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From the development of self-aggregating, scaffold-free multicellular spheroids to the inclusion of scaffold systems,
3D models have progressively increased in complexity to better mimic native tissues. The inclusion of a third
dimension in cancer models allows researchers to zoom out from a significant but limited cancer cell research
approach to a wider investigation of the tumor microenvironment. This model can include multiple cell types and
many elements from the extracellular matrix (ECM), which provides mechanical support for the tissue, mediates
cell-microenvironment interactions, and plays a key role in cancer cell invasion. Both biochemical and biophysical
signals from the extracellular space strongly influence cell fate, the epigenetic landscape, and gene expression.
Specifically, a detailed mechanistic understanding of tumor cell-ECM interactions, especially during cancer
invasion, is lacking.

3D model cancer microenvironment biomaterials

| 1. Introduction

1.1. Mechanosensing: A Biophysical Signal Travels from the Outside to the Inside
of the Cells

Today, tumors are depicted as organs, with a higher complexity compared to normal healthy tissue . The
complexity of a neoplastic disease relies on individual specialized cells within the tumor tissue that sustain the
ability of cancer cells to build a flourishing niche in order to grow and spread, called the tumor microenvironment
(TME) . Tumor cells and mesenchymal cells, forming the tumor-associated stroma, collaborate in a multistep
process to create the overall tumor tissue (composed of cells and extracellular matrix [ECM]), which is very
different from its healthy counterpart in biological, mechanical, chemical, and topographic characteristics B4,
During tumor development, cancer cells and stromal cells remodel the surrounding microenvironment and
consequently affect and are affected by both biochemical and biophysical signals derived from it I8, For example,
the biophysical signal derived from changes in ECM stiffness is a solid tumor-specific trigger that enhances
epithelial cells to transition into a malignant phenotype . Alterations in tumor mechanics can derive from
imbalances between matrix deposition and degradation B2 increases in matrix crosslinking 2112l defective
lymphatic drainage and leaking from blood vessels (increase in oncotic and fluid pressure) 13114l: and deregulated
growth and high cell densities that generate solid pressure and cell “iamming”, which prevents cell movements 13
(16 These mechanical signals are transduced into biochemical signals from the cytoskeleton to the nucleus,
actively affecting tumor cell behavior (Figure 1). Biophysical signals are mostly conveyed by membrane-spanning

dimers called integrin receptors, which bind to the surrounding ECM and physically bridge them to the cell
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cytoskeleton, translating mechanical signals into biochemical ones LAIE8ILI |n this way, focal adhesions and
integrin receptors serve as bhiochemical signaling hubs to initiate mechanoresponsive signaling pathways by
concentrating and directing signaling proteins involved in cell polarity, response to tensile strength, migration, and
invasion 29211 Mechanical signals transduced from the external microenvironment to the intracellular cytoskeleton
can be further transmitted into the nucleus, where they can affect nuclear architecture and chromosome and
chromatin organization, resulting in both genetic and epigenetic landscape changes 22. Analogous to focal
adhesions, linkers of nucleoskeleton and cytoskeleton protein (LINC) complexes on the nuclear membrane
physically connect the cytoskeleton to the nucleoskeleton (281241 This complex comprises two families: the KASH
domain proteins (nesprins) bind to various cytoskeletal constituents, whereas the SUN domain proteins associate
with the nuclear lamina (laminins) and nuclear pore complexes (NPCs) [22. Laminins connect directly and indirectly
through emerin and lamin B receptor (LBR) binding to different regulatory proteins that are involved in chromatin
modification, transcriptional regulation, and mRNA processing, and to BAF protein (or BANF1), which binds directly
to double-stranded DNA [281. These anchor complexes that connect the ECM to the nucleus through the
cytoskeleton can alter the DNA regulatory complex activity with consequent changes in chromatin organization 22,

gene transcription (28 RNA splicing, or chromatin modification [28123],

Nucleus Cytosol ECM

Figure 1. Mechanical coupling of the extracellular matrix with the nucleus: Mechanical signal propagation through

molecular pathways inside the cytosol and nucleus. Made with Biorender.

1.2. Mechanomodeling: Inclusion of Biophysical Signals in 3D Cancer Systems
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Dissection of the effect of biophysical signals on cancer cells during tumor development has become the focus of
many in vitro studies. The simplicity, low cost, and reproducibility of 2D models made them the mainstay of
biological research, but in vivo tissue complexity can only be approached using 3D systems. In fact, in
tridimensional systems, the mechanical properties can be tuned so that models mimic a wide range of tissue
stiffness [BUBLIE2] Moreover, cell adhesion, spreading, and migration is not constrained to a single layer [3I34](35]:
sequestration/gradients of soluble biomolecules can be modulated to finely control cell fate and differentiation 28
[87: and ECM can be customized to reproduce the in vivo cell experience through different sets of chemical and
mechanical signals (28139401 Many processes are intrinsically tied to cell-cell and cell-matrix interactions, whether
through synthesis, degradation, directed migration, or mechanical cues, and cannot be fully reproduced in

conventional 2D cell culture 411142143144 e g, cancer metastasis or cancer—stroma interaction [£21[461[47]48]

The inclusion of mechanical constraints in designing an in vitro model requires the use of 3D culture platforms
(scaffold-free or scaffold-based approaches) to fully mimic native tumor tissue biology as well as mechanical and
biochemical properties #2. The use of scaffold-based approaches to growing cells in a 3D environment is very
common in tissue engineering Y. The challenges of reproducing microenvironment features in a 3D model fueled
the scientific community to develop a wide variety of platforms to address different levels of complexity, e.g., cells
can be seeded on pre-formed porous scaffolds/fibrous materials (obtained by two-phase emulsion, freeze-drying,
or electro-spinning techniques) or encapsulated in biomaterials made of water-soluble polymers called hydrogels
(51521531 Another promising trend is the use of native ECM obtained by tissue decellularization, employed as a
scaffold for cell seeding or as an additive component of 3D gels in order to mimic in vitro the ECM architecture and
chemical/biological properties B2I33I56] Fyrthermore, tissue physiology can be reproduced with the use of adult or
pluripotent stem cell-derived organoids, which are self-organized 3D tissue cultures crafted from stem cells to
replicate part or much of the complexity of an organ; alternatively, cells can be grown in a multi-channel 3D
microfluidic cell culture chip that simulates mechanics, activities, and physiological response of specific organs or
systems. All these platforms have different levels of complexity and can reproduce certain mechanical features

from the native tissue that will be discussed in the following sections (Figure 2).
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Figure 2. Classification of the most common cancer study models with their strengths and limitations. The primary
mechanical tests performed on each platform are reported in italics. Biological and technical characteristics of the
cancer model are highlighted. On the bottom, 3D in vitro systems cellular complexity and accessibility of imaging

and analysis. Made with Biorender.

1.3. Mechanotesting: Technologies to Approach Biophysical Studies in 3D Cancer
Modeling

The studies of mechanics in 3D systems for cancer research have enabled researchers to develop better
technologies and adapt protocols from material science to cancer biology. So far, at a cellular level, mechanics can
be measured with different methods probing stiffness at the nano-scale and micro-scale, including micropipette
aspiration BABEIBA and optical stretcher 89 for measuring mechanics of whole cells in suspensions, and atomic
force microscopy (AFM) for the investigation of single adherent cells 2621631641 For example, many studies used
AFM on different types of epithelial cancer cells, showing that cancer cells are generally softer and display lower
intrinsic variability in cell stiffness than non-malignant cells 8268l Furthermore, AFM was successfully applied to
measure the mechanics of tumor spheroids to promote understanding of tumor growth in confined environments,
showing that tumor spheroids grown in stiff hydrogels were significantly stiffer than those grown in compliant
hydrogels 4. In addition, AFM can reveal the mechanical dynamics of the basement membrane during the
invasion process of tumor cells. Morphological imaging by AFM showed that the basement membrane cultured with
cancer and stromal cells had higher roughness and more holes during the tumor breaching process but became
softer upon cancer cell and fibroblast growth, clearly suggesting basement membrane mechanics are dynamic

during cancer invasion and metastasis 68,
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Elastic and viscoelastic properties of tissues, cells, and ECM are typically measured using rheology, the study of
flow and deformation of matter, to characterize both the elastic (G, storage modulus) and viscous (G'', loss
modulus) behavior. Rheology measurements provide an interesting tool to study the interaction between forces and
the flow/deformation of materials that exhibit a combination of elastic, viscous, and plastic behavior, like normal and
tumor tissues 79, Tissues are composed of colloidal particles, filamentous polymers, and other supra-molecular
arrangements, leading to complicated deformations in response to mechanical stress. Rheological measurement
probes the mechanical responses of viscoelastic media but also establishes predictions for mechanical behavior
based on the micro- or nanostructure of the material 1. Finally, bulk compression or tension analysis is used to
measure the elastic modulus (E; Young’s modulus), which relates to the architecture of the bulk tissue or the 3D
model under investigation [Z2I[721[74],

The overall mechanical properties of a tissue are meaningful in assessing its physical characteristics during
processes such as cancer development 2. Although the TME is of critical importance during the initiation and
spread of cancer, relatively little is known about its biophysical evolution and how it impacts nuclear processes

inside the cells, such as epigenetic regulation, which have direct consequences on gene expression.

| 2. Current Insight on 3D Model in Cancer

Tumor development is a dynamic process orchestrated by cellular crosstalk and interaction with the surrounding
matrix in a 3D context. The complexity of these mechanisms relies both on the number of players exchanging
signals and the different nature of those signals (biochemical, biological, and biophysical), which influence cancer
cell fate. Understanding the key underlying changes happening during tumor initiation and progression is
necessary to develop efficient diagnostic methods and treatments. To achieve this goal, it need to deconstruct
complexity into simpler and more predictable systems. Widely used as in vitro models, 2D culture systems fail at
reproducing physiological conditions, leading to experimental inconsistency, lack of reproducibility, and a very poor
level of complexity. To avoid inconclusive and misleading results, a third dimension was included in in vitro models,
sometimes coupled with the use of additional substrate material, which may or may not be biologically active, as
structural support for cell growth.

The first steps have been focused on the generation of multicellular spheroids that allow the formation of a core
with hypoxic and quiescent cells. Growing as independent cellular aggregates, they mimic anticancer drug
resistance compared to conventional cultures 8 but fail to reproduce cancer—environment interactions. In this
framework, ECM components have been introduced to expose cells to appropriate physical, chemical, and
mechanical cues. These cultures have reported significant phenotypic and behavioral differences between normal

and metastatic epithelial cells.

Different materials are exploited to model different tumor stages. Collagen, Matrigel, and hyaluronic acid materials
have been the most common natural materials used for modeling and studying both primary and invasive tumors;
as platforms to mimic either the processes like ECM degradation, migration, and the epithelial-mesenchymal

transition; and the advanced process of intravasation, extravasation, and metastasis through the mesenchymal-
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epithelial transition (MET). Synthetic polymers, such as PEG or nanofiber scaffolds (RAD16-1) functionalized with
adhesive/recognition sites for integrin binding or protease degradation, are also useful to study the effect of tumors
on ECM . perhaps the most exciting developments have been the recent OoC methods, which allow for the
construction of connected chambers that mimic different organ compartments, for example, liver ducts and blood
vasculature 8. Tumor-on-chip platforms have been designed to recreate controllable culture environments, mainly
to investigate the blood circulation, drug delivery, intravasation, and extravasation processes occurring during
tumor progression. Unfortunately, the extensive user training required for multistep fabrication, specific set-up
equipment, small-volume culture and staining protocols, and difficulties in recovering seeded cells for further

characterization represent a few of the disadvantages of using such platforms.

Overall, 3D cultures could represent a highly informative and effective model to optimize drug candidates,
mimicking native tissue distribution, and reduce animal testing, improving cost-effectiveness and avoiding ethical
concerns. To this aim, 3D models need to gain high-throughput applicability, simple and standardized culture

protocols and analysis techniques, and high-resolution imaging (Figure 2).

Indeed, many microscopy techniques can only be applied to imaging transparent matrix gels. More advanced
analysis approaches need to be developed and applied for non-transparent scaffolds. Furthermore, 3D
microenvironments lack vasculature and hence both nutrient supply and the normal transport of small molecules;
unlike continuous in vivo models, they mimic static or short-term conditions and do not model interactions with
other cell types or the influence of the latter upon the culture. Related to this, and fundamental to mimic a living
tissue and a more natural ECM secretion, is the inclusion of cell types such as fibroblasts, endothelial cells, and
mesenchymal stem cells in coculture with cancer cells to enable the production of endogenous ECM by the stromal
cells. Furthermore, the inclusion of primary patient-derived cells will enable the development of more accurate 3D
models, retaining the patient and tumor characteristics and more appropriately reflecting tumor heterogeneity in the
population 2. Interestingly, biobanks of patient-derived 3D cancer models could refine our understanding of

interpatient as well as intrapatient heterogeneity, paving the way for personalized cancer therapies.

Finally, matrix chemical composition and physical properties should be optimized with reference to natural tissue
properties. Three-dimensional system design should progress to highly resemble the tissue being studied in order
to fill the gap between in vitro and in vivo models. A good 3D platform will evaluate the efficacy of anticancer

agents, discover potential target genes for therapy, and reveal signaling pathways relevant for tumor progression.

We explored different 3D culture techniques in this review, showing their potential in the study of mechanosensing,
although the selection of one model over another is highly contextual and depends on the studied biological

guestions (Figure 2).

| 3. Future Directions

Cancer models span from uni-/multicellular spheroids, cancer-on-a-chip, organotypic slices of cancer tissues, and

hydrogel- and scaffold-based systems to self-assembly (no exogenous scaffold needed) techniques (Figure 2).
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Although many questions and hurdles remain about 3D models’ accessibility, reproducibility, and integrity,
increasing the complexity of the TME represents one of the next important challenges in the field. The
multicellularity required to model this environment necessitates the incorporation of stromal cells and immune cells
together with a vascular/lymphatic network simulating dynamic blood flow and providing mechanical signals

regulating tumor development and function.

The future of medicine appears to be precision and personalized medicine. Precision medicine approaches patient
care on the basis of a genetic understanding of their disease (e.g., blood transfusion according to blood typing and
autologous grafting), targeting specific disease variants. Personalized medicine focuses on providing patient-
tailored therapies. In this framework, patient-based 3D models display unique features as a result of the cell
donor’s genetic and epigenetic backgrounds, lifestyle, and medical history, so the models can be used to evaluate

drug efficacy and responses as a precision medicine approach.

The inclusion of 3D model systems in bioreactors will provide close control and monitoring of the environment (e.g.,
temperature, pH, nutrient supply, and waste removal), together with higher reproducibility and automation. Media
flow systems will allow for circulation of nutrients, removal of wastes, and homogeneity of the environment within
the reactor, ideal for high-volume cell production and ex vivo tissue engineering applications. Alongside
bioreactors, progresses in 3D bio-printing will improve the diversity, fidelity, and capacity of 3D culture models in
cancer research. Three-dimensional bio-printing techniques can generate geometric constructs containing viable

cells but can also simplify high-throughput applications with precise reproducibility B9,

Sometimes, the scaffold itself can be an innovative therapeutic strategy. The concept of creating an artificial niche
can be integrated with the potential to capture tumor cells actively disseminating in the peritoneal cavity to create a
therapeutic strategy modulating the interactions of metastatic cells with the ECM. This idea was tested with the aim
of transforming a disseminated disease into a focal disease. Researchers developed a “biomimetic” ECM
composed of a non-resorbable 3D scaffold with collagen coating on different murine preclinical models of
advanced ovarian cancer, showing the possibility to control peritoneal carcinomatosis upon primary ovarian
debulking surgery and to expand the percentage of patients who are candidates for second rescue surgeries at the
time of relapse B4,

Furthermore, investigations into these systems will provide new insight into the tumor matrix, creating a common
ground to tackle solid cancers, reconfiguring the cancer matrisome while identifying new matrix-related targets for
drug delivery to the tumor site. Finally, 3D culture systems paired with patient-derived xenografts or patient-derived
organoids could represent a clinically relevant platform toward truly personalized research, therapies, and drug
development for cancer patients [£2],

Overall, these platforms represent a novel, reliable preclinical patient-specific platform to bridge the gap between in
vitro and in vivo drug testing assays, providing preclinical evaluation of drug cytotoxicity, efficacy, and efficiency for

effective cancer treatment [B3I[B4IBSIBEIB7IBEIEN0] | panomedicine, these models can be used to study
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nanoparticle drug delivery, mechanical modulation and imaging, ECM-nanoparticle interactions, nanoparticle
diffusion in the ECM, and which cell types internalize the nanoparticles [2192][93]

Not only cancer research but also fields such as regenerative medicine will benefit from the use of different 3D
biomaterials to effectively support cell culture, improve cell transplantation, and as platforms for drug research on
drug screening 241,

Three-dimensional cell culture approaches hold great promise for various purposes, ranging from disease
modeling to drug discovery and cancer-targeted therapy. With all the advantages of 3D monoculture and coculture
systems, the insights they provide will increase our understanding of the tumor micro-milieu while developing and

testing new cancer therapies in vitro, attacking two possible targets: the tumor cell and its environment.
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