefore, the relationship between the immune system and the stromal collagen
in solid tumors is ambiguous, where even some immune cells can actively participate
in the ECM formation and tumor progression. A striking example is tumor-associated
macrophages (TAMs). These macrophages acquire specific phenotypic characteristics, po-
larizing from antitumoral (M1) to protumoral (M2) states through a mechanism induced by
IL-4 secreted by CD4+ T cells [75]. These cells influence the tumor progression, enhancing
neo-angiogenesis or tumor cell migration [115,116]. Additionally, TAM2s can secrete colla-
gen I to activate the «231 integrin/PI3K/ Akt axis, supporting tumor progression [117,118].

For this reason, continued studies on the relationship between stromal collagen and
the immune system may uncover targeted therapies against solid tumors.

6. Mechanotransduction Mediated by Collagen in Cancer

Mechanotransduction is a complex process in which the mechanical properties of a tissue
modulate intracellular signaling pathways, essential for the homeostasis of its constituent
cells [119]. Mechanical homeostasis is regulated by the deposition and orientation of matrix
components, such as collagens and fibronectin. The balance of stretching and tensile forces
determines the elasticity or stiffness of the microenvironment. In this contest, resident cells
can perceive the stiffness by acting as mechanosensors [120]. Moreover, focal adhesions are
fundamental to the mechanical stimuli reception, mediating cell-matrix contacts in synergy
with specific linker proteins, such as integrins and actin cytoskeleton components [121,122].
Additionally, the modulation of mechanical stimuli within the tissue microenvironment can
be influenced by the cells, neighboring tissues, or the hydrostatic pressures of surrounding
fluids [123]. Within this context, signaling pathways arising from the intricate relationship
between a tissue’s biochemistry and physical properties regulate gene expression, modulat-
ing the phenotype and primary metabolic activities of resident cells, including proliferation,
differentiation, migration, and programmed cell death mechanisms [124]. However, mechan-
otransduction is also fundamental in the pathology of various diseases. For instance, in
tumors, the heterogeneous increase in density and cross-linking of ECM components leads
to abnormal stiffness compared to healthy tissue [125]. Generally, receptor tyrosine kinases
(RTKSs), such as AXL receptor tyrosine kinase (AXL), Receptor Tyrosine Kinase Like Orphan
Receptor 2 (ROR2), and ephrin receptors (EPHs), detect matrix contractions across different
hotspot regions, working as mechanosensors [126]. For instance, it has been demonstrated that
EPHA2, in the absence of its canonical ligand and in cooperation with integrin beta-1, senses
the stiffening of the tumor microenvironment. This detection activates the Lck/yes-related
protein tyrosine kinase (LYN) signaling pathway, resulting in the phosphorylation and nuclear
translocation of the transcription cofactor Twist-related protein 1 (TWIST1). Consequently, the
activated pathway triggers the epithelial-mesenchymal transition (EMT) required for tumor
cell invasion [127].

The interactions in the cell-matrix interface between cancer cells and collagen can
activate the transcriptional coactivator YAP. YAP selectively reprograms tumor cells, pro-
moting the transition of outer basal tumor cells into leader cells with invasive capacities.
Furthermore, YAP activation enhances the transcription of ECM remodelers involved in
collagen cross-linking, establishing a positive feedback mechanism that amplifies the inva-
sive potential of tumor cells [128,129]. Different studies have highlighted that YAP nuclear
translocation is facilitated by morphological modifications of nuclear pores, induced by
increased stress fibers in the perinuclear region connected to the tumor ECM [130-132].



Int. J. Mol. Sci. 2024, 25, 13523

8 of 28

Mechanical signals from the tumor microenvironment also amplify tumor cell prolifer-
ation through positive feedback mechanisms. For instance, excessive collagen deposition
and other tumor matrix components are physically sensed by stromal mesenchymal stem
cells (MSCs). In response, MSCs start to secrete the protein prosaposin (PSAP), which
promotes tumor growth via activation of the Toll-Like Receptor (TLR)/NF-kB signaling
pathway [133-135]. Additionally, matrix stiffness drives the differentiation of MSCs into
cancer-associated fibroblasts (CAFs), which are primary contributors to collagen secretion,
further reinforcing overall matrix stiffness in a self-perpetuating cycle [136].

Beyond cell invasiveness and proliferation, continuous remodeling and stiffening
of the tumor-associated extracellular collagen activate angiogenic signaling necessary
for new vessel development. This process engages the integrin 31/PI3K/Akt signaling
pathway, promoting the secretion of factors such as activin A, amphiregulin, artemin,
interleukin (IL-1f), persephin, urokinase-type plasminogen activator (uPA), and vascular
endothelial growth factor (VEGF) [127,137,138]. Thus, mechanotransduction triggered by
matrix components, specifically collagen, underlies cancer pathology by driving processes
such as differentiation, proliferation, invasion, and angiogenesis.

7. Collagen Classification

The collagen superfamily is characterized by twenty-eight types of collagens, which
are further divided into different subgroups [139]. In vertebrates, collagens are numbered
using Roman numerals (I-XXVIII) [140] and are classified into fibrillar and non-fibrillar
types. The predominant category is represented by fibrillar collagens, which constitute 90%
of the total. These fibrillar collagens have elongated fibril-like structures (rods or bands) and
include types I, II, III, V, XI, XXIV, and XXVIIL On the other hand, non-fibrillar collagens form
various supramolecular structures and are divided into different categories, including fibrils-
associated collagens with interrupted triple helices (FACITs) (types IX, XII, XIV, XVI, XIX, XX,
XXI, and XXII), network-forming collagens (types IV, VIII, and X), beaded filament-forming
collagens (types VI, XXVI, and XXVIII), anchoring fibrils (type VII), transmembrane collagens
(types XIII, XVII, XXIII, and XXV), and multiplexins (types XV and XVIII) [141,142]. Various
collagens contribute uniquely to the tumor microenvironment, affecting tumor behavior and
metastasis through different pathways, such as mechanotransduction (Figure 2).
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increased expression is related to aggressiveness of
tumor cells in glioblastoma, pancreas adenocarcinoma
and lung sarcoma
Type XXVI and Type XXVIII Collagens: overexpressed
in thyroid carcinoma and lung cancer respectively.

S\

Anchoring fibrils collagens
Type VII Collagen: induce tumor progression in the initial stages of
the disease. During the advanced phases is decrease to promote
invasivion and metastasis in different solid tumors, such as oral
carcinoma.

Figure 2. Classification of collagens based on supramolecular assembly and a schematic overview of

Fibrils associated collagens with interrupted triple helix fibrils
Type XII Collagen: involved in cancer cell progression and metastasis, in
breast, colorectal , pancreatic and ovarian cancers.
Type XVI Collagen: invasive phenotype of tumor cells in glioblastoma
influences.
Type XIV and Type XIX Collagens: suppressive role in tumor progression
and cell invasion.

Type XXI Collagen: involved in tumorigenesis and DNA repair in gastric
carcinoma.

Network-forming collagens
Type IV Collagen: promotes tumor proliferation
and angiogenesis in breast carcinoma.
Type VIl Collagen: involved in tumor cell
invasion and migration, as well as drug
resistance. Promotes progression in pancreas
carcinoma.
Type X Collagen: oncogene associated with
poor prognosis in patients with several types of
solid tumors. Upregulated in lung
adenocarcinoma. Involved in epithelial-
mesenchymal transition in colorectal cancer.

Transmembrane collagens

Type XVII Collagen: linked to tumor cell migration and invasion in
squamous cell carcinoma. Associated with a positive course for breast
cancer patients. Unfavorable prognostic marker for pancreatic cancer.

Type XIil Collagen: involved in invasion, progression, and migration in
breast cancer. Boosts staminality and anoikis resistance of breast cancer
cells, during the migration process.

Type XXIIl Collagen: increases the progression, adhesion, and migration
of cancer cells in renal cancinoma.

===

the major roles of each collagen type in tumorigenesis.
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7.1. Fibrillar Collagens

Fibrillar collagens have a continuous triple-helix structure of approximately 300 nm o,
followed by a chain of 1000 amino acids. This group includes types I, II, III, V, XI, XXIV, and
XXVII collagens, which promote the development of solid tumors [143]. Several studies
have analyzed collagen fibers’ architecture, characteristic of the solid tumor ECM. While
it is well established that tissue fibrosis precedes neoplasms, recent findings increasingly
confirm that the stratification and elongation of stromal fibers, particularly their orien-
tation, are statistically associated with a highly aggressive tumor cell phenotype [144].
This is because the orientation of collagen fibers in the tumor ECM differs from that of
healthy tissues. Specifically, while in healthy tissues collagen is isotropically oriented,
tumor tissues often exhibit an anisotropic orientation, mainly due to an increased ratio of
type I to type III collagen [145]. Type I collagen is not only the most abundant protein in
the body, but it is also prevalent in solid tumors. Increased deposition of type I collagen
(COL1) in the tumor ECM is closely correlated with the aggressiveness of many tumor
types, such as triple-negative breast carcinoma, pancreatic ductal adenocarcinoma (PDAC),
or gastric carcinoma [146]. For example, COL1 induces cells to spread and reorganize
their cytoskeleton in gastric carcinoma, promoting metastasis. This occurs because COL1
decreases adhesion between cells by disassembling the E-cadherin/catenin complex, which
is known to be involved in the process of cell adhesion [147,148]. Furthermore, in pancreatic
ductal adenocarcinoma, COL1 interacts with Discoidin Domain Receptor 1 (DDR1) [149].
When active, DDRs trigger cellular signals in tumors that affect various functions, in-
cluding extracellular matrix homeostasis, tumor cell proliferation, and migration [150].
For instance, when DDR1 binds COLI, the proliferation and invasion of tumor cells are
promoted through the activation of FAK-related protein tyrosine kinase 2 (PYK2), which
consequently downstream activates the Crk-associated substrate (CAS)/Ras-Proximate-1
(RAP1)/c-Jun N-terminal Kinases (JNK1)/c-Jun cascade. Moreover, the cleavage of COL1
by MMPs differently affects the bioenergetics and growth of pancreatic ductal adenocar-
cinoma via DDR1: matrix-metalloprotease-cleaved COL1 (cCOL1) activates a signaling
cascade that promotes tumor growth, while intact COL1 (iCOL1) induces DDR1 degra-
dation, resulting in opposite effects. Patients with enriched iCOL1 exhibit better survival
compared to those with tumors enriched in cCOL1 and DDRI, suggesting that targeting the
DDR1/NF-«B/Nuclear Factor Erythroid 2-Related factor 2 (NRF2)/Mitochondrial Tran-
scription Factor A (TFAM) pathway could have therapeutic benefits [151]. In addition,
COL1 is implicated in the promotion of epithelial-mesenchymal transition (EMT), a key
process in embryonic development characterized by the loss of epithelial markers by ep-
ithelial cells [152]. Although typically inactive in adults, EMT has been associated with
tumor invasion and metastasis. COL1-mediated phosphorylation of IkB is one pathway
through which EMT is activated, leading to increased expression of the transcription factors
Snail and Lymphoid Enhancer Binding Factor 1 (LEF-1), which decreases the expression
of E-cadherin [153]. In addition, COL1 may be a rich source of exploitable metabolic fuel
for cancer cells under critical nutrient-deficient conditions [154] and actively involved in
tumor progression and metastasis. However, the role of type I collagen produced by CAFs
can sometimes be shown to be contradictory since it can also have antitumor activity. The
mechanisms underlying these opposing actions remain not entirely clear [139,155].

In contrast to type I collagen, type III collagen (COL3) has been shown to potentially
play a tumor growth suppressive role [146]. For instance, in breast cancer patients, COL3
protects the tissues and organs of affected patients, and its reduction enhances the inva-
siveness of tumor cells. For example, in mice xenografted with breast cancer cells, COL3
inhibited tumor growth [156]. This is because type III collagen is implicated in tumor
cells” quiescence (GO phase) maintenance. The re-entry of quiescence cancer cells into the
cell cycle plays an important role in cancer recurrence. A reduction in COL3 leads not
only to cell proliferation but also amplifies the metastatic potential of cancer cells, through
modulation of the DDR1/STAT1 pathway [48]. However, the concept of quiescence in
cancer remains a matter of debate. Indeed, although a state of quiescence might seemingly
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be a tumor progression obstacle, some studies claim that in some cases this would repre-
sent a defense mechanism from drugs. For example, cancer cells stressed by the presence
of drugs enter a long persistence phase, where they can acquire chemoresistance. This
drug-tolerance state is reversible as dormant tumor cells can reactivate their proliferation
after drug removal; however, this is a process that increases sensitivity [157]. A further
study reported that a type III humanized recombinant collagen (rhCOLIII) inhibited breast
cancer cell proliferation and invasion in vitro, as well as promoting apoptosis. In addition,
rhCOLIII treatment increased DDR1 protein expression, inhibiting autophagy of tumor
cells [158]. This is because autophagy regulates cancer stem cell properties and contributes
to the maintenance of stemness, development of relapse, and drug resistance [159].

Similar to type I collagen, type V collagen (COL5) created great interest in the scien-
tific community, due to its involvement in tumorigenesis. In particular, type V collagen
alpha 2 (COL5A2) has been observed to be associated with gastric cancer progression
since this was found to be upregulated in affected patients. COL5A2 has been shown
to play a direct role in cell proliferation of gastric cancer cells, where triggering the
FAK/PI3K/Akt/mammalian Target Of Rapamycin (mTOR) signaling pathway [160,161].
It is also implicated in epithelial-mesenchymal transition in gastric cancer patients with
poor prognosis, by promoting the expression of mesenchymal markers (SNAI1, SNAI2,
TWIST, VIM, and MMP2) [162].

Among fibrillar collagens, type XI collagen (COL11) is one of the most involved in
the development of several types of cancers, such as papillary thyroid carcinoma, breast
cancer, colorectal carcinoma, esophageal cancer, gastric cancer, pancreatic cancer, lung
cancer, and ovarian cancer [63,163-169]. Misregulated secretion of COL11 by CAFs cre-
ates a crosstalk between tumor cells and the TME, promoting proliferation, drug resis-
tance, and tumor cell invasion in patients with poor prognosis [170-172]. In this con-
text, it has been analyzed that integrin «1f1 and DDR?2 act as extracellular Collagen 11
Alpha 1 Chain (COL11A1) receptors, triggering some signaling pathways related to
ovarian cancer progression, such as Akt/CCAAT-Enhancer-Binding Proteins (C/EBP{3)/
Phosphoinositide-Dependent Kinase-1 (PDK1) [173,174]. Additionally, in mouse models of
xenograft with ovarian cancer cells, COL11A1 has been shown to stimulate IL-6 production
via induction of TGF-33, modulating the interaction between CAFs and tumor cells and
amplifying tumor invasiveness and progression [172].

A recent study focused on the role of the gene that encodes type XXVII collagen,
rather than the role of the collagen itself. Specifically, through an in vitro and in vivo
analysis, the study examined the role of a specific miRNA (miRNA-455-3p) located on
the gene encoding intron of Alpha Chain 1 of type XXVII collagen (COL271A). Notably,
it was observed that in melanoma cells, this miRNA is closely involved in tumor cell
dormancy, and its downregulation increased the re-entry of quiescent tumor cells into the
cell cycle [175].

7.2. Fibrils-Associated Collagens with Interrupted Triple Helices (FACIT5)

Among nonfibrillar collagens, collagens associated with interrupted triple-helix fibrils
(FACITs) represent a group of small leucine-rich proteoglycans involved in regulating fibril
formation [176]. Unlike fibrillar collagens that form long fibers, FACITs have interruptions
in their triple-helix structure. These discontinuities are due to the presence of domains
within the collagen molecule that can vary in length and composition, providing binding
sites for other components of the extracellular matrix, such as fibrillar collagens [177,178].
Some collagens, such as types XII and XIV, are typically involved in stabilizing the extracel-
lular matrix fibrils, working synergistically with type I. However, the specific organization
is disrupted in the tumor microenvironment, resulting in a fibrotic and heterogeneous
architecture that plays a functional role in tumorigenesis [59,100,101]. For this reason,
several studies have been carried out on the distinct genes encoding for cancer-involved
FACITs. For instance, type XII collagen alpha 1 chain (COL12A1) is implicated in cancer cell
progression and metastasis [179] and it has been identified as a potential marker of poor



Int. J. Mol. Sci. 2024, 25, 13523

11 of 28

prognosis in patients with breast cancer, colorectal cancer, pancreatic adenocarcinoma, and
ovarian cancer. Furthermore, recent studies of temporal changes in breast cancer matrisome
profile suggest that high levels of collagen XII in primary tumor ECM can facilitate the
spread of lung cancer cells [180]. COL12A1 upregulation has also been correlated with
metastasis, such as lymph nodes, and reduced patients’ survival with human epidermal
growth factor receptor 2 (HER2)-positive breast cancer [181]. Moreover, COL12A1 expres-
sion in colorectal cancer has been linked with the regulation of several pathways, such
as focal adhesion, and the PI3K-Akt pathway [182]. In patients with poor prognosis pan-
creatic adenocarcinoma, W. Yao et al. analyzed the relationship between COL12A1 and
cytoplasmic poly (A) binding protein-1 (PABPC1), a class of RNA-binding proteins known
to modulate tumor progression. PABPC1 acts as an oncogene, accelerating the proliferation
and metastasis of human pancreatic cancer cell line BXPC3 through the upregulation of
COL12A1 expression [183].

Type XVI Collagen (COL16) has been observed to be upregulated in certain tumor
types, such as colorectal cancer (CRC), glioblastoma, and in some dysplastic areas of the
mucosal epithelium of patients with oral squamous cell carcinoma [184,185]. In glioblas-
toma, Col16 expression influences the integrin 31 activation pattern, increasing the invasive
phenotype of tumor cells [186].

Vice versa, type XIV (COL14) and type XIX (COL19) collagens exert a suppressive role
in tumor progression and cell invasion. Indeed, in MMP145f-/- mice, the accumulation of
Col14 in peritumoral areas of melanoma is correlated with a reduction in malignancy [187].
Similarly, the NC1 domain of Col19, inhibits tumor cell migration and invasion, as seen
on SK-MEL-28 human melanoma cells. NC1 inhibits the FAK/PI3K/Akt/mTOR pathway,
reducing the activity of proteins involved in transduction [188].

Information regarding the impact of type XX, XXI, and XXII collagens in tumors
is limited. However, recent studies have shown that pancreatic ductal adenocarcinoma
patients present elevated levels of circulating type XX and type XXII collagens in their
serum, suggesting a possible prognostic value [189]. Another study focused on identifying
hub genes and pathways in gastric carcinoma development, found that type XXI collagen
alpha chain 1 (Col21al) might have a direct role in the enrichment of some pathways
involved in tumorigenesis, such as DNA repair and KRAS signaling pathway [190].

7.3. Network-Forming Collagens

Among the network-forming collagens, type IV collagen is the most prevalent in
basement membranes, is approximately 400 nm in length, and assembles irregularly when
forming networks. In contrast, type VIII and X collagens are shorter and form more regular
hexagonal networks [191]. The expression mechanisms of network-forming collagens can
be regulated by several transcription factors and play a crucial role in the development of
solid tumors [143]. Type IV collagen has recently been studied in the ECM of several solid
tumors. In mammals, there are six homologous « type IV collagen chains (x1(IV)-a6(1V))
that constitute both the heterotrimeric type IV collagen «101x2(IV) and the minor type
IV collagens a304x5(IV) and a5ax5x6(1V). As well as type I collagen, type IV is the most
represented in the solid tumor ECM [192]. More specifically, collagen IV reorients within
the ECM of various solid tumors, such as hepatocellular carcinoma, breast cancer, and
colorectal cancer, conferring tissue stiffness around neoplastic nests. The peritumoral
architecture, driven by the dense deposition of collagen IV and the aligned bundling
of fibers resulting from the synergistic activation of proteases and lysyl oxidase, creates
fibrotic matrix spots with abnormal mechanical properties. These spots attract tumor cells
to migrate toward them through a process known as durotaxis [193-195]. This, in turn,
strengthens the action of integrins and cytoskeletal interactions, which positively modulate
the aggressive phenotype of tumor cells [196].

Moreover, during embryonic development, COL IV plays a crucial role in supporting
the architecture of the vascular basement membrane, particularly in maintaining the struc-
tural integrity of small vessels, mediated by the non-catalytic activity of lysyl oxidase-like
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protein-2 (LOXL2) [197,198]. However, increased COL IV in TEM has a controversial role,
as it may negatively or positively impact tumor angiogenesis [199,200].

For instance, some studies have shown that certain peptides derived from the NC1 do-
mains of COL IV used for cancer therapy, such as Arresten (x1 chain), Canstatin («2 chain),
Tumstatin («3 chain), and Tetrastatin (o4 chain), suppress vessel formation and cell growth
in solid tumor [201-203]. These peptides, called collagen-derived antiangiogenic factors
(CDAFs), play a critical role in inhibiting angiogenesis by interacting with specific integrin
subtypes, influencing neovascularization in different ways [204,205]. Arresten’s activity
is regulated by p53, as it controls both its transcription and MMP-dependent remodeling
activity [206]. Moreover, the activity of Arresten and Canstatin can directly or indirectly in-
fluence the pro-angiogenic effects of VEGF or basic fibroblast growth factor [207]. Canstatin
can decrease phosphatidylinositol 3-kinase/ Akt signaling activity, downregulating VEGF
activity, while Arresten can also sensitize endothelial cells to apoptosis by reducing the
levels of the anti-apoptotic protein FADD-like IL-1-converting enzyme)-inhibitory protein
(FLIP) [208-210]. However, a recent study indicates that COL4A1 matrix expression and its
heightened interaction with integrin beta-1 (ITGB1) in the endothelial cells of the tumor
microenvironment is correlated with increased angiogenesis and chemoresistance, raising
further questions about COL IV’s role in tumor angiogenesis [211].

Beyond influencing vessel development, type IV collagen is widely recognized for
its involvement in various tumor processes. It is one of the most extensively studied
collagens in the solid tumor ECM. For instance, in luminal breast carcinoma, COLIV a5
promotes tumor proliferation through the non-integrin receptor DDR1. Through interaction
with DDR1, COLIV«5 supports the Warburg effect of tumor cells by influencing c-Myc
phosphorylation and regulation of p38 Mitogen-Activated Protein Kinase (MAPK), which
are essential for breast cancer progression [212]. Moreover, overexpression of type IV
collagen mRNA was found not only in human breast cancer tissue but also in metastatic
tissues of poor survival patients [213]. Therefore, this type of collagen could also stimulate
prometastatic mechanisms. For this reason, similar to type XX, XXI, and XXII collagens, type
IV collagen in the serum of patients with colorectal tumors may be a potential biomarker
for liver metastases [214].

Type VIII collagen (COLS) is involved in tumor cell invasion and migration, as well
as drug resistance [149]. Its expression is determined by tissue hypoxia, and it correlates
with the aggressiveness of several solid tumors, as seen in MDA-MB-231 and Hs578T,
two cellular subtypes of triple-negative breast cancer [215]. COLVIII regulates various
signaling pathways, including the interaction between DDR1 and COL VIII, which pro-
motes pancreatic ductal adenocarcinoma progression, through PI3K-Akt and FAK-NF-«B
upregulation [216]. In this context, inhibiting COLVII expression in vitro and in vivo using
lentivirus or siRNA has been found to reduce the metastatic potential and gemcitabine
resistance of pancreatic ductal adenocarcinoma cells [217].

Finally, type X collagen is associated with a poor prognosis in patients with several
types of solid tumors, such as breast cancer, colorectal cancer, gastric cancer, and lung ade-
nocarcinoma [218-220]. In lung adenocarcinoma patients with poor prognosis, COL10A1
is upregulated and could physically interact with DDR2 to maintain a high level of FAK
expression [221]. In addition, the direct involvement of COLX in epithelial-mesenchymal
transition has been shown by analysis of tissues isolated from patients with aggressive
forms of colorectal cancer [219].

7.4. Beaded Filament-Forming Collagens

Beaded filament-forming collagens are a family that includes type VI, XXVI, and
XXVIII collagens. The beaded filaments appear as flexible, unbranched structures with a
width of approximately 3 nm and a length of at least 2 microns [222]. Among them, type
VI collagen (COL6) is a crucial component of the extracellular matrix, located in the basal
membrane. Its main isoforms include the chains 1 (VI), a2 (VI), and &3 (VI). Moreover,
there are three additional subunits (COL6A4, COL6A5, and COL6A®6) that have been identified
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subsequently [223]. COL6 forms a microfilamentous network that structurally supports
cells and interacts with other ECM molecules, affecting their biological functions, such as
tumor response. In solid tumors, acting as a scaffold between different types of collagens
and cellular receptors such as integrins, COL6 is involved in the formation of new blood
vessels through the assembly of the basement membrane, a unique feature among collagens
and a fundamental process in tumorigenesis. The expression levels of collagen VI vary in
different cancers such as glioblastoma, ovarian cancer, and pancreatic ductal adenocarcinoma,
of which different expression is probably cancer-dependent [224,225]. For example, the
increased expression of COLG6 is related to the aggressiveness of tumor cells, as seen in
bladder cancer of high-grade T1 patients [226]. COL6, mainly produced by fibroblasts and
adipocytes, supports tumor stability, and transcriptional program maintenance is related
to the aggressiveness of glioblastoma cells. For this reason, its silencing in glioblastoma
cells causes a downregulation of genes related to tumor progression and DNA repair
mechanisms, including PI3K/AKT, Insulin-like Growth Factor 1(IGF1), Fms-like Tyrosine
kinase 3 (FLT3), Platelet-Derived Growth Factor (PDGF), and MAPK [227]. In addition,
pancreatic ductal adenocarcinoma cells isolated from areas of low-rigidity tumor tissue
have been seen to increase COL6 expression, which has promoted in vitro motility and
in vivo metastatic potential of the tumor cells [228]. Similarly, in lung sarcoma metastases, a
high expression of COL6 has been detected, suggesting that it is critical for the development
of metastatic niches [229].

To date, the roles of cancer of type XXVI collagen (COL26) and type XXVIII collagen
(COL28) in cancer remain poorly understood. A recent study showed that in patients with
poor prognosis thyroid carcinoma, there was an overexpression of the alpha 1 chain of
type XXVI collagen (COL26A1). However, the signaling pathways in which it is involved
remain unclear [230]. Moreover, the serum collagen levels of type XXVIII were found to be
high in patients with lung cancer, but also in this case the roles are not known yet [231].

7.5. Anchoring Fibrils Collagens

Anchoring fibrils collagens are fibrous structures located in the lamina of different
external epithelia that allow the attachment of the epidermal basement membrane to the
dermal extracellular matrix [216]. Type VII collagen (COL?) is the only component of
this group and its role in tumorigenesis is little understood [232]. Some studies show
that hyperexpression promotes tumor progression since this type of collagen creates a
scaffold between stroma and tumor epithelium [233]. However, it has been shown that its
reduction during the advanced stages of the disease is associated with greater invasiveness
of various solid tumors. For example, immunohistochemical studies have demonstrated
that COL7A1 is highly expressed in the stroma surrounding tumor cells in solid tumors,
such as moderately and poorly differentiated gastric adenocarcinomas, thereby promoting
neoplastic processes [234,235]. Moreover, hypomorphic mice with reduced Col7 expression
exhibited heightened tumor invasiveness in oral squamous cell carcinoma, suggesting a
possible causal link. In addition, the COL7 absence in keratinocytes increases the expres-
sion of lysosomal proteases and matrix metalloproteinases, promoting cell invasion [236].
Moreover, in gastric carcinoma immunohistochemistry, it was observed that expression of
type VII collagen alpha chain (COL7A1) was higher in tumor tissue than in healthy tissue,
mainly localized in the extracellular matrix [234]. An increase in COL7 in the initial stages
of the disease may be functional to the progression. On the other hand, its reduction during
the more advanced phases can increase the invasive and metastatic potential of the cancer
cells of some solid tumors, such as oral carcinoma.

7.6. Transmembrane Collagens

Transmembrane collagen proteins are trimers of « chains and exhibit a characteristic
type Il membrane protein structure. They are involved in various functions, including cell
adhesion and epithelial-mesenchymal interactions [237]. This subgroup includes type XIII,
XVII, XXIII, and XXV collagens. Among these, the role of type XVII collagen (COL17), a



Int. J. Mol. Sci. 2024, 25, 13523

14 of 28

component of hemidesmosome, is particularly controversial. This is because its presence
may be associated with a risk factor for patients, depending on the cancer type. In particular,
the transmembrane COL17 plays a crucial role in anchoring undifferentiated keratinocytes
to hemidesmosomes, while its expression is reduced in mature keratinocytes [238,239].
However, its expression significantly increases in melanomas and squamous cell carcino-
mas, where its deposition at the vertical fronts of the tumor is statistically associated with
tumor cell invasiveness [152,153]. Moreover, a high expression of type 17 collagen alpha 1
chain (COL17A1) may be associated with a positive course for breast cancer patients, while
it could be an unfavorable prognostic marker for pancreatic cancer patients [240,241]. A
recent study showed how COL17 negatively affects the growth and proliferation of breast
cancer cells. In particular, the tumor progression was inversely proportional to the expres-
sion of COL17, both in MCF7 and MDA-MB-231 cells and in xenotransplanted mice with
overexpressed COL17 cells. COL17 inhibited the AKT/mTOR pathway and consequently
reduced activation of downstream effectors such as p70S6K and 4EBP1, essential for tumor
progression [242]. Furthermore, its role in colorectal cancer has also been analyzed. The
absence of COL17A1 positively affected the cell cycle of dormant colorectal cancer stem
cells (LGR5p27), leading to a poor prognosis for patients. More specifically, chemotherapy
exposure caused a remodeling of the ECM involving COL17A1 degradation. In this way,
the absence of COL17A1 promotes the FAK-YAP pathway, restoring the proliferation of
dormant LGR5p27 [243]. Finally, COL17A1 can be used as a tumor biomarker, since serum
COL17 levels were higher in patients with different solid tumors, including pancreatic
cancer, compared to healthy controls [244].

The involvement of type XIII, type XXIII, and type XXV collagens in cancer ECM has
been marginally analyzed. However, most recent studies analyze the involvement of type
XIII collagen (COL13) in the invasion, progression, and migration of triple-negative breast
cancer cells (MDA-MB-231). COL13 interacts with the integrin 31 and active downstream
TGF-f3 contributing to tumor progression, as seen also in the mammosphere. In addition,
COL13 boosts staminality and anoikis resistance of breast cancer cells, during the migration
process [245]. Anoikis is apoptosis induced by the detachment of cells from the origin
environment, through the disassembly of integrin-ECM and cadherin—cell [246]. Resistance
to this mechanism plays a fundamental role in the circulating survival of cancer cells with
migratory abilities [247].

Recent research has investigated the role of the «1 chain of collagen XXIII (COL23A1)
in clear cell renal cell carcinoma (ccRCC). Analysis of tissues from patients with ccRCC
with poor prognosis showed that this molecule enhances the progression, adhesion, and
migration of cancer cells. Furthermore, knockdown underregulated the adhesion, prolifera-
tion, and migration of ccRCC cells, suggesting that COL23A1 plays a crucial role in this
context [248].

Finally, the role of type XXV collagen in tumors is not well understood. There is only
one study (2022) that identified for the first time the presence of alpha-1 collagen chain type
XXV (Col25al) in the ECM of murine breast tumors, while its expression was not found in
the corresponding healthy tissue and human breast cancer tissue [249]. Consequently, its
association with healthy and tumor ECM remains unclear.

7.7. Multiplexine

Multiplexins are basement membrane-associated collagens, including type XV (COL15)
and type XVIII (COL18) collagens [250]. Despite the structural similarity and localization
in the basal membrane, type XV and type XVIII collagens have distinct biological functions.
COL15 is involved in the development of muscles and microvessels, while COL18 is in
the development of the brain and eyes [251]. Their functions in tumorigenesis have been
poorly understood. However, in the past decade, a possible role of COL15 has been
identified as a cervical cancer suppressor [252]. Moreover, recent studies have shown its
direct involvement in the suppression of hepato-carcinoma cells. More specifically, the
silencing of the type XV collagen alpha chain (COL15A1), obtained by small interfering
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RNA, significantly enhanced the growth, invasion, and migration of hepato-carcinoma
cells induced by the hepatitis B virus [253]. In addition, it has been shown that COL15
could impede hepato-carcinoma cell migration by underregulating the transcription factor
Snail/Slug-mediated EMT [254].

In contrast to COL15, COL18 seems to have a positive role in the growth of solid
tumors, such as in clear cell renal cell carcinoma and breast cancer [255]. COL18 interacts
with the receptor tyrosine kinase of epidermal growth factor and with integrin «6 in breast
cancer. The TSP-1 N-terminal domain of COL18 interacts with its receptors, triggering the
downstream activation of MAPK/ERK and PI3/AKT pathways. In this way, COLXVIII
supports the proliferation and migration of clear cell renal cell carcinoma [256].

Finally, the literature currently lacks the role of type II, IX, and type XXIV collagen in
tumor ECM.

The various roles of specific tumor collagens are listed in Table 1.

Table 1. Collagen families, types, and their role in tumor progression.

Collagen Family Collagen Type Tumor Roles References
E;iiiligﬁiaEZigfaiisct Increased metastasis,
Typel ductal adenocarcinoma, proh.feratllon, and [139,146-155]
. . invasion.
and gastric carcinoma
Type II'* Not reported Not reported Not reported
Reduction in
invasiveness, tumor
Type III Breast cancer growth suppression; [48,146,155-159]
increased cell quiescence;
inhibition of autophagy
Fibrillar Collagen Increased proliferation
Type V Gastric cancer and epithelial- [160-162]
mesenchymal transition
Papillary thyroid carcinoma,
breast cancer, colorectal Promotion of
Type XI carcinoma, espphageal pl.“ohferatlon, drug [63,163-174]
cancer, gastric cancer, resistance, and tumor
pancreatic cancer, lung invasiveness
cancer, and ovarian cancer
Type XXVII Melanoma cells Promotlop of tumor [175]
cells quiescence
Type XXIV * Not reported Not reported Not reported
Breast cancer, colorectal .
cancer, pancreatic Promotlon. of tumor
Type XII adenocarcinoma, and progressmn'and [179-183]
. metastasis
ovarian cancer
Colorectal cancer (CRC),
Type XVI glioblastoma, and oral Increased invasiveness [184-186]
squamous cell carcinoma
Type XIV Melanoma Reduction in malignancy [187]
FACITs Inhibition of t i
Type XIX Melanoma nHbInon of tumor ce [188]
migration and invasion
Pancreatic ductal
Type XX adenocarcinoma Not reported [189]
Type XXII Pancreatic ductal Not reported [189]

adenocarcinoma
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Table 1. Cont.
Collagen Family Collagen Type Tumor Roles References
Type XXI Gastric carcinoma Increased fumor [190]
progression
Type IX * Not reported Not reported Not reported
Promotion of tumor
Breast carcinoma, colorectal proliferation, durotaxis,
Type IV tumor, hepatocellular angiogenesis, and [192-214]
carcinoma metastasis. Reduction in
angiogenesis
Networlcforming Breast and pancreatic ductal Promotion of tumor cell
collagen Type VIII pand invasion and migration, [149,215,257]
adenocarcinoma .
as well as drug resistance
Breast cancer, colorectal Promotion of tumor cell
Type X cancer, gastric cancer, and proliferation, migration, [218-221]
lung adenocarcinoma and invasion
Glioblastoma, ovarian Promotion of metastasis,
Beaded Type VI cancer, and panc.reatic angiogenesis, a.nd tumor [224-229]
filament-forming ductal adenocarcinoma progression
collagen Type XXVI Thyroid carcinoma Not reported [230]
Type XXVIII Lung cancer Not reported [231]
Anchorin Oral squamous cell Promotion of tumor
fibril & Type VII carcinoma and gastric progression; block [232-236]
carcinoma invasiveness
Squamous cell carcinoma; Promotion of cell
Type XVII breast cancer, colorectal migration and invasion. [238-246]
cancer Block tumor progression
Breast, clear cell renal cell inir;?);p;;ﬁ;f;;t;n{o
Transmembrane Type XIII carcinoma, and prostate s [245-247]
anoikis, and tumor
collagen cancer metastasis
Clear cell renal cell Promotion of tumor
Type XXIII . progression, adhesion, [248]
carcinoma N
and migration
Type XXV Breast cancer Not reported [249]
Type XV Cervical cancer; . Red.uctlon in g.rowt.h, [251-254]
hepato-carcinoma invasion, and migration
Multiplexin a 1 " - T oroliferati
Type XVIIT ear cell renal carcinoma, Increase proli 'eratlon [252,256,257]
breast cancer and migration

* Roles of collagens II, XXIV, and IX in tumor progression uncleared.

8. Conclusions

Collagen is the most common protein in mammals and is the main component of the
extracellular matrix. In normal tissues, a dynamic biophysical and biochemical interaction
is established between collagen fibers and resident fibroblasts, where tensile and rebound
energy in tissue is translated into the activation of appropriate mechanical transduction
pathways [27,120,258]. Therefore, the structural changes that collagen undergoes are not
only limited to the physical concept of the tissue but also modulate the biochemistry of the
cells that compose it. However, these mechanisms are also critical for the development of
various diseases, such as cancer [12,259].

In this context, a continuous crosstalk is established between collagen fibers within
the tumor microenvironment and cancer cells. Structural modifications and variations in
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matrix collagens are perceived by cancer cells, activating mechanotransduction pathways,
which modulate tumor progression, invasion, and migration.

For instance, type I collagen promotes epithelial-mesenchymal transition, thereby
enhancing cancer cell invasion. Other collagens, such as types V, VI, VIII, and XII, facilitate
tumor progression by upregulating the PI3K/ Akt signaling pathway. In addition, collagen
can modulate the immune system activity, contributing to tumor progression [94], acting
as a physical barrier to the infiltration of the immune cells. However, some collagens can
suppress these mechanisms in tumors. For instance, a reduction in type III collagen in
ECM breast cancer is associated with a poor prognosis. Type XV collagen has also been
identified as a tumor suppressor. This is due to its action upstream of EMT-related signaling
pathways by downregulating transcription factors Snail /Slug. Furthermore, some peptide
fragments derived from collagen type IV can inhibit neo-angiogenesis in tumors, with
possible therapeutic applications [204].

Unfortunately, significant data on the role of type II, IX, and XXIV collagens in the
extracellular matrix of tumors are still lacking in current scientific research. While other
collagen types have been studied over the years, their impact on solid tumors remains
uncertain. This review provides an overview of the roles of various collagen types in
the extracellular matrix of solid tumors. A deeper understanding of these molecules
could lead to significant advancements in the diagnosis, prognosis, and treatment of
solid tumors. In recent decades, the use of collagenases in therapeutic applications—
both as free enzymes and when conjugated to nanoparticles—has gained attention in the
scientific community. These enzymes have the potential to break down the collagen-rich
extracellular matrix of tumors, facilitating their treatment. The proteolytic activity of
collagenases can improve the permeability of tumors to chemotherapeutic agents and
immune cells, resulting in enhanced effectiveness of various cancer therapies. In summary,
these innovative approaches represent a new frontier in the treatment of solid tumors, with
collagen serving as a primary therapeutic target [260-262].
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Solid tumors have a complex extracellular matrix (ECM) that significantly
affects tumor behavior and response to therapy. Understanding the ECM’s
role is crucial for advancing cancer research and treatment. This study
established an in vitro model using primary cells isolated from a rat breast
tumor to generate three-dimensional spheroids. Monolayer cells and spher-
oid cultures exhibited different protein expression patterns, with primary
tumor spheroids presenting an increased level of ECM-related proteins and
a more complex extracellular environment. Furthermore, spheroids pro-
duce endogenous collagen type I matrix, which is the main component of
the tumoral ECM. This matrix is arranged predominantly around the 3D
structure, mimicking the conditions of solid tumors. Treatments with
recombinant collagenases class II (acting on the linear collagen region) and
class T (acting on the 3D-helix region) completely degrade collagen within
the spheroid structure. Collagenase pretreatment enhances the accessibility
of the anticancer drug doxorubicin to penetrate the core of spheroids and
sensitize them to doxorubicin-induced cytotoxicity. Our findings highlight
the importance of overcoming drug resistance in breast cancer by targeting
the ECM and proposing a novel strategy for improving therapeutic out-
comes in solid tumors. By employing a three-dimensional spheroid model,
with an endogenous ECM, we can offer more relevant insights into tumor
biology and treatment responses.

Introduction

Cancer is a leading cause of death worldwide, with
nearly 20 million new cases diagnosed and 10 million
deaths reported in 2022 (World Health Organization),
and the mortality rate is increasing every year. Solid
tumors, which account for approximately 90% of
adult human cancers, are characterized by their unique

Abbreviations

tumor microenvironment (TME). Over the last
decades, to understand the complexity of solid tumor
biology, research has focused more on the TME, a
complex network that consists of tumor vasculature,
associated connective tissues, infiltrating immune cells,
and the extracellular matrix (ECM) [1-3]. The ECM, a

CAF, cancer-associated fibroblasts; DMBA, 7,12-dimethylbenz(a)anthracene; ECM, Extracellular matrix; MMP, matrix metalloproteinase;
PCTM, primary cells from the tumor mass; TME, tumor microenvironment.
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dynamic structure undergoing continuous remodeling
through synthesis and degradation mechanisms, plays
a crucial role in various cellular signaling cascades
involved in the promotion of tumor growth, invasion,
and migration [4-8]. The ECM contains several fibril-
lar proteins, such as collagen, fibronectin, elastin, and
laminin, mainly produced by cancer-associated fibro-
blasts (CAF) [9]. Collagens are the primary compo-
nents of the ECM, providing structural support to
tissues and influencing cellular behavior through bio-
chemical and mechanical mechanisms. Various types
and isoforms of collagens are overexpressed in tumors
and their organization and density can significantly
impact tumor progression. For instance, collagen
remodeling and crosslinking can enhance tumor stiff-
ness, which is associated with increased tumor inva-
siveness and has a key role in drug resistance, acting
as a physical barrier to therapeutic agents [10,11].
Moreover, collagen can influence cellular signaling
pathways that regulate the proliferation, survival, and
migration of cancer cells.

Breast cancer, the most common cancer type among
women, causes approximately half a million deaths
annually worldwide (World Health Organization). The
ECM is increasingly recognized as a significant regula-
tor in breast cancer [12-14], exhibiting high levels of
collagens organized in variable compositions indicative
of different clinical outcomes [15-18]. For instance, in
breast cancer tissues, collagen type I, the most abun-
dant collagen type in the human body and the primary
component of the interstitial ECM, is significantly
upregulated contributing to increased tissue stiffness
and promoting tumor cell invasion and metastasis.
Type 111, involved in the early stages of breast cancer,
and type XII collagen are also significantly overex-
pressed [19] and often correlated with poor outcomes
[20].

The nature and composition of the ECM are hard
to replicate in vitro, especially when working in a
monolayer system. Three-dimensional (3D) spheroids
are cell aggregates that form complex networks of cell—
cell contacts, features absent in traditional cell mono-
layers, thus better mimicking the in vivo system [21,22].
Several studies have been conducted on 3D tumor cul-
ture systems, such as multicellular tumor spheroids
[23,24], on cell lines and primary cells that do not pre-
sent an endogenous matrix and are cultured with coat-
ing techniques with ECM-derived components [25,26].
Due to their in vivo-like composition, 3D spheroids
serve as models for evaluating anticancer drug effec-
tiveness and understanding the tumor mass’s intrinsic
properties [27]. Breast cancer cell lines have been suc-
cessfully used to generate spheroids as promising
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models for medical application and drug discovery
[28-30].

Thus, to develop a reliable model of a 3D spheroid
with an endogenous ECM, we isolated primary cells
from rat breast cancer to generate spheroids. Spher-
oids present an organized ECM, rich in collagen. By
using recombinant collagenases to completely degrade
the native collagen of the ECM in the 3D model, we
demonstrated that ECM degradation can enhance
drug efficacy by improving penetration and chemother-
apeutic effects.

Results

Cell isolation from tumor mass and primary
breast tumor spheroid formation

To investigate the ECM in primary tumor spheroids, a
breast tumor was induced in an immunocompetent
female Wistar rat via intraperitoneal injection of a
well-established chemical carcinogen, 7,12-dimethyl-
benz(a)anthracene (DMBA) (Fig. 1A) [31].

After 6 months, a tumor mass visible in the abdomi-
nal submammary region was excised and treated with
recombinant collagenases and thermolysin to dissociate
the tissue and isolate primary cells. The isolated pri-
mary cells from the tumor mass (PCTM) exhibited
heterogeneous morphological characteristics, indicative
of the diverse cellular composition of the tumor micro-
environment (Fig. 1B). This heterogeneity was con-
firmed through collagen type 1 staining, which
identified cells synthesizing collagen type I, the major
ECM component (Fig. 1C,D).

To better mimic the tumor condition and functions,
modulated by cell-cell and cell-ECM interactions, the
isolated PCTM were seeded under low-attachment
conditions, promoting the formation of three-dimen-
sional (3D) spheroids. After 6 days in culture, the cells
formed spheroids with a homogeneous morphology
and consistent size, ranging from 400 to 450 um in
diameter (Fig. 1E,F).

Proteomic analysis revealed an organized
extracellular matrix in 3D primary breast tumor
spheroids

3D spheroids and two-dimensional (2D) primary cells
were analyzed through high-resolution proteomics to
identify differential protein abundance in 2D and 3D
systems, focusing on proteins involved in ECM organi-
zation. The analysis identified 6572 proteins in PCTM
spheroids and 6573 proteins in cells grown in 2D, while
6486 proteins were common to both spheroids and 2D
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Fig. 1. Cell isolation from tumor mass and primary breast tumor spheroid formation. (A) Schematic representation describing the induction
of breast cancer with DMBA and tissue digestion to isolate cells and generate spheroids. (B) Primary cells isolated from the tumor mass
(PCTM). (C) Widefield microscopy analysis of PCTM stained with phalloidin-FITC (green), antibody anti-collagen type | (magenta), and DAPI
(blue) (D) and collagen type I-positive cells. Scale bar: 15 pm. (E) 3D-spheroid (F) and confocal microscopy analysis of the spheroids stained
with phalloidin-FITC (green) and DAPI (blue). Scale bar: 100 um. Data are mean + SD. Statistical analysis (ttest) was performed (n = 3)

(***P < 0.001).

cells (Fig. 2A, Table S1). Among these common pro-
teins, 1128 proteins were more abundant in the 3D
spheroids, whereas 816 proteins were less abundant
compared to the 2D cell culture (Table S1). This differ-
ential expression highlights the distinct proteomic land-
scapes of 2D and 3D systems, reflecting their different
microenvironments and cellular interactions. To further
explore the distinctive organization of the ECM, we
focused on changes in ECM proteins (according to the
UniProt Gene Ontology Cellular Component 0031012).
This analysis identified 128 ECM-related proteins, with
12 proteins significantly decreased in PCTM spheroids
(Fig. 2B, Table 1 and Table S2). Conversely, 45 proteins
were significantly augmented in primary tumor spher-
oids (Fig. 2B, Table 2 and Table S2). The increased
levels of these proteins in 3D spheroids indicate
enhanced ECM remodeling and a more complex extra-
cellular environment, which is more representative of
tumor conditions. Notably, the expression of matrix
metalloproteinases (MMPs), such as MMP2, MMP19,
MMPI1b, MMP14, and MMP3, increased in the 3D sys-
tem, suggesting enhanced ECM remodeling (Fig. 2C).
Interestingly, MMP9 and MMP13 were exclusively pre-
sent in spheroids, pointing to unique proteolytic activi-
ties in the 3D context (Fig. 2D). These findings are
significant as MMPs play crucial roles in tumor invasion
and metastasis. Additionally, various types of collagens,
such as Col5a2, Col4al, Coll8al, Col5al, Col8al,

Col4a2, Coll6al, and Col5al, were identified in both
2D and 3D systems. However, these collagens were
upregulated in 3D spheroids (Fig. 2E), indicating a more
extensive and structurally complex ECM in the 3D
model.

Primary breast tumor spheroids produce an
endogenous extracellular matrix, which is
completely degraded with recombinant
collagenases

Since proteomic analysis revealed a different collagen
expression between 2D and 3D systems, collagen type
I, the most abundant collagen in tumoral ECM, was
further investigated by confocal microscopy to evalu-
ate the organization and distribution within and
around the spheroids.

Immunostaining highlighted the capability of pri-
mary spheroids to produce an endogenous ECM, rich
in collagen, which is mainly arranged around the 3D
structure, simulating in vitro the tumor microenviron-
ment conditions in solid tumors (Fig. 3A). To evaluate
the effectiveness of collagenases in digesting collagen
expressed in primary tumor spheroids, experiments
were conducted by incubating spheroids with either
ultrapure recombinant COLH (collagenase class II,
acting on the linear collagen region) or COLH in com-
bination with COLG (collagenase class I, acting on the
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Fig. 2. Proteomic analysis revealed an organized extracellular matrix in 3D primary breast tumor spheroids. (A) Venn diagram and Volcano
plot for the proteins identified in five biological samples of the 2D cell culture and 3D spheroids; volcano plot showing the —log10 of
P-values versus the log2 of protein ratio for all proteins identified in the lysates of cells in 2D cell culture and 3D spheroids (n = 5). Blue:
proteins of 3D spheroids; red: proteins of 2D cells. (B) Venn diagram and Volcano plot for the ECM proteins identified in five biological
samples of the 2D cell culture and 3D spheroids; volcano plot showing the —log10 of P-values versus the log2 of protein ratio for ECM
proteins identified in the lysates of cells in 2D cell culture versus 3D spheroids (n = 5). Blue: proteins of 3D spheroids; red: proteins of 2D
cells. (C) LFQ (label-free quantification) intensity of the most significant MMPs (Matrix Metalloproteinases) differently expressed in 2D and
3D cultures (n = b). (D) Western blot analysis of total cell lysates (15 pg) from 2D cell cultures (2D) and 3D spheroids (3D), using anti-MMP9

antibody. (E) LFQ intensity of the most significant types of collagen present in 2D and 3D cultures (n = 5). Data are mean £ SD.

3D-helix region) (Fig. 3B). Confocal microscopy obser-
vation revealed a reduction in type I collagen in spher-
oids incubated with COLH alone. However, complete
digestion of type I collagen was observed when COLH
was combined with COLG, demonstrating the syner-
gistic effect of these enzymes in degrading collagen
within the spheroid structure (Fig. 3C). The complete
digestion indicates the effective breakdown of the col-
lagen matrix, essential for subsequent experimental
manipulations and assessing the impact of ECM deg-
radation on drug delivery.

Collagenase treatment improves doxorubicin
uptake and cytotoxicity effects in primary breast
tumor spheroids

To investigate the impact of ECM degradation on the
accessibility into a 3D model of the commonly used

anticancer drug doxorubicin, uptake assays were carried
out on PCTM spheroids. Spheroids were incubated with
doxorubicin after 6 days of formation, and the drug’s
uptake was monitored over time. A significant increase in
the doxorubicin signal was evident both in the entire
spheroids (Fig. 4A) and their central slice (Fig. 4B) in a
time-dependent manner. Maximum intensity was
observed at 24 h of incubation, whereas in PCTM 2D cell
culture, maximum doxorubicin uptake and nuclear trans-
location were detectable after only 2 h (Fig. S1). This
slower uptake in spheroids highlights the barrier effect of
the ECM on drug penetration. Furthermore, analysis of
the core of the spheroids underlined that doxorubicin
uptake increased significantly over time relative to the
total intensity, suggesting that the drug initially accumu-
lates in the outer layer of the spheroids and then pene-
trates towards the core by 24 h (Fig. 4B). Based on the
optimized concentration of recombinant collagenases
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Table 1. List of the 12 most highly reduced ECM proteins in 3D spheroids compared to 2D cell cultures. Protein name: name of ECM
proteins reduced in primary tumor spheroids. Protein ID: UniProt accession number of the protein. Gene name: UniProt gene name
associated with each protein. P-value: P-value calculated after a Student t-test of five biological replicates. Ratio: ratio between the mean of
LFQ values of primary tumor spheroids and tumor cells in 2D cultures (n = 5).

Protein name Protein ID Gene name P-value Ratio

Spondin-2 Q9WV75 Spon2 4.46E-03 0.23873
Golgi apparatus protein 1 Q62638 Glg1 1.34E-04 0.36147
Laminin subunit gamma 2 F1LRH4 Lamc2 8.48E-03 0.36393
CCN family member 2 Q9R1E9 Ccn2 7.02E-05 0.39299
Collagen type V alpha 2 chain F1LQ00 Colba2 9.06E-06 0.45915
Integrin subunit alpha 6 G3V667 Itgab 9.18E-04 0.50645
Tissue factor P42533 F3 3.78E-04 0.56778
Lumican P51886 Lum 2.32E-02 0.59290
Collagen alpha-1(V) chain Q9Ji03 Colba1 4.91E-02 0.64259
Extracellular superoxide dismutase [Cu-Zn] Q08420 Sod3 1.76E-02 0.67894
Prolyl 3-hydroxylase 1 Q9R1J8 P3h1 1.32E-03 0.81622
Metalloproteinase inhibitor 1 P30120 Timp1 4.52E-04 0.82295

Table 2. List of the 23 most highly increased ECM proteins increased in 3D spheroids compared to 2D cell cultures. Protein name: name of
ECM proteins increased in primary tumor spheroids with a 3D/2D ratio above 2.82 (which is 1.5 in a log2 scale). Protein ID: UniProt
accession number of the protein. Gene name: UniProt gene name associated with each protein. P-value: P-value calculated after a Student
t-test of five biological replicates. Ratio: ratio between the mean of LFQ values of primary tumor spheroids and tumor cells in 2D cultures
(n=15).

Protein name Protein ID Gene name p-value Ratio
Versican core protein Q9ERB4 Vcan 4.06E-07 12 040
Fibulin-1 AO0A0G2JY81 Fbin1 6.23E-06 11779
EGF containing fibulin extracellular matrix protein 2 AO0A8I5Y8F2 Efemp2 1.44E-07 10 869
Transforming growth factor, beta induced D4A8GH Tgfbi 1.88E-06 9794
Matrix metallopeptidase 1b (interstitial collagenase) D3ZRz2 Mmp1b 1.86E-04 7042
Serine protease HTRA1 Q9QZK5 Htra1 5.565E-07 6081
Laminin subunit alpha 4 F1LTF8 Lama4 1.10E-04 5574
Vasorin D3ZAE6 Vasn 1.06E-06 5158
Nidogen-2 B5DFC9 Nid2 1.55E-04 4942
Protein Wnt-ba Q90XQ7; B1WBR9 Wntba 9.47E-05 4673
Stromelysin-1 P03957 Mmp3 2.79E-05 4357
72 kDa type IV collagenase P33436 Mmp2 4.31E-04 3884
Peroxidasin AOA0G2JWB6 Pxdn 4.05E-07 3845
Matrix metallopeptidase 19 COM4BO Mmp19 6.11E-05 3836
Collagen type XVIII alpha 1 chain AOA8I6GLR1 Col18a1 3.36E-03 3677
Fibronectin P04937 Fn1 2.37E-05 3326
Fibulin-5 Q9WVH8 Fbin5 6.73E-02 3298
Heparan sulfate proteoglycan 2 AOABIBASH2 Hspg2 8.15E-06 3236
Collagen type IV alpha 1 chain F1MAbB9; AOA8I5ZZ86 Col4a1 2.88E-03 3121
Scavenger receptor cysteine rich family member D3zPK4 Sscbd 4.60E-04 3117
with 5 domains
Apolipoprotein E P02650 Apoe 4.94E-03 3092
Glypican-1 P35053 Gpc1 2.87E-06 3025
Glia-derived nexin P07092 Serpine2 4.30E-03 2909

(COLG and COLH), PCTM spheroids were predigested
with  collagenases before doxorubicin treatments
(Fig. 4C). At 24-h post-treatments, these spheroids dis-
played a 38% increase in doxorubicin uptake signal in the
total intensity (Fig. 4A) and a 26% increase in the central

slice (Fig. 4B), compared to spheroids treated with doxo-
rubicin alone. This enhanced uptake post-collagenase
treatment underscores the significance of ECM degrada-
tion in improving drug penetration and efficacy within 3D
tumor models.
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Fig. 3. Primary breast tumor spheroids produce an endogenous extracellular matrix, which is completely degraded with recombinant
collagenases. (A) Confocal microscope stacks from top to bottom of primary tumor spheroids, stained with phalloidin-FITC (green), antibody
anti-collagen type | (magenta), and DAPI (blue). (B) A section at the confocal microscope. Scale bar: 100 um. (C) Primary tumor spheroids
untreated (control), treated by recombinant collagenase COLH (+COLH) for 1 h 15 min, and treated by recombinant collagenases COLG and
COLH (+COLH/COLG) for 1 h 15 min. After the enzymatic treatment, spheroids were stained with phalloidin-FITC (Phal) (green), antibody
anti-collagen type | (magenta), and DAPI (blue) and analyzed with confocal imaging, showing the surface (left) and the center (right) of
spheroids. Scale bar: 100 um. Experiments have been conducted three times, ‘'n = 3'.

To evaluate the impact of collagen degradation on
the cytotoxic effects of doxorubicin in PCTM spher-
oids, they were first digested with collagenases, fol-
lowed by treatment with doxorubicin for 24 h
(Fig. 4D). After the treatment, the total area of spher-
oids, including areas of dead cells, was analyzed. Inter-
estingly, spheroids treated with collagenases alone did
not exhibit a significant change in size compared to the
untreated control, indicating that collagenase treatment
by itself did not induce notable cytotoxic effects. In
contrast, treatment with doxorubicin alone resulted in
a 75% increase in the size of spheroids. When the
spheroids’ collagen matrix was predigested with colla-
genases before doxorubicin treatments, the drug’s
effects were significantly enhanced. This combination
led to a 34% increase in doxorubicin efficacy compared
to spheroids treated with doxorubicin alone (Fig. 4E).

The role of collagenases in enhancing drug efficacy
was further investigated by analyzing the doxorubicin

cytotoxicity effect in PCTM spheroids over time, with
and without prior collagenase treatment. After 8 h of
treatments, no significant cytotoxic effects were
observed, indicating that short-term exposure was
insufficient to induce noticeable cell death. However,
after 16 h, cytotoxic effects became more evident,
although there was no significant difference between
the two conditions at this stage. By 24 h, the collage-
nase treatments induced a slow decrease in cell viabil-
ity, probably due to the release of collagen’s peptides
with inhibitory effects on cell proliferation. However,
the cytotoxic effects of doxorubicin were more pro-
nounced. Spheroids that had been pretreated with col-
lagenases showed a 50% decrease in cell viability
compared to those treated directly with doxorubicin
(Fig. 4F). These findings reinforce the observation that
ECM degradation enhances drug efficacy, as previ-
ously indicated by the increased drug uptake and
changes in the spheroid area.
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Degradation of endogenous ECM in tumor spheroids

Discussion

Tumorigenesis is a complex and dynamic process in
which the ECM plays a leading role. In solid tumors,
a stiff ECM and its remodeling are involved in differ-
ent mechanisms in tumor progression, metastasis,
immune escape [32], and in resistance to established
cancer therapies [6,8,33].

Therefore, novel antitumor approaches should target
cancer cells and dysregulated tumor ECM, especially
fibrillar collagens that are the most altered in tumor
ECM [34,35].

The increasing focus on the tumor microenviron-
ment presents a new challenge to obtain 3D reliable in
vitro models for preclinical drug studies, which mimic
an ECM similar to the tumor mass [36,37]. In this
context, many studies have reported the generation of
3D spheroid models using various cell lines [38,39].
Furthermore, the involvement of primary cells, as pro-
posed, can improve the reliability of the system. For
this purpose, PCTM spheroids were generated using
cells isolated from a chemically induced tumor mass in
Wistar rats. PCTMs are a mixture of heterogeneous
primary cells that self-assembled to form uniform,
round, compacted spheroids of consistent size
(400-450 pm), with minimal variability in size and
shape. Additionally, they are able to produce a well-
organized, endogenous collagen matrix with a
capsule-like structure, limiting the accessibility of
drugs, as observed in solid tumors. Consequently, it is
unnecessary to add additional ECM, as embedding
them in a collagen gel, as is commonly reported
[39,40]. The proteomic analysis comparing cells grown
in 2D to those in the 3D system revealed differences in
protein expression and an enhanced ECM organization
in the 3D system. Notably, tumor spheroids showed
increased expression of proteins associated with solid
tumor progression, such as versican and MMPs. In
cancer, versican, a member of the proteoglycan family,
impacts proliferation, survival, invasion, metastasis,
and inflammation [41,42]. MMP9 and MMP13 were
specifically expressed in the 3D system and are well
known for their involvement in ECM regulation, pro-
moting cell proliferation and extravasation [43-46].
Different types of collagens were also upregulated and
this upregulation could influence cell behavior, signal-
ing pathways, and drug response, making 3D spher-
oids a more relevant model for studying tumor biology
and testing therapeutic interventions. Collagen plays a
complex role in tumors, depending on the tumor ori-
gin, and different collagen types are closely associated
with cancer progression and poor prognosis [18,47,48].
Therefore, collagen is considered a potential target for
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cancer treatment, and breaking it down could facilitate
the penetration of chemotherapeutic agents. While col-
lagenases are already used clinically for debridement in
wounds and ulcers, their use in cancer treatments has
not been validated yet [10,49]. In this study, the diges-
tion of spheroids’ collagen was optimized using recom-
binant collagenases by combining two classes of these
enzymes: Class I and Class II. Class I (COLG) recog-
nizes the native collagen, acting on the 3D-helix
region, while Class II (COLH) has a higher activity
against the linear collagen region [50]. The use of
ultrapure recombinant collagenases significantly limits
the side effects associated with proteases present in
extracted collagenases, which can partially damage
spheroids and cause the cells’ escape from the spheroid
structure. For the first time, this collagen digestion
method enables the complete removal of the collagen
matrix without altering the spheroid shape. This aspect
is fundamental for in vitro models, as it allows for the
selective study of collagen’s role in drug response and
the metabolic pathways of cells within a solid
tumor mass.

The combination of COLG and COLH on primary
tumor spheroids exhibits synergistic activity, resulting
in efficient collagen digestion. Furthermore, to
investigate the role of ECM on drugs’ effects, the
time-dependent penetration of doxorubicin into the
spheroid core was analyzed. The data emphasize the
need for prolonged drug exposure in 3D cultures to
achieve effective treatment, contrasting with the rapid
uptake observed in 2D cultures. Moreover, the collage-
nase digestion experiments demonstrated that effective
ECM degradation facilitates deeper penetration of
therapeutic agents like doxorubicin, which is otherwise
hindered by the dense ECM network. The enzymatic
treatments enhanced the cytotoxicity effects of doxoru-
bicin, suggesting potential therapeutic strategies that
combine ECM degradation with chemotherapy to
improve treatment outcomes.

These findings highlighted a novel model of primary
tumor spheroids with an endogenous ECM, providing
a more physiologically relevant platform for studying
tumor biology and evaluating potential treatments.
Moreover, this study provides critical insights into the
role of the ECM in tumor spheroid models and its
impact on drug delivery. Collagenase’s proteolytic
activity could improve not only the permeability of
tumors to chemotherapeutic agents but also potentially
facilitate the infiltration of immune cells into the mass.
It is well established that the number of T cells found
within a tumor as well as their ability to migrate and
reach cancer cells is fundamental for an effective
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Degradation of endogenous ECM in tumor spheroids A. Lo Cicero et al.

Fig. 4. Collagenase treatment improves doxorubicin uptake and cytotoxicity effects in primary breast tumor spheroids. (A) Confocal analysis
(stacks sum intensity) of 20 pm doxorubicin uptake in control (DOX) spheroid and collagenase-treated (DOX + COL) at different time points
(2, 4, 8, 24 h). Quantification of the fluorescence Sum intensities was analyzed and normalized to control. (B) Confocal analysis (central
stack intensity) of 20 um doxorubicin uptake in control spheroid and collagenase-treated at different time points (2, 4, 8, 24 h). Quantification
of the central stack fluorescence intensities was analyzed and normalized to control. Magenta: DOX autofluorescence. Scale bar: 100 pum.
Statistical analysis (two-way ANOVA) was performed (n = 3). (C) Confocal analysis (stacks sum intensity) of 20 pum doxorubicin uptake in
control (DOX) spheroid and collagenase-treated (DOX + COL) at different time points (2 and 24 h). Magenta: DOX autofluorescence, Green:
anti-collagen type |. Scale bar: 100 um. (D) Representative pictures of control primary tumor spheroid (Control), treated with collagenases
(COL), treated with doxorubicin 20 um (DOX) and with collagenases + doxorubicin 20 um (DOX + COL) at 24 h (scale bar: 10 um). (E)
Quantification of primary tumor spheroids area at 24 h, including dead cells, normalized to the area at TO (not shown in this figure).
Statistical analysis (one-way ANOVA) was performed (n = 3). (F) Cell viability assay of primary tumor spheroid, treated with collagenases
(COL), treated with doxorubicin 20 pm (DOX) and with collagenases + doxorubicin 20 um (DOX + COL) at different times (8, 16, 24 h). Scale

bar: 100 um. Data are mean + SD. Statistical analysis (two-way ANOVA) was performed (n = 3) (**P < 0.01, ***P < 0.001).

antitumoral response. However, the increased stiffness
of ECM produced by tumors can directly regulate
T-cell migration [51], acting as a physical barrier and
consequently impairing the infiltration of immune cells
in the tumor mass [8,52,53].

In addition, recombinant collagenases could be a
viable strategy to improve the delivery and efficacy of
chemotherapeutic agents in solid tumors, potentially
overcoming one of the significant obstacles in cancer
treatment. Further research and in vivo studies are nec-
essary to validate these findings and determine the
safety, optimal dosing, and long-term benefits of using
collagenases in combination with chemotherapeutic
agents in cancer therapy.

Materials and methods

Rat model

All animal experiments were approved by the University of
Palermo. Authorization number 523/2022-PR, issued
according to art. 31 del D.Igs. 26/2014 Istituto Superiore di
Sanita, Italy. The animals were housed 2 per cage (with
EPA filter; controlled temperature 23 °C £+ 0.5 °C; con-
trolled humidity 50% =+ 5%). The dark/light cycle was set
at 12 h (7 am. to 7 p.m. light; 7 p.m. to 7 a.m. dark).
Access to food at libitum.

Female Wistar rats were obtained from ENVIGO RMS
SRL. At 55 days of age, a single dose of 50 mg-kg™' 7,12
dimethylbenz(a)anthracene (DMBA) resuspended in corn
oil was intraperitoneally injected [31]. After 6 months, an
evident breast tumor mass was individuated.

The rat with a visible tumor mass was sedated with 2%
isoflurane, sacrificed, and the tumor excised. A portion of
the tumor was processed to isolate cells.

Primary cells

Primary cells were isolated from DMBA-induced tumors in
female Wistar rats. The growth media used was Dulbecco’s

modified Eagle’s medium (DMEM, Sigma-Aldrich, Milano,
Italy) high glucose (HG-DMEM), which was supplemented
with 10% fetal bovine serum (FBS), 100 U-mL~! penicillin,
100 mg-mL~"' streptomycin (Euroclone, Celbar, Pero,
Italy), and 2 mm L-Glutamine (Euroclone, Celbar). The
cells were then incubated at 37 °C, in an incubator at 5%
CO.. Cell culture media was replenished every 3 days.

Primary cancer cell isolation

Primary cells were isolated from DMBA-induced tumors in
female Wistar rats. The animal was sedated with 2% iso-
flurane, sacrificed and the tumor mass was explanted,
washed in 70% ethanol, and put in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich, Milano, Italy)
high glucose (HG-DMEM) added with 300 U-mL~" peni-
cillin, 300 U-mL~!, streptomycin (Euroclone, Celbar). After
dissection in small parts with a scalpel, the tissue was incu-
bated with the digestion buffer, containing ultrapure
recombinant collagenases class I (Col G 106.4 U-g~!) and
class IT (Col H 453.2 U-g~") (Abiel) and Thermolysin (Pro-
mega, Madison, Wisconsin, US ) 266.4 pg-g~'. The diges-
tion was performed at 30 °C for 2 h in agitation and then
stopped with HG-DMEM containing 10% (v/v) fetal
bovine serum (FBS, Euroclone, Celbar). The sample was
washed three times with DMEM and centrifuged at 500 g
for 5 min to isolate cells. The pellet was resuspended in
DMEM/F12 medium added with 300 units-mL~" penicillin
G 300 mg-mL !, streptomycin (Euroclone, Celbar), 2 mm
L-Glutamine (Euroclone, Celbar) and 10% (v/v) FBS and
seeded on 50 pgmL™' (in  0.02 N acetic acid)
collagen-coated dishes and cultivated at 37 °C, in a humidi-
fied atmosphere of 5% CO, in sterile conditions [54].

Cells and spheroid culture

Primary isolated cells were cultured in DMEM high glucose
plus 1% penicillin/streptomycin, 1% L-Glutamine, and
10% FBS for 15 passages. Cells were maintained at 37 °C
in a humidified atmosphere with 5% CO,. To form spher-
oids, primary cancer cells were seeded into a 96-multiwell
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low-attachment plate coated with agarose, at 1 x 10* cells
per well, in complete DMEM, at 37 °C and 5% CO, and
were let grow for 6 days.

Proteomic-based characterization: protein
extraction and sample preparation

Cells from two-dimensional and three-dimensional cultures
were lysed in STET (10 mm Tris/HCI, 1 mm EDTA, 100 mm
NaCl, and 5% Triton X-100 (v/v)) with a protease inhibitor
cocktail (Roche, Basel, Switzerland) and centrifuged
(14,000 x g, 5 min) to eliminate cell membranes. Proteins
extracted were quantified with a colorimetric 660 nm micro
BCA assay. A protein amount of 30 pg per sample was sub-
jected to filter-aided sample preparation (FASP—with
10 kDa Vivacon 500 spin filter columns from Sartorius,
Gottinga, Germany), as previously described [55]. Samples
were then reduced and denatured with dithiothreitol (DTT)
(Sigma-Aldrich) in 200 pL of UA buffer (8 M Urea in 0.1 m
Tris/HCI, pH 8.5) and alkylated with 50 mm iodoacetamide
(IAA) (Sigma-Aldrich). After reduction and alkylation, sam-
ples were washed three times with UB buffer (8 m Urea in 0.1
Tris/HCI, pH 8.0) and sequentially digested with LysC (1 : 50
enzyme to protein ratio from Promega) and trypsin (1 : 100
enzyme to protein ratio, Promega). Then, peptides were eluted
from filter columns by centrifugation (14 000 g; 60 min) and
acidified with 20 pL of 8% formic acid (FA). Generated pep-
tides were desalted by stop-and-go extraction (STAGE) on
reverse phase C18 and eluted in 40 pL of 60% acetonitrile in
0.1% formic acid [56]. The volume was reduced in a SpeedVac
(Thermo Fisher Scientific, Waltham, Massachusetts, US), and
the peptides were resuspended in 20 pL of 0.1% formic acid.
The peptide concentration was measured with NanoDrop
2000 (Thermo Scientific).

uHPLC-MS/MS and data analysis

As previously described [57] for each sample, 1 pg peptides
were separated through a nanoLC system (Vanquish Neo
UHPLC, Thermo Scientific) equipped with an Acclaim
PEPMap C18 column (25 cm x 75 pm ID, Thermo Scien-
tific) in a 130 min binary gradient of water and acetonitrile
containing 0.1% FA. Separated peptides were injected into
an Exploris 480 mass spectrometer (Thermo Fischer Scien-
tific) for tandem mass spectrometry analysis. Proteins were
identified and quantified with label-free quantification
(LFQ) by using data-independent acquisition (DIA). DIA
was performed using an MS1 full scan (400-1200 m/z) fol-
lowed by 60 sequential DIA windows with an overlap of
1 m/z and window placement optimization option enabled.
Full scans were acquired with 120 000 resolution, AGC of
3 x 10° and a maximum injection time of 50 ms. After-
ward, 60 isolation windows were scanned with a resolution
of 30 000, an AGC of 8 x 10° and maximum injection

Degradation of endogenous ECM in tumor spheroids

time was set as auto to achieve the optimal cycle time.
Collision-induced dissociation fragmentation was induced
with 30% of the normalized HCD. The data were analyzed
by the software DIA-NN (version 1.8.1) by using a predicted
library generated from in silico digested Rattus norvegicus
(rat)  UniProt reference database (proteome ID
UP000002494) involving cuts at K* and R*, two missed
cleavages allowed, minimal peptide length set a 6. The false
discovery rate for peptide and protein identification was set
at 0.01%. Label-free quantification (LFQ) was used for
protein quantification. The LFQ values were log2 trans-
formed, and a two-sided Student’s ¢-test was used to evalu-
ate proteins statistically significantly regulated between
two-dimensional and three-dimensional culture (n = 5). The
mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD061082.

Western blot analysis

Cells 2D and 3D) were lysed on ice in RIPA buffer
(20 mm Tris, 150 mm NaCl, 0.1% Triton X-100, 1 mm
EDTA, pH 7.2) with a protease inhibitor cocktail. Lysates
were incubated in a sample buffer under reducing condi-
tions and fractionated with Sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS/PAGE) 10% and
transferred to nitrocellulose membranes (Amersham). The
membranes were blocked in PBS/Tween 0.1% (PBS/T) with
5% mnon-fat dried milk, incubated with the MMP-9
(Abcam, Cambridge, UK, ab38906) primary antibody
diluted 1 : 1000 in PBS/T, washed four times in blocking
solution, and incubated with HRP-conjugated secondary
antibodies (Sigma) followed by washing in PBS/T.

The membrane was exposed to Super Signal West Femto
Maximum Sensitivity substrate (Thermo Scientific), and
protein expression was detected by cHEMIDOC xRS (Bio-Rad,
Hercules, CA, USA).

Immunofluorescence staining and imaging

Cells were fixed in 3.7% formaldehyde (1 h for spheroids,
15 min for 2D cells, at room temperature) before permeabi-
lization in PBS supplemented with 0.1% Triton X-100
(5 min, room temperature, only for the 2D cells). They
were then blocked for 1 h at room temperature using PBS
with 1% BSA (Sigma-Aldrich, St. Louis, MO, USA). The
primary antibody used was Rabbit anti-collagen type I
(1 : 20, 234167, Millipore, Burlington, Massachusetts, US),
which was incubated overnight at 4 °C in a blocking
buffer. Cells were stained with the species-specific
fluorophore-conjugated secondary antibody (Invitrogen,
Waltham, Massachusetts, US) (2 h for spheroids, 1 h for
2D cells, at room temperature), actin cytoskeleton was
labeled with phalloidin-FITC (1 : 500 in PBS) for 30 min
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at room temperature, and nuclei were visualized with DAPI
(1 : 20 000 in PBS). Coverslips were mounted in a mount-
ing medium and examined on the confocal microscope
(Olympus FV10i and Stellaris 5, Leica, Wetzlar, Germany).
Z-stack imaging was carried out using a Fluoview FV10i
confocal laser scanning microscope system (Olympus,
Tokyo, Japan) at a magnification of 20x with a step size of
10 pm. All stacks were obtained at the same intensity set-
ting between groups. IMAGEJ software (NIH, US) was used
to analyze stacks of images.

Collagenase treatment of spheroids

Spheroids were grown for 6 days, as described, washed two
times in PBS, and then incubated with recombinant colla-
genases (Abiel srl) (20 UmL™! COLG and 80 U-mL™!
COLH) in DMEM without FBS for 1 h 15 min at 37 °C.
After incubation, they were washed two times with DMEM
with FBS to block collagenase activity.

Doxorubicin uptake study by confocal
microscopy

To assess the uptake of doxorubicin, spheroids untreated and
treated with recombinant collagenases were incubated with
20 pm doxorubicin for 2, 4, 8, or 24 h. Spheroids were then
processed for immunocytochemistry, as previously described.
IMAGEJ software was used to analyze stacks of images.

Spheroids’ area analysis

Spheroids, untreated or treated with collagenases, were
incubated with 20 pm doxorubicin for 24 h at 37 °C. After
treatment, spheroids’ areas were analyzed, including areas
of dead cells. The analysis was performed with IMAGEJ.

Cell viability assay

Spheroids, untreated or treated with collagenases, were
incubated with 20 um doxorubicin for 8, 16, and 24 h at
37 °C. After treatment, spheroids were washed three times
with PBS, resuspended in 50 pL of DMEM and an equal
volume of CellTiter-Glo® 3D Reagent (Promega) following
the Manufacturer’s protocol. Briefly, 100 mL medium was
replaced with 100 mL CellTiter-Glo 3D reagent on the
indicated day after growth/treatment. The plates were
shaken for 5 min at 240 g, incubated for 25 min at room
temperature, and the luminescent signal was recorded using
a luminometer (SinergyHT, BioTek, Winooski, VT, USA).

Statistical analysis

Statistical analyses were performed using GRAPHPAD PRISM
software (version 8.4.3) (Boston, MA, US). One-way

A. Lo Cicero et al.

ANOVA with Tukey’s post hoc test and two-way ANOVA
were used. The results are displayed as Mean 4+ SD, with
significance at a level of P-value < 0.05. Three to five repli-
cates were analyzed for each experimental group. The
experiments were performed three times.
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Abstract

Background Tumorigenesis is a complex and dynamic process in which the tumor microenvironment (TME) plays

a central role. In solid tumors, the TME contributes to key mechanisms of tumor progression, including metastasis,
immune evasion, and resistance to therapies. One major challenge in preclinical cancer research is the development
of reliable three-dimensional (3D) in vitro models, which more accurately replicate the in vivo tumor architecture and
microenvironmental conditions, such as hypoxia and extracellular matrix (ECM) organization. However, reproducing
functional vascular networks and neo-angiogenesis within these models remains a key challenge.

Methods In this study, an advanced 3D tumor model, referred to as angiotumoroids, was developed by co-culturing
primary murine breast tumor cells (PTCs) with species-specific adipose-derived microvascular fragments (MVFs).
Angiotumoroids were characterized using scanning electron microscopy and immunostaining, and angiogenesis was
evaluated through collagen gel sprouting assays. High-resolution proteomic profiling was conducted, focusing on
signatures associated with angiogenesis, extracellular matrix (ECM) composition, and tissue remodeling. Additionally,
the response and internalization to anticancer drug treatments were evaluated.

Results MVFs are successfully integrated in angiotumoroids, resulting in the formation of vasculature-like structures
and demonstrating robust structural organization with dynamic modulation of matrix metalloproteinase 9. Formation
of neovasculature was visualized through sprouting and branching, driven by both direct PTC-MVF interactions and
PTC-conditioned media, highlighting the roles of juxtacrine and paracrine signaling. Proteomic profiling revealed
distinct expression patterns associated with angiogenesis, ECM components (including collagen types | and IV), and
active ECM remodeling with elevated MMP expression. Additionally, angiotumoroids showed increased expression
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/of ATP-binding cassette (ABC) transporters, particularly ABCB1 (P-glycoprotein), suggesting potential mechanisms
of drug efflux. Functionally, angiotumoroids demonstrated reduced sensitivity to doxorubicin compared to PTC
spheroids, maintaining structural integrity and higher cell viability post-treatment. Time-course analysis revealed
preferential doxorubicin accumulation in MVF-enriched regions, as confirmed by colocalization with CD31, indicating
a spatially regulated distribution of the drug mediated by the vascular compartment.

Conclusions Collectively, these findings establish angiotumoroids as a robust and physiologically relevant in vitro

model for studying tumor vascularization, ECM dynamics, and therapeutic response. This platform holds significant
promise for predictive cancer research and preclinical drug screening, bridging the gap between traditional in vitro

systems and in vivo models.

\Keywords Angiogenesis, Spheroids, Microvascular fragments, Tumor microenvironment, 3D tumor model

Background
Solid tumor microenvironment (TME) plays a key role
in cancer development, providing a supportive niche for
tumor initiation, growth, and expansion. It surrounds
tumor cells, supplies essential nutrients and oxygen,
modulates tumor cell behavior, establishes an immuno-
suppressive environment to evade the immune system,
and acts as a barrier to effective drug delivery [1, 2]. The
TME consists of cellular components, such as cancer-
associated fibroblasts (CAFs), infiltrating immune cells,
endothelial cells, and pericytes from blood vessels, as
well as non-cellular components, including the extracel-
lular matrix (ECM) and signaling molecules [3]. Rapid
tumor cell proliferation depletes nutrients and oxygen
in the early stages of tumor growth, creating a hypoxic
environment that inhibits further tumor expansion [4]. In
response to hypoxia, the “angiogenic switch” is triggered,
reinitiating tumor growth by promoting new vessel for-
mation [5, 6]. This process is mediated by hypoxia-induc-
ible factors (HIFs), which are produced under low oxygen
conditions and drive tumor progression and angiogen-
esis by activating pro-angiogenic genes, such as vascu-
lar endothelial growth factor (VEGEF), platelet-derived
growth factor (PDGF), and matrix metalloproteinases
(MMP-2 and MMP-9). The interplay of these molecules
leads to sprouting angiogenesis, by specialized endothe-
lial cells known as tip cells, which guide the formation of
new vessels from pre-existing blood vessels [5] through
MMP-mediated degradation and ECM protein synthesis,
establishing stiffness and adhesion gradients [5, 7].
Vascularized regions within solid tumors significantly
impact drug uptake and, consequently, the efficacy of
chemotherapeutic treatments [8]. The effective delivery
of anticancer agents throughout solid tumors is primarily
determined by the structural and functional properties
of the tumor vasculature, as well as the physicochemical
characteristics of the extracellular matrix (ECM), which
govern drug transport within the target tissue. Addition-
ally, drug transport through the extravascular compart-
ment occurs via diffusion or convection, with penetration

depth often limited by rapid intracellular uptake of the
drug by tumor cells near microvascular structures [9].

To gain deeper insights into TME’s role and its inter-
actions with cancer cells, significant efforts are being
directed toward developing advanced three-dimensional
(3D) models that emulate the TME complexity [2]. In
recent decades, 3D cell cultures, such as spheroids and
organoids, have been developed to enable cells to grow
and interact within an environment that closely mimics
the solid tumors’ morphology and behavior [10]. Spher-
oids and organoids act as a bridge between monolayer
cell cultures and in vivo models, offering a more accu-
rate representation of the complex cellular interactions
and gradients present in solid tumors [11]. Moreover,
some tumor spheroids from primary cells have demon-
strated the ability to produce a capsule-like endogenous
ECM, which effectively replicates the solid tumor micro-
environment [12]. Furthermore, as the diameter of the
spheroid increases, the outer layers receive nutrients and
oxygen, while the inner core suffers from hypoxia, mod-
ulating gene expression, such as the activation of HIFs
[13]. Among the various types of spheroids, multicellular
tumor spheroids (MCTS), composed of different cyto-
types, most effectively mimic in vivo tumor gene expres-
sion, signaling, and cellular heterogeneity [14]. MCTSs
have been developed using numerous tumor cells, includ-
ing those from breast [11], lung [15], ovarian [16, 17],
liver [18], bladder [19], or prostate cancers [20]. To repli-
cate the TME, and particularly the tumoral angiogenesis,
Human Umbilical Vein Endothelial Cells (HUVECsSs) were
incorporated into MCTS, alongside various tumor cell
lines, resulting in capillary-like structures [21-23].

While HUVECs form vessel-like structures that closely
resemble the in vivo biological arrangement, it is chal-
lenging to fully replicate the entire microvascular net-
work, which consists of capillaries, venules, arteries, and
accessory cells. A promising solution to this limitation
is the involvement of Microvascular Fragments (MVFs),
which comprise intact vessel fragments, including capil-
laries, arteries, and veins. They retain the essential endo-
thelial framework and are associated with accessory
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cells, such as pericytes, mesenchymal stem cells, pro-
genitor cells, and macrophages [24, 25]. Microvascu-
lar fragments can be isolated from adipose tissue [26],
a readily available and abundant source that allows for
a straightforward isolation procedure. When cultured,
MVFs secrete growth factors like VEGF and FGEF, pro-
moting rapid microvessel growth and the formation of
functional microvascular networks capable of connecting
with host tissue upon implantation [25, 27, 28]. For the
first time, Nalbach and colleagues created MVF-derived
spheroids that demonstrated angiogenic activity and in
vivo vascularization capacity, suggesting their poten-
tial as vascularization units for future tissue engineering
applications [29]. Subsequently, MVFs have been used to
create adipose spheroids that demonstrated the ability to
sprout and form a new vascular network [30], as well as
to reconstruct subcutaneous adipose tissue when trans-
planted into in vivo localized scleroderma patients, where
they fostered an anti-fibrotic and pro-adipogenic micro-
environment that aided the regeneration of scleroderma
lesions [31]. Moreover, MVFs have been combined with
osteoblasts to generate spheroids, which, in this context,
exhibited sprouting and inosculation capabilities when
implanted into an in vivo murine model [32].

In this study, a novel 3D spheroid model named “angio-
tumoroids” was generated, combining primary murine
breast tumor cells with species-specific MVFs extracted
from adipose tissue. They exhibit endothelial integra-
tion, enhanced MMP9, vessel sprouting, and altered
doxorubicin uptake with reduced cytotoxicity. These fea-
tures make angiotumoroids a physiologically relevant “in
vitro” platform for studying tumor—vascular interactions,
angiogenesis, drug response, and therapeutic resistance
in cancer research.

Methods

Rat model

All animal experiments were approved by the Univer-
sity of Palermo. Authorization n° 523/2022-PR, issued
according to art. 31 del D.Igs. 26/2014 Istituto Superiore
di Sanita, Italy. Female Wistar rats were obtained from
ENVIGO RMS SRL.

Microvascular fragments (MVFs) isolation

MVFs were isolated from female Wistar rat visceral
adipose tissue [33]. The animal was sedated with 2%
Isoflurane, sacrificed and the adipose tissue from
abdominal region was explanted and put in Dulbecco’s
Modified Eagle’s Medium high glucose (HG-DMEM,
Sigma-Aldrich, Milano, Italy) added of penicillin 15.000
U/ml, streptomycin 300 pg/ml, and amphotericin B
0.75 pg/ml (Sigma-Aldrich, USA). The adipose tissue
was washed 3 times in Phosphate Buffered Saline (PBS)
w/o Ca®* and Mg?", then dissected into small parts with
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a scalpel. Furthermore, the tissue was incubated with
the digestion buffer, containing ultrapure recombinant
collagenases class II (Col H 300 U/gr) (Abiel srl) and
Thermolysin (Promega) 10 pg/ml. The digestion was per-
formed at 30 °C for 30 min under agitation. After 30 min,
the tissue was mixed and digested for further 20 min at
30 °C. The digestion was then stopped with HG-DMEM
containing 10% (v/v) fetal bovine serum (FBS, Euro-
clone, Celbar, Pero (MI) Italy). The sample was washed
three times with HG-DMEM and centrifuged at 700 g
for 10 min to isolate MVFs from the adipose tissue. The
MVFs pellet was resuspended in HG-DMEM added of
penicillin 15.000 U/ml, streptomycin 300 pg/ml, and
amphotericin B 0.75 pg/ml, 2 mM L-Glutamine (Euro-
clone, Celbar, Pero (MI) Italy) and 10% (v/v) FBS, and fil-
tered through a mesh (300 pm). The resulting MVFs were
counted in a Burker’s chamber.

Primary tumor cells (PTCs) and MVFs 3D co-culture

PTCs isolated from a breast tumor mass [12] were cul-
tured in HG-DMEM plus 1% penicillin/streptomycin,
1% L-Glutamine and 10% FBS (complete HG-DMEM).
Cells were maintained at 37 °C in a humidified atmo-
sphere with 5% CO,. To form angiotumoroids, PTCs
from passages 15 to 19 and isolated MVFs were co-cul-
tured in a 96-well low attachment plate in complete HG-
DMEM, at 37 °C and 5% CO, and were allowed to grow
for 5 days. Three co-culture formulations were obtained
using the same PTCs density (3x10% cells) co-cultured
with 60, 125, or 250 MVFs. Moreover, spheroids consti-
tuted only of MVFs (500 MVFs per spheroid) or only of
PTCs (3x10° PTCs per spheroid) were formed and used
as controls. The size and shape of angiotumoroids were
investigated by optical microscopy and analyzed through
Image] software.

Spheroids fixation and Preparation for scanning electron
microscopy (SEM) imaging

Spheroids were washed with complete PBS (3 times for
3 min) and fixed with 4% Glutheraldeyde in PBS for one
hour at 4 °C. Samples were then washed in complete PBS
(2 times for 3 min) and dehydrated with an increasing
ethanol solution at room temperature (30%, 70%, 90%,
and 100% in PBS, each wash for 5 min). After dehydra-
tion, 3D cultures were resuspended in hexamethyldisi-
lazane (HMDS, Sigma-Aldrich, 379212) for 10 min for
critical point drying. The stubs were covered with carbon
tape onto which the samples were dried at room tem-
perature. Then, the stubs were put into the sputter coater
device (Quorum SC7620) to coat the samples with plati-
num for 15 s. The images were acquired in a high vacuum
in Secondary Emission (SE) mode using SEM EVO 10
and analyzed using SmartSEM Touch software.
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Immunofluorescence staining and imaging of spheroids
and spheroids in collagen gels

Spheroids were fixed in 3,7% formaldehyde for one
hour at room temperature before permeabilization in
PBS supplemented with 0.1% triton X-100 (ON at 4 °C).
They were then blocked for one hour at room tempera-
ture using PBS with 1% BSA (Sigma-Aldrich, A7906).
The primary antibody used were Rabbit anti-CD31 (1:50,
ab222783, Abcam), Rabbit anti-Collagen Type I (1:20,
234167, Millipore), Rabbit anti-Collagen Type IV (1:100,
ab6586, abcam) and Mouse anti-ABCB1 (1:100, MA5-
13854, Invitrogen), which were incubated overnight at
4 °C in a blocking buffer. Spheroids were stained with
the species-specific fluorophore-conjugated secondary
antibody (Invitrogen) for four hours at room tempera-
ture. The Actin cytoskeleton was labeled with phalloidin-
FITC (1:500 in PBS, Sigma-Aldrich, P5282) for 30 min at
room temperature, while nuclei were labeled with DAPI
(1:20.000 in PBS, Sigma-Aldrich, D9542). Coverslips
were mounted in a mounting medium, and 3D cultures
were analyzed by confocal microscope (Olympus FV10i).
Z-stack imaging was carried out using a Fluoview FV10i
confocal laser scanning microscope system (Olym-
pus) at a magnification of 20x with a step size of 10 pm.
All stacks were obtained at the same intensity setting
between groups. Image] software was used to analyze
stacks of images.

Western blot analysis

Cells from 3D cultures were lysed in RIPA buffer (20 mM
Tris, 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, pH
7.2) with a protease inhibitor cocktail. Lysates were incu-
bated in a sample buffer under reducing conditions and
fractionated with Sodium dodecyl sulphate—polyacryl-
amide gel electrophoresis (SDS-PAGE) 10% and trans-
ferred to nitrocellulose membranes (Amersham). The
membranes were blocked in PBS/Tween 0.1% (PBS/T)
with 5% non-fat dried milk, incubated with the primary
antibody Rabbit anti-CD31 (1:1000, ab222783, abcam) or
Rabbit anti-ABCB1(1:500, A808889, antibodies) diluted
in PBS/T, washed four times in blocking solution and
incubated with HRP-conjugated secondary antibodies
(Sigma) followed by washing in PBS/T. The membrane
was exposed to Super Signal West Femto Maximum Sen-
sitivity substrate (Thermo Scientific), and protein expres-
sion was detected by ChemiDoc XRS (Biorad, Hercules,
CA, USA).

Gelatin zymography assay

15 pg of total proteins from 3D Cell lysates (as previ-
ously described) were analyzed by gelatin zymography in
10% acrylamide gels, containing 0.09% gelatin (SIGMA
Aldrich, USA). Gel was washed for 10 min in 2.5% Triton
X-100 at room temperature and incubated overnight at
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37°C in activation buffer (50 mM Tris-HCl, 2 mM CaCl,,
NaN3 0.02%, Triton X100 1,5%). Gel was stained for 1 h
with Coomassie Brilliant Blue R-250 (0.2% Coomassie
Brilliant Blue R-250, 40% methanol, 10% acetic acid in
H,0) and destained in H,O. White bands were quantified
using Image] software.

Collagen gel for embedding of MVFs and angiotumorids
and sprouting analysis

The isolated MVFs, angiotumoroids and control spher-
oids were embedded in a collagen gel composed of 35,3%
Buffer solution (PBS 2X, 100 mM HEPES, pH 7.4), 35,3%
type I collagen from rat tail (3 mg/ml), and 29,4% of com-
plete HG-DMEM [34]. The isolated MVFs (iMVFs) were
grown in collagen gel for 1 week, while angiotumoids and
control spheroids (MVF and PCT) were embedded for 2
days. The number of sprouts was quantified by analyzing
optical microscopy images with Image] software.

Treatments with conditioned media from PTCs and
sprouting analysis after treatment

The MVF spheroids were embedded in collagen gel and
treated with a PTC-conditioned medium recovered from
30.000 PTC cells grown in 2D monolayer condition. As a
control, MVF spheroids were embedded in collagen gel
and grown in complete HG-DMEM. On day 1 and day 2,
the number of sprouts was quantified by analyzing opti-
cal microscopy images with Image]J software.

Proteomic-based characterization: protein extraction and
sample Preparation

Angiotumoroids, PTC and MVFs spheroids were lysed
in STET (10 mM Tris-HCI, 1 mM EDTA, 100 mM NacCl,
and 5% Triton X-100 (v/v)) with protease inhibitor cock-
tail (Roche) and centrifuged (14.000 rpm, 5 min) to elimi-
nate cells membranes. Proteins extracted were quantified
with colorimetric 660 nm microBCA assay. A protein
amount of 30 pg per sample was subjected to filter-aided
sample preparation (FASP - with 10 kDa Vivacon 500 spin
filter columns from Sartorius), as previously described
[35]. Samples were then reduced and denatured with
dithiothreitol (DTT) (Sigma-Aldrich) in 200 ul of UA
buffer (8 M Urea in 0.1 M Tris/HCI, pH 8.5) and alkyl-
ated with 50 mM iodoacetamide (IAA) (Sigma-Aldrich).
After reduction and alkylation, samples were washed
three times with UB buffer (8 M Urea in 0.1 Tris/HCI, pH
8.0) and sequentially digested with LysC (1:50 enzyme to
protein ratio from Promega) and trypsin (1:100 enzyme
to protein ratio, Promega). Then, peptides were eluted
from filter columns by centrifugation (14,000 x g; 60 min)
and acidified with 20 pl of 8% formic acid (FA). Gener-
ated peptides were desalted by stop-and-go extraction
(STAGE) on reverse phase C18 and eluted in 40 pl of 60%
acetonitrile in 0.1% formic acid [36]. The volume was
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reduced in a SpeedVac (Thermo Fisher Scientific) and the
peptides were resuspended in 20 pl of 0.1% formic acid.
The peptide concentration was measured with Nanodrop
2000 (Thermo Scientific).

uHPLC-MS/MS and data analysis

As previously described [37] for each sample 1 pg pep-
tides were separated through a nanoLC system (Van-
quish Neo UHPLC, Thermo Scientific) equipped with
an Acclaim PEPMap C18 column (25 cm x 75 pum ID,
Thermo Scientific) in a 110 min binary gradient of water
and acetonitrile containing 0.1% FA. Separated peptides
were injected into an Exploris 480 mass spectrometer
(Thermo Fischer Scientific) for tandem mass spectrom-
etry analysis. Proteins were identified and quantified
with label-free quantification (LFQ), by using data-inde-
pendent acquisition (DIA). DIA was performed using
an MS1 full scan (380 m/z to 980 m/z) followed by 49
sequential DIA windows with an overlap of 1 m/z and
window placement optimization option enabled. Full
scans were acquired with 120,000 resolution, AGC of
3x106, and a maximum injection time of 50 ms. After-
ward, 49 isolation windows were scanned with a reso-
lution of 30,000, an AGC of 8x105 and maximum
injection time was set as auto to achieve the optimal
cycle time. Collision-induced dissociation fragmentation
was induced with 28% of the normalized HCD. The data
were analyzed by the software DIA-NN (version 2.0.2) by
using a predicted library generated from in silico digested
Rattus norvegicus (rat) Uniprot reference database (pro-
teome ID UP000002494) involving cuts at K* and R*, two
missed cleavage allowed, minimal peptide length set a 6.
The false discovery rate for peptide and protein identifi-
cation was set at 0.01%. Label-free quantification (LFQ)
was used for protein quantification. The LFQ values were
log2 transformed and a two-sided Student’s t-test was
used to evaluate proteins statistically significantly regu-
lated between two-dimensional and three-dimensional
culture (n=4). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consor-
tium via the PRIDE partner repository with the dataset
identifier PXD067876.

Doxorubicin uptake study by confocal microscopy

To assess the uptake of Doxorubicin, angiotumoroids
with 125 MVFs and PTC spheroids were incubated with
10uM Doxorubicin for 30 min, 1 h, 2 h, or 4 h. Spher-
oids were then processed for immunocytochemistry, as
previously described, and analyzed with Fluoview FV10i
confocal laser scanning microscope system (Olympus).
Image] software was used to analyze stacks of images.
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Cell viability assay

Angiotumoroids with 125 MVFs and PTC spheroids were
incubated with 10 pM Doxorubicin for 24 h at 37 °C in
a humidified atmosphere with 5% CO,. After treatment,
spheroids were washed three times with PBS, resus-
pended in 100 pl of DMEM and an equal volume of
CellTiter-Glo® 3D Reagent (Promega) following the Man-
ufacturer’s protocol. Briefly, 100 uL medium was replaced
with 100 uL CellTiter-Glo 3D reagent on the indicated
day after growth/treatment. The plates were shaken for
5 min at 240 rpm, and incubated for 25 min at room tem-
perature, and the luminescent signal was recorded using
a luminometer (SinergyHT, BioTek, Winooski, VT, USA).

Statistical analysis

The results are presented as the mean + standard devia-
tion (SD). Statistical comparisons were made using one-
way ANOVA and 2-way ANOVA. Statistical tests were
performed with GraphPad Prism. A p-value<0.05 was
considered statistically significant.

Results

Adipose-derived microvascular fragment isolation and 3D
co-culture with primary tumor cells

Microvascular Fragments (MVFs) were isolated from vis-
ceral adipose tissue of female Wistar rats (Fig. 1A). The
tissue was digested using a blend of ultrapure recombi-
nant collagenase (COLH - Class II) and thermolysin as
reported in the materials and methods section, yielding
approximately 20.000 MVFs per gram of adipose tissue.
MVFs ranged in length from 50 pm to 300 pm, with an
average lumen diameter of 18 pm. They displayed small
lateral branches and retained traces of blood within their
lumen (Fig. 1B). Scanning Electron Microscopy (SEM)
analysis (Fig. 1C) revealed the tubular structure of iso-
lated MVFs and the presence of erythrocytes in vessels,
while adipocytes were absent, indicating the efficiency
of the isolation protocol in removing adipose tissue. Iso-
lated MVFs were embedded in a type I collagen gel and
maintained for seven days to assess their viability. After 3
days, isolated MVFs showed vessel sprouting and branch-
ing, which progressively increased in number and net-
work complexity over time (Fig. 1D). Furthermore, after
seven days, some lateral branches derived from different
fragments were fused, mimicking in vitro the angiogenic
process that typically occurs in vivo.

To develop a reliable and reproducible in vitro tumor
model with a well-organized and natural TME, primary
tumor cells (PTC) from a rat breast tumor mass were
combined with MVFs. The PTCs and the MVFs were
seeded in low-attachment conditions to develop three-
dimensional (3D) in vitro structures named “angiotu-
moroids” Angiotumoroids were generated by varying the
number of MVFs in culture (60, 125, or 250 MVFs), while
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Fig. 1 Adipose-derived microvascular fragment isolation and 3D co-culture with primary tumor cells. (A) Rat visceral adipose tissue. (B) MVFs analysis
through optical microscopy and (C) Scanning Electron microscopy (SEM), Scale bar: 20 um and 10 um, respectively. White arrows indicate the erythro-
cytes. (D) Isolated MVFs included in type | collagen gel at days 1 (D1), 3 (D3), 5 (D5), and 7 (D7). Scale bar: 10 um. (E) Optical microscope analysis of primary
tumor cell spheroids (PTC), angiotumoroids with 60 (+60MVFs), 125 (+ 125MVFs), or (+250MVFs) 250 MVFs and MVF spheroids at days 0 (D0), day 1 (D1),
day 2 (D2), and day 5 (D5). Scale bar: 100 um. (F) Spheroid diameter analysis on day 5. Six spheroids were analyzed for each condition. Data are mean +SD.

(G) SEM analysis of spheroid on day 5. Scale bar: 30 um

maintaining the number of PTC constant (3 x 10% cells/
well) per condition. Additionally, spheroids consisting of
only MVFs, or PTCs were formed as controls.

Optical microscopy analyses were performed to inves-
tigate spheroid structure and size evolution from 0 to 5
days post-seeding (Fig. 1E). PTC spheroids were formed
one day after seeding, exhibiting a compact and well-
defined structure that was maintained over time. All

angiotumoroid formulations (+60, +125, and +250
MVFs) were also formed by day 1 and showed increased
compaction in a time-dependent manner, while MVF
spheroids spent five days organizing themselves, suggest-
ing a significant role for PTCs in driving the process of
formation of spheroidal structures.

As expected, angiotumoroids presented a larger
diameter compared to the controls. However, at 5 days
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post-seeding, those with 250 MVFs were less homo-
geneous in size compared to the other conditions, with
diameters ranging from 200 um to 445 um (Fig. 1F). This
variability is probably due to an excess of MVFs com-
pared to PTCs, leading to the formation of “satellite”
structures that partially sequester the PTCs. Therefore, to
better investigate component integration and morphol-
ogy, both angiotumoroids and controls were analyzed
by SEM at day 5 (Fig. 1G). PTC spheroids, along with
those containing 60 and 125 MVFs, and with MVEF-only
spheroids, exhibited a similar morphology, with a com-
pact ovoid structure and rounded cells on the surface.
In contrast, spheroids with 250 MVFs had a distinct
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morphology, characterized by cells on the surface not
perfectly integrated, suggesting a lack of structural
compactness.

Integration of microvascular fragments into
Angiotumoroids correlates with increased MMP9
expression

To evaluate the presence and distribution of MVFs
within the 3D structures, both angiotumoroids and con-
trols were analyzed for the expression of the endothelial
vascular marker CD31 (Fig. 2A). At day 5, CD31 was
uniformly distributed in both MVF and angiotumor-
oid, while no signal in the PTC spheroids was detected.
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Fig. 2 Integration of microvascular fragments into angiotumoroids correlates with increased MMP9 expression. (A) Confocal microscope of primary
tumor cell spheroids (PTC), angiotumoroids with 60 (+60MVFs), 125 (+125MVFs), or 250 (+ 250MVFs) MVFs, and spheroids of MVFs, stained with phalloi-
din-FITC (green), anti-CD31 antibody (red), and DAPI (blue) at day 5. Scale bar: 100 um. (B) Central section at the confocal microscope of angiotumoroids
with 125 MVFs, stained with phalloidin-FITC (green), and anti-CD31 antibody (red). Arrows point to vasculature, CD31 positive. (C) Western blot analysis
for CD31 and (D) Zymography assay of protein extract from PTC spheroids, angiotumoroids with 60 (+60MVFs), 125 (+125MVFs), or 250 (+250MVFs)
MVFs, and MVFs spheroids. (E-1) Quantification of the gelatinolytic activity of the samples. The matrix metalloproteases (MMPs) analyzed were: MMP
complex (E); pro-MMP9 (F); active MMP9 (G); pro-MMP2 (H); active MMP2 (1). Data are mean + SD. Statistical analysis (one-way ANOVA) was performed

(h=3) (*p<0.05;**p<0.01)
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Notably, angiotumoroids exhibited a gradual increase in Furthermore, MVFs successfully integrated into the
CD31 expression throughout the structure, directly cor-  angiotumoroids, forming vasculature-like structures
related to the number of MVFs seeded per spheroid. (Fig. 2B). These data were also confirmed by western
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Fig. 3 Angiotumoroids sprouting in collagen gel and the influence of PTCs in necangiogenesis. (A) Primary tumor cell spheroids (PTC), angiotumoroids
with 60 (+60MVFs), 125 (+ 125MVFs) or 250 (+ 250MVFs) MVFs and spheroids of MVFs in collagen gel at day 0 (D0), day 1(D1) and day 2 (D2). Scale bar:
100 pm. (B) Quantification of the number of sprouts at D2 and (C) length of sprouts at D1 and D2. Data are mean + SD. Statistical analysis (2-way ANOVA)
was performed (n=3) (*p<0.05). (D) Angiotumoroids with 125 MVFs (+ 125 MVFs) interconnected in collagen gel. Scale bar: 50 pm and 25 um for the
magnification, respectively. (E) MVF spheroids incubated in collagen gel with control DMEM (MVFs) or with PTC conditioned medium (MVFs +PTC CM)
atday 1 (D1) and day 2 (D2). Scale bar: 100 um. (F) Quantification of the number of sprouts (G) and branches at D1 and D2 in MVFs spheroids incubated
in collagen gel with control DMEM (Control) or with primary tumor cells conditioned medium (PTC CM). Data are mean £ SD. Statistical analysis (2-way
ANOVA) was performed (n=3) (*p <0.05; **p < 0.01; ***p <0.001)
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blot assay, in which it is evident that the CD31 signal
increased in a MVF density-dependent manner (Fig. 3C).

Since matrix metalloproteinases (MMPs), particularly
MMPY, are directly involved in tumor angiogenesis,
zymography assays were carried out on the total pro-
teins isolated from angiotumoroids and control spher-
oids (Fig. 2D). MMP expression patterns were compared
to those of PTC spheroids (Fig. 2D). The MMP complex
activity was proportionally augmented in angiotumoroids
as the number of MVFs increased, while it was signifi-
cantly less in PTC spheroids (Fig. 2E). The catalytic activ-
ity, induced by the zymography process, of pro-MMP9
was significantly enhanced in angiotumoroids with 125
and 250 MVFs and MVF spheroids compared to the PTC
spheroids, which exhibited three times lower activity
(Fig. 2F). Interestingly, the enzymatic activity of active-
MMP9 was notably higher in angiotumoroids with 125
and 250 MVFs compared to PTC spheroids, an increase
not observed in the MVFs spheroids (Fig. 2G), suggesting
a potential effect due to a crosstalk between PTC/MVFs
co-culture. Additionally, MMP2 activity analysis revealed
no significant differences in the pro- and active forms
between angiotumoroids and MVFs or PTC spheroids
(Fig. 2H-I). Taken together, these data suggest that dif-
ferent amounts of MVFs combined with primary tumor
cells may modulate the MMPs’ activity differently, espe-
cially MMPO.

Angiotumoroids sprouting in collagen gel and the
influence of PTCs in neoangiogenesis

To investigate the neo-angiogenic process in angiotu-
moroids, they were embedded in 3D collagen gel. Ves-
sel sprouting was evaluated through optical microscopy
up to 2 days post-embedding (Fig. 3A). As expected, the
PTC spheroids exhibited a loss of compactness and integ-
rity over time, given by cell migration into the gel, with no
vessel formation observed. Angiotumoroids with 60 and
125 MVFs and MVF spheroids showed visible sprout-
ings on the first day after embedding, which increased
the following day (day 2). Interestingly, angiotumor-
oids with 60 and 125 MVFs presented a higher num-
ber of newly formed vessels and branching than MVF
spheroids (Fig. 3B), suggesting an effect on the crosstalk
between tumor cells and MVFs. Moreover, angiotumor-
oids with 125 MVFs generated longer sprouts than those
with 60 MVFs, reaching lengths at day 2 comparable to
those observed in MVFs spheroids (Fig. 3C). In contrast,
angiotumoroids with 250 MVFs exhibited rounded cells
surrounding the spheroids on the same embedding day,
suggesting reduced compactness relative to other condi-
tions. Therefore, by the first day, only a few new vessels
had sprouted, with single cells migrating outward, and
no increase in sprout number was observed on day two
compared to day one.
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Although both 125 MVFs and 250 MVFs presented
high active MMP9 levels, these data showed that only
125 MVFs can sprout and branch after embedding in col-
lagen gel. By contrast, 60 MVFs spread in a 3D gel despite
showing a slightly lower expression of active MMP-9.
Furthermore, when two 125 MVF angiotumoroids were
cultured within the same collagen gel, interconnection
between them was observed after 2 days, with new vessel
formation extending to connect with sprouts from neigh-
boring spheroids (Fig. 3D).

To determine whether the pro-angiogenic effects of
PTCs on vessel sprouting were due to direct contact
interactions or the release of soluble factors, MVF spher-
oids were embedded in collagen gels and treated with a
PTC-conditioned medium (Fig. 3E). Optical microscopy
images were acquired up to two days post-treatment.
After 24 h, sprouts in spheroids treated with the condi-
tioned medium increased by 2.2-fold compared to MVF
control spheroids. Notably, after 48 h, this difference
became statistically significant (Fig. 3F). Additionally, the
analysis of vessel branching revealed increased ramifica-
tion of the sprouts in MVF spheroids treated with con-
ditioned media (Fig. 3G). These data confirm the direct
involvement of PTCs in modulating the angiogenic pro-
cess in angiotumoroids, highlighting the role of soluble
factors released by PTCs in promoting neoangiogenesis.

Proteomic profiling reveals vascular-specific tumor
microenvironment remodeling and ABCB1 upregulation in
Angiotumoroids

Angiotumoroids with 125 MVFs emerged as the most
robust and reliable vascularized tumor models, based on
their structural integrity, capacity to modulate MMP9
activity, and ability to promote new vessel sprouting and
branching. To further characterize these models, high-
resolution proteomic analysis was performed on angio-
tumoroids, PTC spheroids, and MVF spheroids, with a
particular focus on proteins involved in angiogenesis,
ECM composition, and remodeling. The analysis identi-
fied 5629 total proteins (of which 27 proteins are involved
in angiogenesis, 60 in ECM composition and remodel-
ing — according to Perseus software). (Supplementary
Table 1). Principal Component analysis (PCA) demon-
strated that the proteomic profiling of angiotumoroids
was clearly separated from that of MVF spheroids and
of PTC spheroids (Fig. 4A). We used label-free quanti-
fication to evaluate the relative abundance of proteins
in angiotumoroids compared to PTC and MVF spher-
oids. Label-free quantification was used to evaluate the
relative abundance of proteins in angiotumoroids com-
pared to PTC and MVF spheroids. 5093 proteins were
found in angiotumoroids and PTC spheroids, of which
1587 significantly altered between the two samples
(Fig. 4B). 773 proteins were significantly more abundant
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Fig. 4 (A) Principal Component analysis (PCA) of 125 MVFs (+ 125MVFs), MVFs spheroids, and primary tumor cell spheroids (PTC). (B) Volcano plot for
the proteins identified in four biological samples of angiotumoroids with 125 MVFs (+125MVFs) and MVFs spheroids. (C) Volcano plot for the proteins
identified in four biological samples of +125MVFs and PTC spheroids. (D) Heatmap generated based on protein z-scores in +125MVFs, MVFs spheroids
and primary tumor cell spheroids (PTC) involved in angiogenesis (E) and ECM composition and remodelling. (F) Confocal microscope of primary tumor
cell spheroids (PTC), and angiotumoroids with 125 MVFs (+ 125MVFs) stained with phalloidin-FITC (green), antibody anti-Collagen Type | (red) or Collagen
Type IV (red) at day 5 post seeding. Scale bar: 100 um. (G) LFQ (label-free quantification) intensity of the most significant MMPs (Matrix Metalloproteinases)
(H) and ABC transporters differentially expressed in angiotumoroids with 125 MVFs (+125MVFs), spheroids of MVFs and primary tumor cell spheroids

(PTC) (n=4)

in angiotumoroids than in PTC spheroids, including
MMP?Y, in line with previous results, and other proteases
involved in ECM turnover, such as MMP13, MMP10, and
A disintegrin and metalloproteinase with thrombospon-
din motifs 1 (ADAMTS1). Furthermore, among increased
proteins, there were proteins involved in metabolic pro-
cesses such as the platelet glycoprotein 4 (CD36), Adipo-
nectin d (Adipoq) and the vascular endothelial growth
factors A (VegfA). 814 proteins were less abundant in the
angiotumoroids compared to the PTC spheroids. Among
these, a group of proteins located in the inner membrane
of the mitochondrion and involved in cellular respiration
were the most altered (including NDUFS1, NDUFV1,
NDUFV2, NDUFB7, FOXRED], etc.), as also proteins
of the ECM such as Chondroitin Sulfate Proteoglycan 4
(CSPG4) and Collagen type I (Collal).

When angiotumoroids were compared with MVF
spheroids, the relative abundance of 2342 proteins was
significantly altered (Fig. 4C). 1070 proteins increased
in angiotumoroids, including stefin A2-like 1 (Stfa2ll),
Protein S100-G (S100g) and some protein transport-
ers, including the phospholipid-transporting ATPase
(Atp8al), sodium- and chloride-dependent taurine trans-
porter (Slc6a6), and two subunits of the Sodium: Potas-
sium-Exchanging ATPase Complex (Fxyd2 and Atplbl).
Notably, several ECM remodeling proteins were more
abundant, such as MMP3, MMP10. In contrast, 1272
proteins were decreased in angiotumoroids compared to
MVFs spheroids, including several ECM-related proteins
such as the extracellular superoxide dismutase [Cu-Zn]
(SOD3), collectin-12 (COLEC12), tenascin-C (Tnc), and
fibrillin-1 (Fbnl).
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Fig. 5 ABCB1 expression and drug sequestration in angiotumoroids. (A) Western blot analysis for ABCB1 in Primary tumor cell spheroids (PTC) and an-
giotumoroids with 125 MVFs (+ 125MVFs). (B) Confocal microscope of primary tumor cell spheroids (PTC), angiotumoroids with 125 (+125MVFs) MVFs
stained with anti-ABCB1 antibody (green) and anti-CD31 antibody (red) at day 5. Scale bar: 100 um. (C) Primary tumor cell spheroids (PTC) and angio-
tumoroids with 125 MVFs (+125MVFs) after 24 h of treatment with 10 uM doxorubicin. Scale bar 100 um. (D) Cell viability assay of primary tumor cell
spheroids (PTC) and angiotumoroids with 125 MVFs (+125MVFs) after 24 h of treatment with 10 pM doxorubicin (DXR). PTC C and + 125MVFs C are the
controls (not treated spheroids). Data are mean + SD. Statistical analysis (2-way ANOVA) was performed (n=3) (***p <0.001). (E) Fluorescence analysis of
10 uM doxorubicin uptake in primary tumor cell spheroids (PTC) and angiotumoroids with 125 MVFs (+125MVFs) at different time points (30 min, 1 h, 2 h,
4 h). Scale bar: 30 pm. Red: doxorubicin autofluorescence. (F) Quantification of the fluorescence intensities was analyzed and normalized to + 125MVFs at
4 h. Data are mean + SD. Statistical analysis (2-way ANOVA) was performed (n=3) (**p <0.01). (G) Angiotumoroids with 125 MVFs stained with anti-CD31

antibody (green) and doxorubicin (DXR) (red). Scale bar: 200 um

Relative quantification of angiogenesis-related proteins,
based on UniProt Gene Ontology annotations, revealed
marked differences among the models. Specifically, six
angiogenic proteins, including neuropilin-1 (NRP1) and
MMP2, were significantly decreased in angiotumoroids.
In contrast, five proteins were significantly upregulated
compared to PTC spheroids, such as VEGFA and Epi-
regulin (EREG), highlighting a tumor cell-mediated pro-
angiogenic profile. When compared to MVF spheroids,
only two proteins, protein kinase C alpha (referred to
as PRKCA by gene name) and Protein Tyrosine Kinase
2 Beta (PTK2B), were significantly augmented (Fig. 4D).
These proteomic differences suggest that angiotumor-
oids represent a distinct biological model with features
that diverge from both PTC and MVF controls. Notably,
angiotumoroids not only contain MVFs with angiogenic
sprouting potential but also exhibit altered ECM compo-
sition and remodeling, as revealed by proteomics analysis
(Fig. 4E). Remarkably, ECM components such as Col-
lagen Type I and Collagen Type IV remained abundant
in the vascularized tumor model (Fig. 4F), supporting

the presence of a structurally rich ECM. In parallel, a
more complex ECM remodeling scenario was indicated
by increased levels of several MMPs, including MMP3,
MMP9, MMP10, MMP11, and MMP13 (Fig. 4G), under-
scoring the critical roles these enzymes play in promot-
ing tumor angiogenesis and matrix degradation.

Furthermore, proteomic analysis identified altered
expression of several ATP-binding cassette (ABC) trans-
porters, with ABCB1 (P-glycoprotein) being significantly
more abundant in angiotumoroids compared to both
PTC and MVF controls (Fig. 4H). Given ABCB1’s well-
established role in drug efflux and chemoresistance [38],
its elevated expression suggests that angiotumoroids may
also serve as a relevant platform for studying drug distri-
bution and resistance mechanisms within a vascularized
TME.

ABCB1 expression and drug sequestration in
Angiotumoroids

To investigate the expression and distribution of ABCB1
in angiotumoroids containing 125MVFs, western blot
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analysis was performed, confirming a significant upreg-
ulation of ABCB1 protein compared to PTC spheroids
(Fig. 5A). Consistently, immunofluorescence staining
revealed minimal ABCB1 expression in PTC spheroids,
whereas in angiotumoroids, ABCB1 was clearly localized
to both endothelial and tumor cell compartments, indi-
cating a broader functional role within the vascularized
TME (Fig. 5B).

To assess drug accessibility and cytotoxic response in
this model, angiotumoroids were treated with doxorubi-
cin five days post-formation, and viability was assessed
24 h after drug exposure. Compared to PTC spheroids,
which exhibited widespread cell death, angiotumoroids
maintained a more compact structure (Fig. 5C). Quanti-
tative analysis revealed a significantly higher survival rate
in angiotumoroids (60%) compared to PTC spheroids
(23%) (Fig. 5D), indicating that doxorubicin may be par-
tially retained or sequestered within the angiotumoroid
structure, potentially limiting its cytotoxic penetration
and efficacy.

To further explore the role of MVFs on drug distri-
bution, doxorubicin uptake was monitored over time
(30 min, 1 h, 2 h, and 4 h) by measuring doxorubicin
autofluorescence in angiotumoroids and PTC spher-
oids (used as controls; Fig. 5E). Both models exhibited
a time-dependent increase in fluorescence intensity,
indicating progressive intracellular drug accumulation.
However, angiotumoroids displayed a markedly stron-
ger fluorescent signal already after 30 min of incubation
(Fig. 5F), suggesting facilitated drug uptake or compart-
mentalization in specific regions. Importantly, fluores-
cence in angiotumoroids was predominantly localized to
MVE-rich regions, as confirmed by colocalization with
the endothelial marker CD31 (Fig. 5G). This spatial dis-
tribution suggests that the vascular components within
the angiotumoroids may play an active role in modu-
lating drug distribution and local transport dynamics,
contributing to a more physiologically relevant tumor
microenvironment.

Discussion

Solid tumors are characterized by a highly complex
microenvironment composed of tumor vasculature, con-
nective tissue, infiltrating immune cells, and the tumor
extracellular matrix (TEM) [39]. Given the intricate
nature of tumor biology and the limitations of traditional
two-dimensional culture models, three-dimensional (3D)
tumor spheroids have emerged as a more relevant model
for cancer research in vitro, making them invaluable for
investigating cancer characteristics, progression, drug
responses, and therapeutic resistance. 3D models can
mimic solid tumor structures, developing features like a
hypoxic core [13] and an ECM [12] that partially recreates
the tumor microenvironment (TME). However, the TME
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extends beyond the extracellular matrix, encompass-
ing various associated cells, including cancer-associated
fibroblasts and tumor-associated macrophages, as well
as a functional vascular network. Angiogenesis is essen-
tial for tumor growth and metastasis, making its accurate
replication in 3D models a key step toward achieving in
vivo conditions. While many studies have incorporated
endothelial cells (e.g,, HUVECs) into tumor spheroids
[23, 40], the resulting vascular networks often remain
underdeveloped. To address these limitations, this study
aimed to develop a novel model incorporating murine
adipose-derived microvascular fragments (MVFs) along-
side primary murine breast cancer cells (PTCs). MVFs
are intact fragments of blood vessels comprising a mix-
ture of capillaries, veins, and arteries. They retain all the
defining features of fully formed blood vessels, including
accessory cells, such as pericytes [26]. In research, MVFs
have been widely used to establish functional vascular
networks within collagen matrices. They have demon-
strated the ability to integrate with the host’s circulatory
system following transplantation, ensuring graft survival
by facilitating the delivery of oxygen and nutrients, and
removing metabolic toxic products [27]. Isolated MVFs
have been employed to generate 3D spheroids, either
alone or in combination with other cell types such as adi-
pocytes or osteoblasts [32]. Furthermore, human MVFs
have been used to model tumor angiogenesis by placing
them adjacent to colorectal cancer spheroids [41]. Based
on the unique capabilities of MVFs, this study explores
their use as a tool to more accurately mimic the TME. To
achieve this goal, an essential initial step was the devel-
opment of a well-defined and reproducible protocol for
isolating MVFs from the visceral adipose tissue of Wistar
rats. Structural analysis by scanning electron microscopy
(SEM) confirmed the complete removal of surrounding
adipose tissue and revealed a clean vascular morphology.
The MVFs not only preserved their structural integrity
but also exhibited sprouting and branching activity.

To develop a more physiologically relevant in vitro
tumor model, PTCs isolated from rat mammary tumors
were combined with MVFs to form 3D models referred
to as “angiotumoroids” By varying the number of MVFs
included in the model (60, 125, or 250) while maintain-
ing a constant number of PTCs, we aimed to explore the
impact of the vascular system on the structural organi-
zation and potential functionality of these models. The
addition of MVFs significantly affected the angiotumor-
oids’ structural development over time. Constructs with
the highest MVF number (250) exhibited increased size
variability and a less compact morphology, indicating
that an excessive vascular load might hinder the self-
organizing ability of tumor cells. SEM analyses revealed
notable differences in structural integrity. Angiotumor-
oids with intermediate MVF content showed a cohesive
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and well-organized architecture, characterized by closely
packed cell populations and integrated microvascular
elements. Conversely, angiotumoroids with 250 MVFs
revealed surface cells that were not fully incorporated
into the structure; probably, due to the excess of satellite
microvessels that sequester part of the PTCs, preventing
the formation of angiotumoroids with a compact struc-
ture. Interestingly, angiotumoroids required approxi-
mately five days to compact, and this temporal delay
is in contrast with PTC spheroids, which became com-
pact earlier and displayed a more uniform structure
from the initial stages. This suggests that while MVFs
enrich the biological relevance of the model, their inclu-
sion also adds complexity, impacting the kinetics of
tissue-like organization. Overall, these findings indi-
cate a need to balance the use of vascular components
to improve the physiological relevance while preserving
the structural integrity essential for reliable analysis. The
angiotumoroids, particularly those composed of an inter-
mediate MVF density, provide a valuable tool for explor-
ing tumor—vasculature interactions and developing more
predictive systems in therapeutic approaches.

The integration of the MVFs into 3D angiotumoroid
models leads to a progressive formation of vascular-
like structures, indicated by CD31 positivity [42]. The
increase in CD31 expression with a higher number of
MVE, evidenced through both immunofluorescence and
western blot analyses, confirms successful integration
of endothelial structures and the potential formation of
a vascular-like network within the angiotumoroids. In
these models, MVFs and tumor cells crosstalk modulate
proteolytic activities, especially those involved in angio-
genesis. MMPs, particularly MMP9, are essential for
ECM remodeling and angiogenesis [43, 44]. MMP9 activ-
ity, specifically its active form, was markedly elevated in
PTC co-cultured with 125 and 250 MVFs, suggesting that
vessels-tumor cell interactions are essential for full enzy-
matic activation. In contrast, MMP2 activity remained
relatively constant across conditions, indicating a consti-
tutive expression pattern by tumor cells that is not modu-
lated by endothelial interaction. However, these findings
highlight the importance of cellular crosstalk in shaping
the tumor microenvironment and reinforce the angiotu-
moroids as a robust model for investigating tumor angio-
genesis and matrix remodeling.

Neo-vasculature formation is critical for solid tumor
progression, and embedding angiotumoroids in a colla-
gen matrix provided a dynamic in vitro model to evalu-
ate angiogenic potential under various MVF densities.
While PTC spheroids showed no signs of neovascular-
ization with a progressive loss of structural integrity due
to peripheral cell migration, angiotumoroids with 60 and
125 MVFs displayed an enhanced and time-dependent
endothelial sprouting response. This vascularization is
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more than observed in MVF spheroids. Notably, angio-
tumoroids containing 125 MVFs not only exhibited a
higher expression of MMP9 but also the most robust and
branched sprouting. The synergistic interaction between
MVFs and PTCs was confirmed by treating MVF spher-
oids with PTC-conditioned medium, which significantly
boosted both sprout formation and branching complex-
ity over time, making one assume a possible communi-
cation mediated through both juxtacrine and paracrine
signaling pathways. These findings identify the 125 MVF
angiotumoroid condition as the potentially more physi-
ologically representative model for in vitro angiogenesis,
capable of recapturing some aspects of tumor-driven vas-
cular remodeling.

Importantly, proteomic profiling of angiotumoroids
revealed a unique expression signature in angiogenesis-
related proteins compared to PTC spheroids, such as an
increase in VEGFA, a key driver for neovascularization
[45], and ECM remodeling factors, which aligns with the
observed vascular development and matrix reorganiza-
tion. This molecular profile mirrors the dynamic nature
of in vivo tumor progression, where ECM degradation
facilitates angiogenesis, tumor invasion, and metastasis
[46]. The detection of collagen types I and IV further sup-
ports the presence of a structured ECM, which not only
supports tumor cell growth but also modulates drug pen-
etration and immune cell infiltration [39]. Notably, the
angiotumoroids exhibited upregulation of ATP-binding
cassette (ABC) transporters, particularly ABCB1 (P-gly-
coprotein), a key mediator of drug efflux associated with
multidrug resistance in cancer [47, 48]. Elevated ABCB1
expression within angiotumoroids suggests the presence
of localized drug resistance mechanisms, likely driven by
active efflux in vascularized compartments. These find-
ings underscore the potential of angiotumoroids not only
to model tumor architecture and vascularization but also
to reflect clinically relevant resistance pathways that are
often absent in conventional in vitro systems.

Moreover, consistent with in vivo observations, vas-
cularized regions within solid tumors affect drug uptake
and chemotherapeutic efficacy [8, 9, 49]. MVFs within the
angiotumoroid model significantly alter the distribution
and efficacy of chemotherapeutic agents as doxorubi-
cin, as evidenced by its different uptake and cytotoxicity.
Uptake assays revealed enhanced and spatially localized
drug accumulation in angiotumoroids compared to PTC
spheroids. This preferential drug deposition suggests
that specific regions potentially act as barriers for soluble
drugs, as doxorubicin. Despite the increased drug reten-
tion, angiotumoroids exhibited reduced cytotoxicity rela-
tive to PTC spheroids after 24-hour exposure, supporting
the hypothesis that in angiotumoroids, drug availabil-
ity to tumor cells is modulated through sequestration
mechanisms, ultimately decreasing therapeutic efficacy
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as demonstrated by a substantial recovery of tumor cell
viability over time.

These findings strongly support the use of angiotu-
moroids as a versatile in vitro model for studying solid
tumors, particularly for investigating tumor angiogen-
esis and tumor—vasculature crosstalk, and evaluating
the delivery of anti-tumor drugs, especially for com-
pounds designed to overcome physiological barriers in
the TME. This platform is compatible with high-through-
put screening, as approximately 30,000 MVFs can be
obtained from just 10 g of adipose tissue, enabling the
production of around 250 angiotumoroids. Additionally,
various standardized cryopreservation methods allow
MVFs to be preserved efficiently, supporting large-scale
collection and extended storage for future studies [50].

The angiotumoroid model, although initially estab-
lished wusing rat-derived microvascular fragments
(MVFs) and tumor cells, provides a versatile framework
that could be adapted to human systems. The combina-
tion of primary tumor cells obtained from patient biop-
sies with MVFs isolated from human adipose tissue via
liposuction appears technically feasible and represents a
promising approach for generating patient-specific vas-
cularized tumor constructs. Ideally, obtaining both PTCs
and MVFs from the same patient would be optimal, fur-
ther supporting the development of personalized thera-
peutic approaches. However, interspecies differences in
extracellular matrix composition, angiogenic signaling
pathways, and immune microenvironmental factors may
significantly influence the behavior and organization of
the co-culture. It will therefore be essential to system-
atically investigate these species-specific differences to
ensure the reliable adaptation and reproducibility of the
model in human settings. Furthermore, the current in
vitro configuration lacks active perfusion, limiting the
physiological relevance of vascular function and meta-
bolic exchange. Future integration of the angiotumor-
oid platform within microfluidic tumor-on-chip systems
could provide controlled perfusion and dynamic nutri-
ent flow, thereby improving vascular functionality, bet-
ter recapitulating in vivo hemodynamic conditions, and
ultimately enhancing the translational potential of this
model for personalized oncology research.
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