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Abstract

Osteosarcoma (OS) is a rare primary malignant bone cancer affecting mainly young individuals. Treatment typically consists of
chemotherapy and surgical tumor resection, which has undergone few improvements since the 1970s. This therapeutic approach
encounters several limitations attributed to the tumor’s inherent chemoresistance, marked heterogeneity and metastatic poten-
tial. Therefore, the development of in vitroplatforms that closely mimic the OS pathophysiology is crucial to understand tumor
progression and discover effective anticancer therapeutics. Contrary to 2D monolayer cultures and animal models, 3Din vitro
platforms show promise in replicating the 3D tumor macrostructure, cell-cell and cell-extracellular matrix interactions. This
review provides an overview of the biomanufacturing strategies employed in developing 3D in vitro OS models, highlighting
their role in replicating different aspects of OS and improving OS anticancer research and drug screening. A variety of 3D in
vitro models are explored, including both scaffold-free and scaffold-based models, encompassing cell spheroids, hydrogels, and
innovative approaches like electrospun nanofibers, microfluidic devices and bioprinted constructs. By examining the distinctive
features of each model type, this review offers insights into their potential transformative impact on the landscape of OS research
and therapeutic innovation, addressing the challenges and future directions of 3D in vitro OS modeling.

1. Introduction

Osteosarcoma (OS) is the most common type of primary bone sarcoma, characterized by an abnormal
production of osteoid matrix by tumor cells. [1] Unlike carcinomas, which are the most common malignant
tumors and develop in epithelial tissues, sarcomas are rare and develop in connective tissues, namely bone
and soft tissues, such as muscle, cartilage, fat and blood vessels.[2] About 3.4 cases per million people are
diagnosed with OS each year, which accounts for 1% and 3-5% of all new cancer diagnoses in adults and
children, respectively.[2,3,4] OS presents a bimodal age distribution, having a significant peak incidence in
children and adolescents with ten to fourteen years of age, and a second less pronounced peak in adults over
the age of sixty. [1]

While OS may occur in any bone, it is more frequently found in the metaphysis of long bones, such as
the femur (30%), tibia (15%) and humerus (15%). [5] The metaphysis contains the growth plate, which is
the region where the longitudinal growth of the bone occurs, and, therefore, holds the highest percentage
of proliferative cells in the entire bone. [6]Besides the primary bone tumor, OS commonly presents with
metastases, especially in the lungs (80-90%). [7]
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Common symptoms of OS include discomfort or pain in the affected area, limited joint mobility and a palpable
growing mass.[4] Imaging techniques, such as X-Ray and magnetic resonance imaging (MRI), typically show
the presence of a poorly marginated bone with deposition of mineralized matrix and zones of resorption.
Ultimately, the diagnosis is made with a biopsy, which must reveal a large mass of malignant spindle-like
cells with pleomorphic nuclei, and disorganized osteoid production. [8]Based on the predominant type of
matrix-producing cells, OS can be subclassified as osteoblastic, fibroblastic or chondroblastic, although the
prognosis is virtually the same. [4,5]

Even though around 95% of cases appear spontaneously, a few risk factors for OS have been identified. These
include rapid bone growth during puberty, bone exposure to radiation, pre-existing bone diseases and other
heritable genetic syndromes, such as Li-Fraumeni syndrome (LFS). [9] In fact, 12% of people diagnosed with
LFS, which occurs due to a germline mutation of the TP53 gene, will develop OS in their lifetime. [10]

The treatment plan for OS has not changed significantly in the last four decades, consisting of surgical
tumor resection combined with adjuvant and neoadjuvant chemotherapy. [1,5] Currently, about 85 to 90%
of tumor resections can be made through limb-salvaging surgeries, with amputation being reserved for non-
resectable tumors.[3] The chemotherapy used is referred to as MAP-therapy, as it involves the use of the
cytotoxic drugs methotrexate, adriamycin (doxorubicin) and platinol (cisplatin).[5] Recently, ifosfamide has
also been combined with these cytotoxic agents. [3] When it was first introduced in the 1970s, the combination
of chemotherapy with conservative surgery to treat OS initially increased its survival rate. However, this
course of treatment is currently not effective, mainly due to chemoresistance and the metastatic spread of the
tumor, leading to a stagnant survival rate over the years: [1]according to the American Cancer Society, [11]

as of 2023, the 5-year survival rate in the United States for localized OS is 76%, which decreases to 24%
for metastatic OS. Moreover, it is estimated that 20% and 80% of patients with localized and metastatic
disease, respectively, will experience cancer recurrence within the first three years after treatment. [4]

The development of OS cannot be explained by a single genetic event. Instead, it is typically associated with
several genetic and epigenetic changes, being influenced by bone microenvironmental signals as well.[5] The
most common mutations in OS are found in the TP53 and retinoblastoma (RB) tumor suppressor genes,
which encode for the p53 and RB proteins, respectively. The p53 protein is a nuclear transcription factor
that prevents the propagation of cells with serious DNA damage. This is achieved by either arresting the cell
cycle, allowing cells to repair their DNA damage, or by initiating apoptosis if the damage is irreparable. [12]

Similarly, activation of the RB protein, in response to environmental changes, including DNA damage, also
results in cell cycle arrest, as this protein inhibits gene transcription, which is required for the cell to enter
the S-phase of the cell cycle. [13]

Several cell types along the mesenchymal-osteogenic lineage have been proposed as the OS cell-of-origin, i.e.,
the normal cells that initially acquire the mutations that promote tumor development.[5] These include the
mesenchymal stem/stromal cells (MSCs), which are primarily found in the bone marrow and can differen-
tiate into multiple lineages, including the osteogenic, chondrogenic, myogenic and adipogenic lineages. [14]

While in vitro studies showed that inactivation of the TP53 gene in non-osteogenic committed MSCs was
able to generate OS, the highest incidence was found when such mutations were induced in osteoblastic MSC
precursors and mature osteoblasts. This shows that MSCs that undergo osteoblastic differentiation are more
likely to be involved in the initial development of OS. [5]

The accumulation of such mutations in MSCs and their progenitors has been linked to the formation of OS
cancer stem cells (CSCs), also referred to as tumor-initiating cells, which are able to self-renew, differentiate
and support tumor growth, by interacting with the extracellular matrix (ECM). [5,15,16]Additionally, they
are highly resistant to chemotherapy due to their enhanced ability to repair DNA damages and remove drugs
from their cytoplasm, being responsible for tumor relapses and metastasis.[17,18] As such, recent strategies
have been focused on targeting OS-CSCs and their microenvironment.

To understand the pathophysiology of OS and discover more effective therapeutic strategies, it is imperative
to establish robust preclinical models capable of evaluating their efficacy prior to clinical trials. Traditional
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approaches include 2D in vitro models and in vivo animal models, yet they present major limitations. No-
tably, 2D cultures lack relevant interactions between tumor cells and the 3D macrostructure of the tumor,
while animal models typically raise ethical concerns. [19, 20] Addressing these challenges, 3Din vitro models
have emerged as promising preclinical alternatives. In this review, we provide a comprehensive overview of
the strategies that have been employed to develop 3D in vitro models of OS. Specifically, we focus on bio-
engineering approaches that contribute towards the biomimicry of the OS tumor microenvironment, through
the use of scaffolds, and how innovative manufacturing techniques, such as electrospinning, microfluidics and
3D bioprinting, can be valuable resources for researchers in the field of OS modeling.

2. Modeling the complexity of OS

2.1. Bone tissue and homeostasis

The bone tissue contains a variety of cell types and a mineralized ECM, composed of organic (40%) and inor-
ganic (60%) phases.[21] The organic phase is mainly composed of collagen type I (90%), which is organized in
fibrils and provides mechanical support. The remaining non-collagenous proteins include proteoglycans (e.g.,
aggrecan, versican and decorin), glycoproteins (e.g., fibronectin, laminin and osteopontin), Gla-containing
proteins (e.g., osteocalcin and Matrix Gla protein), cytokines (e.g., interleukin (IL)-6 and tumor necro-
sis factor (TNF)-α) and growth factors (e.g., transforming growth factor (TGF)-β and insulin-like growth
factor (IGF)-1). [22,23] The inorganic phase, which is deposited within the collagen fibrils, mostly consists
of calcium phosphate in the form of hydroxyapatite [Ca10 (PO4)6 (OH)2], being responsible for mineral
exchange.[21,22,24].

The bone resident cells refer to osteoblasts, osteocytes and osteoclasts, which interact with each other and the
surrounding matrix. This crosstalk is important for the bone remodeling process, in which the bone tissue
is renewed. [14] Bone production is performed by osteoblasts, which arise from mesenchymal stem/stromal
cells differentiation, and includes the release of ECM components, namely collagen and proteoglycans, and
extracellular vesicles (EVs) that contain alkaline phosphatase, important in the mineralization of the newly
synthesized matrix. [22] The term “osteocyte” refers to osteoblasts that become entrapped within the bone
matrix during this process. These cells are the main mechanoreceptors of bone, secreting paracrine factors in
response to mechanical stresses. [25] Bone resorption is carried out by osteoclasts, which are multinucleated
cells, differentiated from monocytes and macrophages, that dissolve the bone minerals and digest the ECM
components, mainly by releasing matrix metalloproteinases (MMPs). [26]

Under normal conditions, there is a balance between the osteoblastic and osteoclastic activity of bone cells
to ensure homeostasis, which is primarily regulated by the RANKL/RANK/OPG pathway.[27] The receptor
activator of nuclear factor k-Β ligand (RANKL), which is secreted by osteoblasts, binds to its receptor
RANK, found in osteoclast progenitors, and promotes the differentiation of preosteoclasts into osteoclasts,
which leads to bone resorption. As a result, TGF-β is released, which stimulates the migration of MSCs to
the bone environment and their differentiation into osteoblasts. By releasing osteoprotegerin (OPG), which
binds to RANLK, osteoblasts inhibit RANK signaling and bone resorption. [28]

2.2 Bone Tumor Microenvironment

Tumor cells proliferate, migrate and resist apoptosis in a complex and dynamic environment, known as the
tumor microenvironment (TME).[24] As OS develops within the bone tissue, its TME is naturally composed
of a densely mineralized ECM surrounding the cellular milieu, which includes tumor and bone cells.

OS cells secrete pro-osteoclastic factors, such as RANKL, that promote osteoclastogenesis. The resulting
excessive bone resorption leads to the release of factors previously entrapped in the bone matrix, such
as IGF-1 and TGF-β, which will, in turn, promote tumor proliferation.[29] Additionally, OS cells secrete
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pro-osteoblastic factors, including parathyroid hormone-related protein (PTHrP), that contribute to an
increased expression of RANKL as well as the secretion of pro-tumor growth factors, such as IL-6 and vascular
endothelial growth factor (VEGF). [9] Altogether, the normal bone remodeling process is disrupted, allowing
the creation of a microenvironment that supports the development of the tumor.[29,30] Besides OS and bone
resident cells, other cell types are present within the OS-TME, including vascular cells (endothelial and
perivascular cells), stromal cells (MSCs and fibroblasts) and immune cells (macrophages and lymphocytes),
which also have important roles in key events of tumor growth, including ECM remodeling, neovascularization
and migration,[21,31] as illustrated in Figure 1.

Figure 1. Graphical representation of the OS-TME and relevant processes for tumor progression. (A) Bone
TME, including the cellular niche, the surrounding ECM and the vasculature that supports the tumor; (B)
Bone remodeling disruption by tumor cells and the consequent ECM remodeling by osteoclasts which favors
tumor proliferation; (C) Characteristic neovascularization of bone tumors, which includes the sprouting of
endothelial cells, promoted by VEGF, whose expression is increased in a hypoxic environment. MSC: mes-
enchymal stromal/stem cell; M1-TAM: M1-polarized tumor-associated macrophage; M2-TAM: M2-polarized
tumor-associated macrophage; CAF: cancer-associated fibroblast; RANKL: receptor activator of nuclear fac-
tor k-β ligand; PTHrP: parathyroid hormone-related protein; IL-6: Interleukin-6; TGF: Transforming growth
factor; IGF: Insulin-like Growth Factor; FGF: Fibroblast Growth Factor; MMPs: Matrix Metalloproteinases;
HIF: Hypoxia-inducible Factor; VEGF: Vascular Endothelial Growth Factor; VEGFR: Vascular Endothelial
Growth Factor Receptor.

As with any type of tumor, the rapid and unrestricted growth of OS cells leads to a depletion of oxygen
and the resulting hypoxic microenvironment promotes the overexpression of hypoxia-inducible factor (HIF),
which increases the expression of glycolysis-related molecules. OS cells are thus forced to change their
metabolism from oxidative phosphorylation to glycolysis, resulting in the accumulation of lactate in the
TME, which becomes acidic. [32,33]Moreover, HIF also promotes neovascularization, which refers to the
formation of new blood vessels that irrigate the tumor, being associated with the vascular niche of OS.
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Neovascularization can occur by the sprouting of endothelial cells present in pre-existing vessels, called
angiogenesis, or by the recruitment and differentiation of endothelial precursor cells to be incorporated into
new vessels, named vasculogenesis. Briefly, the release of HIF-1α by hypoxic tumor cells, as well as TGF-α
and fibroblast growth factor (FGF)-2, promotes the upregulation of VEGF. [34] As a pro-angiogenic factor,
VEGF will bind to its receptors in quiescent endothelial cells of the TME, promoting their sprouting, and
activate MMPs and other proteolytic enzymes that degrade the ECM components, allowing the migration of
endothelial precursor cells to the TME. The resulting tumor-associated blood vessels are usually immature
and do not present junctions between endothelial cells, which facilitates the intravasation of tumor cells
into the blood circulation. [35]Besides angiogenesis and vasculogenesis, another process called vasculogenic
mimicry is observed in OS, in which tumor cells, independently of the vascular niche, form vascular-like
microchannels. [36] In all cases, these newly formed structures allow the perfusion of the tumor and provide
a route for intravasation, important for the metastatic spread of the tumor. [31,36]

As previously stated, ECM remodeling in OS is partly attributed to the degradation of its components by
proteolytic enzymes, which are released by abnormally activated osteoclasts and in response to the hypoxic
and acidic environment, both induced by tumor cells. This is a key mechanism for tumor cell invasion into
the surrounding tissue. Simultaneously, there is an enhanced production of ECM by tumor cells, osteoblasts
and stromal cells present in the TME. By secreting TGF-β and stromal cell-derived factor (SDF)-1, tumor
cells recruit bone marrow (BM)-MSCs to the TME, where they differentiate into pro-tumorigenic stromal
cells, including cancer-associated fibroblasts (CAF), and secrete growth factors and ECM components, such
as collagen, fibronectin, laminin and proteoglycans. [14] As such, OS is generally characterized by a stiffer
and denser stroma compared to healthy bone tissue, which hinders the anticancer function of immune cells,
as they have more difficulty in penetrating the ECM and reaching the tumor site.[24]

The immune cell niche present in the OS-TME is mainly composed of tumor-associated macrophages (TAMs),
which can be derived from macrophages present in the bone tissue or from circulating monocytes that are
recruited by tumor cells. [37] Regardless of their origin, they may be M1-polarized, secreting pro-inflammatory
signals that promote immune cell activation, or M2-polarized, secreting anti-inflammatory signals, thus
decreasing immune cell proliferation. Both types can be observed in OS, but tumor cells usually induce a
shift towards the presence of more M2-polarized TAMs in more aggressive and metastatic OS. [38] Cytotoxic
lymphocytes such as T cells, which recognize foreign antigens, are also present within this niche. However,
their activity is usually impaired, either by the induced immunosuppressive environment or downregulation
of antigens by tumor cells. [31]

All these mechanisms allow the survival of tumor cells within the bone tissue and the establishment of
metastases in other tissues. After migrating through the basement membrane of the nearby blood vessels,
tumor cells enter the blood circulation and must evade the immune system, as well as resist anoikis , which is
a particular type of apoptosis induced by the absence of cell-cell and cell-matrix adhesions.[39,40] The lungs
are a frequent site of metastasis for OS, as the tumor cells that survive in the blood circulation become
entrapped, given their larger diameter, in the alveolar capillaries, thus forming a secondary tumor. There,
OS cells release TGF-β1, which promotes the transformation of lung fibroblasts into a cancer-associated
phenotype, further allowing their survival.[41,42]

2.3 Relevance of 3D in vitro models

The development of preclinical cancer models is fundamental to understand tumorigenesis and tumor pro-
gression, discover potential new therapeutic targets, and assess the efficacy of novel anticancer drugs before
their translation into clinical studies.[43,44,45] This is extremely important in OS research, since this is a very
rare type of cancer with high mortality and resistance to chemotherapy. [45] As such, OS models should
replicate the in vivo characteristics and behavior of the tumor, including its intra-heterogeneity, complex
microenvironment and relevant cell-cell and cell-matrix interactions.[43]

Within in vitro models, two-dimensional (2D) models have been widely employed in OS research, due to
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their reproducibility, simple implementation and inexpensive cost. [46] In fact, they have contributed to a
great portion of the current understanding of OS, but they are, nonetheless, very simplistic models that do
not accurately reflect the complexity of this cancer type: cells interact with each other in a different manner,
compared to in vivo , as they grow as a homogeneous monolayer, rather than a three-dimensional (3D)
structure, adopting a flattened morphology. Additionally, these models lack the presence of a surrounding
matrix, which altogether induces a shift in the gene and protein expression of these cells, altering their
response to chemotherapy and reducing the clinical relevance of these models. [47]

In vivo models are more physiologically relevant, as the tumor grows within a complex microenvironment,
where the proper interactions between cells and with the surrounding matrix can be established.[19] These
can be generated by using known carcinogens, genetically modified animals or by transplanting cancer cells
into animals. [48] While genetically engineered models are important to study the role of different genes
in OS, the most used in vivo OS models are transplantation models, as they have a high rate of tumor
formation and require a short experimental period. Regarding xenotransplantation models, in which the
tumor tissue is implanted into another animal species, a growing interest has been observed in patient-
derived xenografts, as they preserve the heterogeneity and architecture of tumor tissues surgically removed
from patients. [49] However, the drawbacks of animal models lie in ethical and welfare concerns, and in the
difficulty in translating the preclinical outcomes between species,[50] as the tumor develops in an animal-
derived microenvironment that does not exactly replicate the OS environment found in humans.

To address the shortcomings of in vivo and 2D in vitro OS models, 3D in vitro models have been recently
used in OS research. [51] These are able to mimic not only the 3D macrostructure of the tumor, but its
heterogeneity as well, since cells grow in multilayers that are differentially exposed to oxygen and nutrient
gradients, much like in in vivo conditions.[46] Additionally, the cellular and non-cellular components of the
bone TME can be incorporated in these models by employing co-culture methods and ECM-biomimetic
scaffolds to encapsulate cells, respectively. [19,52] While the complexity of these models may vary, depending
on the goal of the study, they ultimately offer a more accurate and clinically relevant representation of OS,
as they can reproduce its key aspects without the need to use animals.

In general, 3D in vitro models of OS can be classified as scaffold-free or scaffold-based models, depending on
whether a supporting matrix simulating the OS-TME is absent or present, respectively. The development of
such models is a complex process that begins with selecting the proper OS cells to use, as cells from different
tumors may present distinct characteristics, and the appropriate biomaterials to model the OS-TME. OS is
commonly representedin vitro by immortalized cell lines established from primary tumors, including the MG-
63, U2OS, HOS and Saos-2 cell lines, which present different phenotypes of OS, in terms of tumor initiation,
growth and metastasis, [53] and have therefore been selected for different applications in OS-related research.
For example, MG-63 cells are frequently used in 3D spheroid culture due to their high ability to form colonies,
[54,55,56] while U2OS cells are preferred for invasion and migration studies.[57,58,59] More complex models may
incorporate co-culture systems to introduce other cell types present in the OS-TME, as well as biomimetic
cues.

3. Biomaterials used to model the OS-TME

In order to accurately mimic the complexity of OS in vitro , the biomaterials employed in 3D in vitro models
should present similar features of the OS-TME. These include a similar composition of the tumor ECM and
adequate mechanical and structural properties, including stiffness. In addition to biocompatibility, these
biomaterial scaffolds should also have a suitable porosity, as this dictates the efficient diffusion of nutrients
and migration of cells.[60]

With these requirements in mind, many biomaterials have been used in OS scaffold-based models, either of
natural or synthetic origin. Natural-origin materials closely resemble the composition of biological tissues,
including bone and OS, and typically contain cell adhesion motifs, providing an environment that is favorable
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for cell proliferation. [52] However, compared with synthetic polymers, whose mechanical and structural
properties can be easily tuned, they often lack stability and exhibit poorer mechanical properties. [51]

Additionally, synthetic materials present minimal batch-to-batch variability, which allows the development
of scaffolds with great reproducibility. Still, they lack cell adhesion motifs and have an impaired bioactivity,
usually requiring further functionalization. To address the issues of both types of materials, combinations
of natural and synthetic materials have been explored for 3D OS scaffolds. [61,62,63]

3.1 Natural Biomaterials

Matrigel : Matrigel® is a commercially available reconstituted basement membrane matrix, extracted
from murine Engelbreth-Holm-Swarm (EHS) sarcoma. [64] It has been widely used to create 3D scaffolds
for in vitro tumor models, due to its complex composition of ECM proteins (e.g., laminin, collagen type
IV and proteoglycans) and growth factors (e.g., TGF-β) and its spontaneous polymerization at 37 ºC.
[51,64]Particularly in OS research, Matrigel has been employed in the generation of 3D OS-CSC models, due
to its tumorigenic origin[60,64], as well as in 3D invasion assays.[65,66,67] However, there are several drawbacks
to using this protein-rich mixture, including batch-to-batch variability, poor mechanical properties and the
presence of animal-derived growth factors, which may alter how tumor cells react to chemotherapeutic drugs.
[14] Therefore, pure 3D Matrigel scaffolds for drug screening OS models are rare. Instead, a common approach
is to use Matrigel in combination with other materials, including collagen.[68,69]

Collagen: As the major constituent of the OS-TME, collagen type I is an attractive material to produce
3D in vitro OS scaffolds.[14,51] It is composed of polypeptide chains that self-assemble into a triple helix
structure, which then organize themselves into fibrils and eventually larger fibers. This occurs spontaneously
under physiological conditions, namely neutral pH and 37 ºC. [52] As such, a neutralizing buffer is usually used
to neutralize the acidic pH of the solubilized collagen solution, which is then incubated at 37 ºC. Collagen is
usually obtained from the tendon of rat tails and, as an ECM component, it possesses cell adhesive domains,
including the arginine-glycine-aspartate (RGD) peptide, and degradable sites recognized by enzymes, which
allow cell proliferation and matrix degradation, respectively. [70] For 3Din vitro OS models, collagen has been
used for drug screening and cell migration studies [67,71,72,73] and has been combined with other materials,
including hydroxyapatite (HAp) nanoparticles [74], in order to enhance its stiffness or bioactivity. [52]

Gelatin: Gelatin is obtained from the irreversible denaturation of collagen, through heat or enzymatic
processes, which destroy the triple helical structure and produce random coils.[75] Like collagen, gelatin has
cell adhesive domains and degradable sites, but it is physically crosslinked below physiological temperatures,
in a reversible way.[76] This property has been explored in sacrificial micromolding techniques to produce
3D cellular aggregates: cells were deposited onto microwells patterned in gelatin layers and the resulting
aggregates were released by melting the gelatin layer at 37 ºC. [77] Nonetheless, due to its poor mechanical
properties and reversible crosslinking, gelatin is commonly used in 3Din vitro OS models in a modified
way[19,78,79] and/or in combination with other materials. [61,80,81] Modification of gelatin commonly refers to
the addition of functional groups, namely methacrylate (MA) groups. These are photocrosslinked by visible
or UV light, in the presence of photoinitiators, such as Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP). The resulting gelatin methacryloyl (GelMA) can thus be irreversibly crosslinked in a controlled way,
by adjusting the time of exposure, the degree of substitution and the photoinitiator concentration, allowing
the production of structures with different stiffness.[82]

Silk Fibroin: Silk fibroin is one of the proteins that compose silk, which is a natural polymer usually extrac-
ted from cocoons ofBombyx mori silkworms. [83] It has good mechanical properties, supports cell adhesion
and can be manipulated to produce different scaffold morphologies, including porous meshes, hydrogels and
microparticles. [84] As such, it has been fairly used for bone tissue engineering,[85,86,87] while its use in 3D in
vitro OS models has only recently been reported. [88,89,90]

Alginate: Alginate is a polysaccharide obtained from brown seaweed and is an interesting biomaterial for
3D OS models due to its similarities to the glycosaminoglycans (GAGs) found in the bone TME.[91,92] In
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the presence of divalent cations, such as Ca2+ and Mg2+, the guluronate residues of alginate can be easily
crosslinked, through their carboxyl groups, resulting in a negatively charged 3D structure.[93] In OS research,
alginate has been mostly exploited to create beads in which 3D OS cellular aggregates can be formed. [94,95]

However, the absence of cell adhesion motifs has motivated its combination with other biomaterials that
have adhesion proteins, such as gelatin.[96,97]

Chitosan: This polysaccharide is usually extracted from the exoskeletons of crustaceans, but it can also be
found in fungi and insets. [98] Chitosan has a similar structure to GAGs, like alginate, and promotes cell
adhesion and proliferation, having been used in bone tissue engineering. [99]More recently, a few chitosan
scaffolds for culturing OS cells have been reported, typically in combination with other materials, such as
alginate [100] and HAp[101], in order to enhance its poor mechanical properties. [102]

Decellularized Extracellular Matrix : The ECM produced by cells present in the bone TME has be-
en used to make 3D scaffolds for bone regeneration and in vitro tumor models, due to its structural and
compositional biomimicry of the bone ECM.[103,104] Decellularized extracellular matrices (dECM) are obtai-
ned through the decellularization of in vitrocell cultures or native tissues, which consists of removing their
cellular components, giving rise to cell-derived or tissue-derived dECMs, respectively. [105,106] The use of
tissue-derived dECM captures the native complexity of tissues, including their microarchitecture, but pres-
ents challenges. These include the need to optimize the decellularization protocols, which may span from 30
min to 96 h, and the inherent batch-to-batch and tissue variability. In contrast, cell-derived dECM can be
easily retrieved, offering high reproducibility and the possibility to manipulate the ECM composition and
deposition rates. [104] While cell-derived dECM may lack in vivo complexity, compared to tissue-derived
dECM, it is recently becoming more used by researchers due to its advantages. Depending on the tissue
source or cell types chosen, dECM may be composed of specific proteins mixtures, including collagen, GAGs,
proteoglycans and growth factors. [52] The decellularization process should be neither too intense, as to
destroy the tissue microstructure, which could inhibit cell adhesion and migration, neither too mild, since
the presence of the original cells may inhibit the growth of the subsequent inoculated cells.[107] Thus, the
decellularization agents should be carefully chosen to retrieve the matrix efficiently and these commonly in-
clude chemical surfactants, such as sodium dodecyl sulphate (SDS), sodium deoxycholate (SDC) and Triton
X-100, which can be further conjugated with enzymatic and acid/basic agents, such as trypsin and ammoni-
um hydroxide, respectively. [108] Even though dECM derived from cultured osteoblasts/OS cells retains the
complex composition of the bone TME, including its proteins, signaling cues and proper cell adhesion and
degradation motifs,[109] which are necessary for cell proliferation, only a few 3D in vitro OS models have
been developed using this biomaterial. [110,111]

3.2 Synthetic Materials

Poly(ethylene) Glycol (PEG): PEG is a bioinert and nondegradable polymer synthesized by the polyme-
rization of ethylene oxide. PEG’s inertness arises from its hydrophilicity, which prevents protein adsorption
and, consequently, cell adhesion.[112] To control its crosslinking process, a common modification of PEG is the
addition of acrylate groups, forming PEG-diacrylate (PEGDA), which can be crosslinked by UV exposure in
the presence of photoinitiators. [113] Moreover, the mechanical properties of PEGDA, including its stiffness,
can be carefully optimized by changing its crosslinking degree[114] and, to allow cell adhesion, PEG chains
can also be functionalized with cell-binding peptides, such as the RGD peptide. [112] Overall, PEGDA has
been extensively used in bone and cartilage tissue engineering and, more recently, in 3D OS models, either
alone [115] or in combination with other biomaterials, such as GelMA [79] and hydroxyapatite. [116]

Πολψ(ε-ἃπρολαςτονε) (Π῝Λ): PCL is another popular synthetic polymer for 3D in vitro tumor models.
It is prepared by the polymerization of ε-caprolactone and, due to its synthetic origin, it is commonly
functionalized with cell-adhesive motifs to ensure cell proliferation. [117] Under physiological conditions, PCL
develops a rubbery-like conformation that offers high toughness, strength, and elasticity. [118] In addition to
its tunable mechanical properties, PCL can be easily integrated with other materials. As such, PCL fiber
meshes, blended or not with other biomaterials, including gelatin,[61,80] alginate [62] and cell-derived dECM,
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[63] have been used as biomimetic scaffolds for 3D in vitro OS and Erwing sarcoma models.

Poly(vinyl alcohol) (PVA) : PVA, derived from the hydrolysis of poly(vinyl acetate), is a water-soluble
synthetic material known for its non-toxicity, biodegradability and good mechanical strength and flexibility
[119,120]. Its drawbacks include rapid dissolution in water and bioinertness, requiring further modification
for cell adhesion. [121] In the context of 3Din vitro models of OS, PVA has been used to create electrospun
nanofibers in combination with gelatin [81] and silk fibroin [87], given its sufficient electroconductivity [122].

4. 3D bioengineered in vitro OS models

Many different 3D in vitro strategies with varying degrees of complexity have been explored to develop OS
models, which include the use of multicellular tumor spheroids, ECM-mimetic biomaterials to encapsulate
tumor cells and, more recently, microfluidics and 3D bioprinting.

4.1 Scaffold-free spheroids

Multicellular tumor spheroids are spherical aggregates of tumor cells and are currently the major 3D in
vitro platform used in cancer research as they present similar features to in vivo tumors. These include the
presence of a heterogeneous tumor population, as well as similar oxygen and nutrient gradients, necrotic
regions and drug penetration rates. [123] Tumor spheroids were introduced in the 1970s and, since then,
have elucidated many aspects of tumor biology and drug resistance for different cancer types, including OS.
[124,125]

The spheroid tumor model presents an intermediate complexity between the conventional 2D monolayer
cultures and in vivo tumors, having three distinct zones within their spherical shape.[126] These consist of
an outer layer of rapid proliferating cells, followed by an intermediate layer with quiescent cells and, lastly,
a central core where cells are under necrosis.[125] This cellular and radial variation can be explained by the
oxygen gradient established within the tumor spheroid:[127] while oxygen can be diffused to the outer cells,
it cannot reach the center of the spheroid and, as such, these inner cells revert to the anaerobic metabolism,
producing lactate and therefore lowering the pH. Due to this hypoxic and acidic environment, the cells
present in the inner regions become stagnant in the G0-G1 phase of the cell cycle, in a non-proliferative and
dormant state, but still produce growth factors involved in tumorigenesis. As the tumor grows, the fraction
of proliferative cells, in the outer layers, decreases, while the fraction of the non-proliferative cells in the inner
regions increases. At the core, cells eventually die, forming a necrotic center region. [126] Most commonly,
this three-layered structure is observed in spheroids with a diameter higher than 250 μm, including those
obtained from OS cells.[128]

Spheroids are formed in vitro without the use of a supporting scaffold and in a spontaneous manner, when
cells interact minimally with surfaces and, instead, self-aggregate. [129]Several techniques have been de-
veloped to create the conditions necessary to generate spheroids, and these mainly differ in the way cells
are prevented from interacting with the surface.[127,130] For example, with the hanging drop method, cells
are suspended in small drops of culture medium that are deposited in glass coverslips; when these are in-
verted, gravity forces cells to self-aggregate at the bottom of the drop.[131] The continuous stirring in spinner
flasks has also been exploited to form spheroids, as cells are kept in suspension, which promotes cell-cell
adhesion.[132] Another strategy is to seed cells on non-adhesive surfaces, such as superhydrophobic or coated
surfaces, with the so-called liquid overlay technique. [133] More recently, the use of microfluidics has also been
explored to culture spheroids, where cells circulate through microchannels, suspended in culture media, and
accumulate in microchambers. There are also commercially available products, such as AggrewellTMplates
(STEMCELL Technologies, Inc.) and Perfecta3DTMhanging drop plates (3D Biomatrix, Inc.), for the gen-
eration of spheroids in a high throughput manner. [130]

Several studies have used OS spheroids to evaluate the cytotoxicity of the chemotherapeutics included in

9



P
os

te
d

on
23

A
p
r

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

38
65

16
.6

79
28

95
5/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

standard OS treatment, in 3D conditions. For example, early in 1980, West et al. [134] accessed the pene-
tration of methotrexate into HOS cell aggregates. The drug affected only a small portion of the spheroids’
proliferative cell population which, combined with the observed limited penetration when compared to 2D
monocultures, partly explained its limited clinical success.[134] Regarding doxorubicin, Arai et al.[135] ob-
served that tumor spheroids from multiple OS cell lines, including HOS and MG63 cells, had an increased
resistance to the drug, in comparison to monolayer cultures. Additionally, cathepsin D, which had previ-
ously been linked to chemoresistance of other cancer types, was found to be upregulated in spheroid culture,
indicating that this protein may be involved in the molecular mechanisms of OS chemoresistance. [135] These
findings were later corroborated by Rimann et al. [136], which produced spheroids from Saos-2, HOS and
MG-63 cell lines, using the hanging drop method. The spheroids presented different sizes, morphologies and
chemoresistance, depending on the cell source, and showed increased doxorubicin and cisplatin IC50 values,
in comparison to their 2D counterparts. The highest cytotoxicity was observed in Saos-2 spheroids, which
had the highest percentage of proliferative cells among all spheroid types, observation that is consistent
with the action mechanism of these drugs.[136] In another study conducted by Baek et al.,[128] the effects
of doxorubicin on the viability and integrity of U2OS spheroids were studied in a real time-manner. Dox-
orubicin cytotoxicity was only observed one day after treatment, with spheroids presenting a decreasing size
and ATP production with time, in a concentration-dependent manner. Three days post-treatment, cellular
activities and ATP production were arrested, which suggests that doxorubicin might require internalization
into the cytosol, via endocytosis, to be effective. [128] The same research group performed a similar study
with cisplatin and equivalent results were obtained. [137]

The potential of novel compounds to serve as anticancer drugs for OS has also been assessed with spheroid
models of OS. An example of such compounds is VOChrys (oxidovanadium(IV) complex with chrysin (V)),
which is composed of vanadium, a trace element that accumulates in bone after it is absorbed by the
organism, and the flavonoid chrysin, which was shown to have antitumor activity. [138] As such, León et
al. [138] studied the antitumor activity of VOChrys and found that the compound was able to decrease the
viability of MG-63 spheroids, reducing their metabolic activity by 35% and their volume when compared with
non-treated spheroids, making this a promising new anticancer drug for OS. [138] In the same line of action,
novel targets of OS have also been investigated in these 3D platforms, namely the nuclear NAD synthesis
enzyme (NMNT1), which had been found to be overexpressed after U2OS cells were treated with cisplatin.
This enzyme participates in the synthesis of nuclear NAD+ which is a substrate for the Poly [ADP-ribose]
polymerase 1 (PARP1) responsible for recognizing and repairing DNA damage.[139] In this regard, Kiss
et al.[139] generated NMNT1-inactivated U2OS spheroids, which showed lower levels of NAD+, potentially
impairing the DNA damage recognition by PARP1. After treatment with cisplatin, spheroids showed a
great reduction in size, confirming the potential role of NMNT1 as a target for future OS therapeutic
approaches. [139]Other novel strategies for OS treatment have been evaluated in 3D spheroid cultures. In a
recent work, Marshall et. al[54] studied the efficacy of combining chemotherapy, radiopharmaceutical therapy
and nanotechnology in MG-63 spheroids, by using nanoparticles loaded with doxorubicin and radionuclide
Na131I and labelled with the epidermal growth factor receptor (EGFR) antibody. The labelled nanoparticles
selectively bound to MG-63 cells, showing increased cytotoxicity compared with unlabeled nanoparticles.
The combination of doxorubicin and Na131I proved more cytotoxic than doxorubicin alone, generating free
radicals and impairing DNA repair. Overall, two main conclusions were reached: i) the use of labelled
nanoparticles can be exploited to deliver a higher effective therapeutic dose to the cells and ii) the combination
of chemotherapeutic drugs and radionuclides seems to be more effective than monotherapy. [54]

Many aspects of OS tumorigenesis have been studied with spheroid-based models as well, including the
effect of hypoxia on cell adhesion. Indovina et al. [56] simulated the hypoxic environment of in vivo tu-
mors by incubating MG-63 spheroids with low oxygen concentration (less than 1%) and exposing them to
chemicals that activate hypoxia-dependent pathways. The authors concluded that, besides promoting an-
giogenesis and metabolic reprogramming, hypoxia also influences OS adhesion – which is crucial for tumor
cells to invade the surrounding tissues – since spheroids grown under hypoxia showed higher adherence to
collagen/fibronectin-coated plates and fibroblast monolayers, along with the loss of their spherical shape.[56]
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Tumor neovascularization has also been simulated in OS spheroid models due to its importance in tumor
biology and drug delivery. This is often done by co-culturing tumor cells with endothelial cells, which have
a key role in neovascularization. For instance, Chaddad et al. [140] developed a vascularized 3D OS model by
depositing MG-63 spheroids on a 2D monolayer of human umbilical vein endothelial cells (HUVECs). The 3D
OS environment enhanced the production of angiogenic factors, such as VEGF, in comparison to 2D MG-63
monolayers, which helped to attract HUVECs towards the spheroids. Subsequently, the HUVECs formed
tubule-like structures that self-organized into capillary networks (10-25 μm in diameter), thus successfully
mimicking in vivo vessel-like structures (Figure 2 A). [140]

Within the heterogeneous cell population of OS, the presence of CSCs has been confirmed with the sphere-
forming assay, which involves culturing cancer cells in stressful growth conditions to only promote the
proliferation of those with stem cell-like self-renew properties. Using this method to produce CSCs spheroids
from the MNNG/HOS cell line, Martin-Neves et al. [16] demonstrated the need to develop OS-CSC-targeted
therapies, as the spheroids presented higher resistance to common cytotoxic drugs and radiation when
compared with the heterogeneous population of the original cell line, along with decreased production of
free radicals and increased expression of drug efflux transporters. [16] In that sense, Guo et al. [141] found
that miRNA-335, a non-coding RNA that had been associated with tumor progression in other cancer types,
was less expressed in OS-CSCs spheroids and could be useful in OS treatment, as miRNA-335 pre-treatment
showed an increased sensitivity of spheroids to cisplatin. [141] Another common approach to isolate CSCs
from the rest of the cancer cells is to perform magnetic-activated cell sorting (MACS), using stem cell surface
markers, such as CD133. Ozturk et al. [142] was able to create spheroids from both CD133+ (CSC) and
CD133- (non-CSC) subpopulations of the Saos-2 cell line, which contradicted previous findings linking the
spheroid-forming ability of cancer cells with stem cell properties.[143] This suggests a potential transformation
of non-tumorigenic (CD133-) cells towards a tumorigenic phenotype, known as the “dynamic cancer stem cell
model”, possibly induced by the 3D culture system. Nonetheless, CD133+spheroids exhibited the highest
cell viability and maintained their pluripotency. [142] Rainusso et al.[15] employed fluorescence-activated cell
sorting (FACS) to isolate the CSC subpopulation of several OS cell lines, including MNNG/HOS, 143B, Saos-
2 and MG-63. Using the long-term label retention dye PKH26, slowly dividing (quiescent) CSCs exhibited
high fluorescence, whereas rapidly dividing non-CSCs displayed reduced fluorescent levels. In contrast to
the entire tumor population, the isolated CSC subpopulations showed superior efficacy in forming 3Din vitro
sarcospheres and inducing tumors in immunocompromised mice, along with an upregulation of genes related
to migration.[15]

In order to mimic the crosstalk between OS cells and stromal cells that happens in vivo , heterotypic
spheroids, composed of two or more cell types, have also been developed, usually employing MSCs. Using
OS/MSC heterotypic spheroids, Cortini et al. [144]demonstrated that most ECM proteins are synthesized
by the mesenchymal stroma of OS, since the presence of MSCs enhanced ECM production in the spheroids.
The deposition of collagen by MSCs, regulated by IL-6, promoted an increased resistance to doxorubicin,
suggesting the importance of ECM-targeting strategies for OS treatment and the necessity of modeling
the OS stroma in drug screening.[144] Freeman et al. [145]modelled earlier and later stages of OS using
heterotypic spheroids with different ratios of MSCs to Saos-2, namely 3:1 and 1:3, respectively. Compared
with homotypic spheroids, both co-culture spheroids exhibited increased diameter, higher expression of OS
prognostic markers and reduced tumor growth post-doxorubicin treatment. The late-stage model presented
limited upregulation of doxorubicin-mediated apoptotic genes, compared to the early-stage model, thus
recapitulating the higher resistance of late-stage in vivo OS to chemotherapeutic drugs (Figure 2 B). [145]

In another study led by Lenna et al. [146], different MG-63:MSC ratios were used to produce heterotypic
spheroids and evaluate the efficacy of a new photodynamic therapeutic strategy. Nanoparticles functionalized
with photosensitizers were delivered by MSCs to OS cells, resulting in decreased cell viability in all spheroids
after photoactivation. The effect was less pronounced in spheroids with higher MG-63:MSC ratio, due to
MG-63 cell outgrowth, which confined MSCs to the inner spheroid regions. As such, the tumor dimensions
and the number of loaded MSCs that can reach the tumor site will dictate the in vivo efficacy of this strategy
to kill OS cells. [146]
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The aforementioned studies highlight the benefits of using 3D scaffold-free spheroids to model OS, as they can
mimic several in vivo features of the tumor, including its 3D macrostructure, the presence of a necrotic core
and the crosstalk between tumor and stromal cells by using heterotypic cultures. However, unlike scaffold-
based models, the spheroid model does not recapitulate the complex extracellular matrix that surrounds the
tumor.

Figure 2. (A) Combination of chemotherapy, radiotherapy and nanotechnology as a novel treatment strategy
for OS.[54] (a) Schematics of the different nanotherapeutic platforms used. (b) Live/dead imaging of MG-63
spheroids treated with control, PLGA nanoparticles (NPs), Na131I, D-NPs, I-NPs, DI-NPs and DIE-NPs.
Reproduced with permission.[54] Copyright 2022, MDPI. (B) Simulation of OS vascularization through the
combination of MG-63 spheroids and 2D monolayers of HUVECs. [140] (a) Graphical representation of the
OS tumor model developed by Chaddad et al.[140]. (b) Optical microscopy and (c-d) scanning electron
microscopy images of MG-63 spheroids in culture with HUVECs: (b) after 7 days, MG-63 cells migrated
and formed a migration front; (c) After 14 and (d) 21 days, HUVECs formed tubule-like structures, which
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appeared to enter the spheroid (arrows). (e-g) Immunofluorescence for GFP, CD31 and BSPII of combined
cultures. Reproduced with permission.[140] Copyright 2017, Elsevier (C) Modeling of different stages of OS
using heterotypic spheroids composed of Saos2 cells and MSCs. [145] (a) Schematics of the conditions used to
develop early- and late-stage OS spheroids. (b) Live/dead imaging of early and late-stage tumor spheroids
with and without doxorubicin treatment. Reproduced with permission.[145] Copyright 2021, John Wiley and
Sons.

Table 1. Summary of three-dimensional in vitroscaffold-free spheroid models developed for OS research.

OS cell type Co-culture cells
Therapeutic
treatment Findings Ref

HOS – Methotrexate Methotrexate had
a limited
penetration in
spheroids with
diameters
exceeding 250 μm.

[134]

Saos-2, SJSA-1,
KHOS/NP, HOS,
HuO9, MG-63,
MNNG-HOS,
143B, HS-Os-1,
NOs-1, Nos-10

– Doxorubicin OS spheroids
showed an
increased
chemoresistance,
compared to 2D
cultures. The
protein cathepsin
D was found to
be upregulated in
spheroid culture.

[135]

Saos-2, HOS,
MG-63 and OS cells
from patients

– Doxorubicin,
cisplatin,
taurolidine, taxol,
permetrexed,

The size and
morphology of the
spheroids depended
on the cell line.
IC50 values were
higher in 3D culture
than in 2D
monolayer.

[136]

U2OS – Doxorubicin Doxorubicin
needs to be
endocytosed to
exert its
antitumor
activity. Higher
IC50 values were
obtained for this
3D culture
system.

[128]
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OS cell type Co-culture cells
Therapeutic
treatment Findings Ref

MG-63 – VOChrys Treatment with
VOChrys led to a
decrease in cell
viability and
altered shape and
volume of
spheroids. Thus,
this compound is
a potential
candidate for
anticancer
treatment.

[138]

U2OS – Cisplatin Spheroids with
inactivation of
NMT1 showed a
significant size
reduction after
cisplatin
treatment.

[139]

MG-63 – Doxorubicin,
Radionuclide
Na131I and
Nanoparticles

The combination
of chemothera-
peutics,
radiopharmaceu-
tical therapy and
nanotechnology
resulted in a
higher
cytotoxicity and a
significant
reduction of the
G0/G1 spheroid
population.

[54]

MG-63 – – Spheroids
cultured under
hypoxic
conditions showed
an increased
adhesion to
collagen and
fibronectin coated
plates.

[56]
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OS cell type Co-culture cells
Therapeutic
treatment Findings Ref

MG-63 – – Tumor spheroids
were cultured on
top of a 2D
HUVEC
monolayer to
induce
angiogenesis.
Tubule-like
structures were
formed by
HUVECs, which
invaded the
tumor spheroids.

[140]

MNGG/HOS – Doxorubicin,
cisplatin,
methotrexate,
ionizing radiation

CSC spheroids
were produced by
culturing the
tumor cells under
stressful
conditions and
showed higher
resistance to
cytotoxic drugs
and radiation.

[16]

MNNG/HOS,
143B, Saos-2,
MG-64

– – The CSC
subpopulation of
OS cells, isolated
with FACS,
showed a higher
efficacy in
producing 3D
sarcospheres and
an upregulation of
migration-related
genes.

[15]

MG-63, U2OS,
143B

Anti-miRNA-335,
Cisplatin

Pre-treatment with
miRNA-335
increased the
sensitivity of
OS-CSC spheroids
to cisplatin.

[141]
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OS cell type Co-culture cells
Therapeutic
treatment Findings Ref

Saos-2 – – CSC spheroids
were generated
with the CD133+

subpopulation of
Saos-2 cells and
exhibited a higher
viability,
compared with
non-CSC
(CD133-) and
Saos-2 spheroids.

[142]

MG-63 MSC Doxorubicin ECM proteins
were mostly
secreted by MSCs
and IL-6 was
found to regulate
the collagen
deposition by
MSCs, which
increased the
resistance of
MG-63 cells to
doxorubicin.

[144]

Saos-2 MSC Doxorubicin Early and
late-stage models
of OS were
developed using
different
OS:MSCs ratios.
The late-stage
model showed a
higher resistance
to doxorubicin.

[145]

MG-63 MSC Nanoparticles
functionalized
with
photosensitizers

MSCs delivered
the nanoparticles
to MG-63 cells,
resulting in
decreased cell
viability after
photoactivation.

[146]

4.2 Scaffold-based models

In vitro scaffold-based models of OS have employed a variety of material settings, namely hydrogels, spongy-
like scaffolds, electrospun fiber meshes and, more recently, microfluidic and 3D bioprinted constructs. [51]

Additionally, several scaffolds for bone tissue engineering have been developed with OS cell lines, which,
despite not exploring drug resistance mechanisms and novel anticancer drugs, have also provided valuable
information on OS cell proliferation in different types of biomaterials.
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4.2.1 Hydrogel-based models

Within the scope of scaffolds used for 3D culture of OS cells, hydrogels have been the most widely used.
These are polymeric networks generally synthesized by physical or chemical crosslinking, presenting high
water content, tunable biophysical and biochemical properties and variable stiffness between 1 and 150 kPa.
[52,147] As such, they are able to encapsulate tumor cells and acquire different architectures, porosity, shapes
and mechanical cues.[148] Sponges, or spongy-like hydrogels, present a higher pore size and larger surface area
compared with simpler hydrogels, which improves cell adhesion. [51,147]They are produced from hydrogel
precursors, which are frozen and then lyophilized, resulting in a porous matrix. [147]

The activation of several pathways related to cancer biology has been studied in OS, using these scaffold
types. For example, Baranski et al. [68]used a collagen/Matrigel hydrogel scaffold to investigate the role of the
MEK (mitogen-activated protein kinase) signaling pathway in 3D environment in several OS cell lines. This
pathway, activated by the mutation/overexpression of receptor tyrosine kinases (RTKs), often hyperactive in
cancers, leads to ERK (extracellular-signal-regulated kinase) phosphorylation by MEK. Half of the cell lines
showed high ERK activation, which was reduced after treatment with MEK inhibitors, resulting in decreased
cell viability. As such, these 3D culture systems validated the efficacy of MEK inhibition for treatment of
OS with high ERK activity, which had already been demonstrated in 2D conditions.[68] The role of the
secreted frizzled-related protein 2 (sFRP2), an extracellular signaling molecule involved in the regulation of
the Wnt pathway that is usually overexpressed in metastatic cancer, was also studied in OS. Using a 3D
Matrigel scaffold, Techavichit et al. [65] found that sFRP2 promoted the migration and invasion of HOS
cells in vitro . Conversely, Orosco et al. [66] discovered that syndecan-2, a transmembrane heparan sulphate
proteoglycan, has a protective antitumor role in OS. MG-63 and U2OS cells, encapsulated in Matrigel
hydrogels, exhibited lower syndecan-2 levels compared to osteoblasts. Overexpressing syndecan-2 reduced
cell migration and increased doxorubicin sensitivity. The authors hypothesized that decreased syndecan-2
expression in OS cells may sustain an undifferentiated phenotype, disrupting apoptosis-related pathways
and enhancing chemoresistance. Consequently, syndecan-2 emerged as a potential new target to improve
chemotherapy efficacy. [66]

In another study, Fallica et al. [72] produced scaffolds with different stiffness for U2OS encapsulation,
using varying collagen concentrations. Compared with 2D monolayers, the 3D biomimetic environment
contributed to reduced cell proliferation, migration rates and activation of the PI3K (phosphatidylinositol 3-
kinase) pathway, commonly activated in cancers for cell growth and migration. Interestingly, stiffer scaffolds
with similar PI3K activation showed an increased resistance of U2OS cells to PI3K inhibitors, possibly due
to the activation of an alternate survival pathway, emphasizing the ECM’s role in regulating the behavior
and drug resistance of OS cells.[72] Another important protein involved in tumor progression is the vascular
endothelial-cadherin (VE-cadherin), which is expressed in both endothelial and OS cells. Using siRNA
technology to inhibit its expression in MG-63 cells cultured in collagen and Matrigel scaffolds, Zhang et al.
[149] observed a reduction in angiogenic sprouting and in the formation of endothelial-like networks. The
authors concluded that VE-cadherin might be involved in the transdifferentiation of OS cells into endothelial-
like cells, promoting the vasculogenic mimicry that is observed in OS.[149]

The interactions of OS cells with collagen were accessed by Elenjord et al., [150] using 3D fibrillar scaffolds and
2D layers of monomeric collagen. OS cells adhering to 3D collagen fibers showed a more rounded morphology
and decreased production of active MMP-2, compared with cells attached to monomeric collagen. This
underscores the impact of the bone TME structure on MMP expression in OS cells, potentially influencing
the invasive and metastatic spread of the tumor. [150] Jiang et al.[151] investigated the effect of ECM
elasticity and adherence on the proliferation of MG-63 cells encapsulated in collagen, Matrigel, agarose
or alginate hydrogels. On 2D films, cells were sensitive to ECM adherence, whereas, on 3D scaffolds, their
sensitivity shifted toward ECM elasticity. The results suggest that 2D cultured cells are mainly influenced by
ECM bioactivity, adopting unnatural characteristics, such as a flattened morphology, increased sensitivity to
apoptosis and lower expression of genes related to tumor malignancy. However, their malignant phenotype
can be recovered by culturing cells in 3D platforms that mimic the ECM of natural OS, being mainly
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regulated by ECM elasticity. [151]

Tan et al. [89] demonstrated that the 3D architecture of the surrounding matrix might affect the morphology
of OS cells and the expression of factors involved in their malignant potential. The authors fabricated 3D
in vitro porous silk constructs in which 143B cells were seeded. Compared with the 2D culture system,
cells cultured in 3D presented a spindle-like morphology and a higher expression of angiogenic markers, such
as HIF-1α and VEGF-A, thus mimicking the in vivo OS physiology. [89]Later, by using GelMA hydrogels
with different stiffness, Sawyer et al.[152] observed that OS cell function, viability and morphology were
not only influenced by the 3D architecture of the ECM, but also by its stiffness. Softer and more porous
scaffolds promoted higher cell viability and the formation of large cell clusters within the hydrogel, while
stiffer hydrogels showed a predominant cell distribution along their periphery, suggesting that cells migrated
due to the lower nutrient diffusion caused by the lower porosity of the scaffolds. [152]

Using PEGDA hydrogels, Jabbari et al. [115] also investigated how matrix stiffness affected OS cell growth.
By varying the PEGDA concentration, hydrogels with different stiffness were developed, in which U2OS
cells were encapsulated. A matrix stiffness of 55 kPa was found to enhance the expression of epithelial-
mesenchymal transition (EMT) markers in cells, resulting in the enrichment of CSCs. This finding suggests
that the CSC subpopulation of OS resides in a niche with specific matrix stiffness conducive to optimal
interaction with the surrounding matrix. [115] The 3D spatial configuration of OS cells also confers chemore-
sistance, as reported by Tan et al. [90] Using another 3D silk fibroin model, encapsulated U2OS and Saos-2
cells exhibited G1 cell cycle arrest and reduced proliferation. Upon reseeding in 2D monolayers, cells reen-
tered the cell cycle, displaying increased sensitivity to doxorubicin, compared to 3D cultured cells. In
contrast, cisplatin showed no significant differences between the two conditions, aligning with its distinct
work of action. The chemoresistance of OS cells is, thus, largely dependent on the characteristics of the
surrounding matrix, which affect their viability and proliferation.[90]

The combination of chemotherapy and photothermal therapy as a possible treatment for OS was studied
by Yang et al. [153]using a chitosan scaffold incorporating ferrite (SrFe12O9) particles and calcium silicate
(CaSiO3) microspheres, loaded with chemotherapeutic drugs. MG-63 cells exhibited high cell viability and
proliferation, which significantly decreased upon doxorubicin treatment and near infrared radiation (NIR)
exposure. Exposure to radiation, therefore, allowed a faster and more localized release of doxorubicin,
making this a promising strategy to increase the clinical efficacy of chemotherapeutics for OS (Figure 3
A).[153] Cold atmospheric plasma (CAP) has also emerged as a promising anticancer treatment, due to
its composition of reactive oxygen and nitrogen species (RONS). When applied to in vitro cell cultures
or superficial tumor tissues, CAP exploits the weaker antioxidant mechanisms of cancer cells compared to
normal cells, inducing apoptosis. [154] While some studies had demonstrated antitumor effects on OS cells
in 2D cultures and 3D models,[155] the impact of CAP within a relevant 3D OS-TME remained explored.
Tornin et al. [74]addressed this gap and created a 3D spongy-like scaffold composed of collagen and HAp
particles. Exposure to varying doses of plasma-activated solutions (PAR) revealed that only the highest
dose was cytotoxic in the 3D model, contrary to 2D conditions. The 3D environment protected cells from
PAR-induced apoptosis by scavenging ROS and upregulating CSC-related genes. The authors concluded
that CAP treatment might not be advantageous in 3D conditions, as it enriched the CSC subpopulation of
the tumor, implying potential limitations for CAP as an OS treatment. [74]

Recently, core-shell alginate-gelatin capsules have been reported by Ke et al. [96] as a novel 3D platform
for MG-63in vitro culture. Gelatin was used for the core region, to promote cell adhesion and proliferation,
while alginate was chosen as the shell polymer to enhance the stability of the capsules and protect the inner
regions. MG-63 cells encapsulated in the gelatin core formed clusters, presenting increased cell viability
and expression of osteogenic markers when compared with 2D monolayer cultures.[96] Kundu et al. [88]

used gellan gum(GG)-silk fibroin(SF) hydrogels with two compartments and varying stiffness to study the
interactions between OS cells and adipose-derived stem cells (ADSCs), found in the vicinity of in vivo
OS masses. Saos2 cells and ADSCs were encapsulated in the central and outer donut-like compartments,
respectively. Hydrogels composed of 75% GG and 25% SF presented a compressive modulus of ˜0.6 kPa and
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promoted the formation of Saos2 spheroids and ADSC migration towards the core region, emphasizing the
impact of mechanical properties on spheroid formation (Figure 3 B).[88] Pavlou et al. [73] also developed 3D
OS hydrogel-based models, with varying complexity, featuring a core collagen ACM (artificial cancer mass)
region, with MG-63 or 143B cells, and a surrounding acellular ECM compartment, composed of collagen and
laminin. The ACM and the acellular ECM were further enriched with cancellous bone granules (NuOSS®)
and fibronectin, respectively, in the complex model. Both cell lines showed good viability and proliferation
in the ACM, forming clusters that migrated towards the acellular ECM (Figure 3 C). Compared with the
basic model, the complex model demonstrated reduced spheroid migration, lower MMP-9 expression and
increased doxorubicin resistance, particularly in the 143B cell line. [73]

dECM-based hydrogels have also been developed for in vitro OS cell culture, albeit the majority has been
for bone regeneration studies, [156,157,158] while only a few in vitro dECM scaffolds have been produced
to model and study OS[110,111]. For example, Zhao et al.[110] bioengineered an OS model by encapsulating
MSCs in decellularized bone matrix. After their differentiation into osteoblasts, U2OS and HOS spheroids
were seeded in the hydrogel. Compared to 2D or 3D scaffold-free spheroid cultures, this model exhibited an
increased resistance to doxorubicin and cisplatin and was able to mimic the heterogeneity of native bone
tumor tissue.[110] A more recent bone dECM model has been reported by Zhang et al. [111], which was able
to sustain OS cell adhesion and proliferation. After demineralization and decellularization of mouse bones,
the original porous structure, referred to as bone extracellular matrix (BEM), was preserved. MG-63 cells
were injected into the medullary cavity of the bones and exhibited a heterogenous mesenchymal phenotype,
similar to the observed in vivo . Moreover, cells either adhered to the remaining muscle residues and grew
into aggregates or adhered to the bone matrix and proliferated.[111]

The high mineral content of the bone TME and the upregulation of bone mineralization pathways in OS
suggest a possible role of the bone mineral phase in OS biology. Several 3D hydrogel-based models have,
therefore, incorporated bioceramic compounds in the scaffolds, mainly HAp, to mimic the bone mineral
phase. For example, Dı́az et al.[78] demonstrated the importance of 3D scaffolds and bone mineral cues in
mimicking the growth kinetics, chemoresistance and signaling patterns of in vivo OS tumors, by encapsulating
MG-63 cells in gelatin scaffolds coated or not with HAp solutions. In contrast to 2D cultured cells, which
proliferated faster, the 3D cultures mirrored the proliferation kinetics of in vivo tumors, exhibiting increased
drug resistance and expression of the PI3K target. The presence of HAp nanoparticles further amplified these
results and treatment with PI3K inhibitors inhibited tumor growth in 3D cultures.[78] Thus, using models
with bone mineral cues can be useful to discover new potential drugs for OS, which may not be possible
with 2D models or 3D models lacking such cues.

While scaffold-based models overcome the limitations of scaffold-free spheroid models, by introducing TME
components, they do not effectively represent the cell-cell interactions observed within the tumor. This has,
recently, prompted the embedment of 3D spheroids in biomimetic scaffolds, aiming to reproduce both cell-
cell and cell-ECM interactions of in vivo tumors. As such, Monteiro et al.[159] demonstrated that modeling
later and more invasive stages of OS could be achieved by encapsulating MG-63 spheroids in biomimetic
GelMA and Matrigel® hydrogels. Compared with scaffold-free spheroids, the scaffold-based model presented
higher cell viability, demonstrating the importance of including an ECM-mimetic matrix when modeling OS.
Spheroids within the hydrogels maintained their morphology and invaded the surrounding matrix, whereas
encapsulated single cells failed to establish the 3D in vivo macrostructure of OS, forming very few cellular
agglomerates and showed higher sensitivity to chemotherapeutics. The authors concluded that the tumor
cellular arrangement within scaffolds influences cell-cell adhesion, morphology and drug resistance, highligh-
ting the need to consider these factors when modeling OS. [159] With these findings in mind, Monteiro et
al. [160] investigated the effect of stroma cells in an OS spheroid-laden hydrogel. The 3D model incorporated
MG-63 spheroids, osteoblasts and BM-MSCs encapsulated in methacryloyl platelet lysates (PLMA)-based
hydrogels, to mimic tumor-stromal and cell-matrix interactions. PLMA, of human origin, was able to support
human cell proliferation and the invasive phenotype of the spheroids. The tri-culture system exhibited in-
creased cell viability, compared with monoculture PLMA scaffolds containing only the spheroids, and MSCs
aligned towards the spheroids, eventually forming a network of cells directly interacting with the invasive
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tumor cells.[160]

Figure 3. (A) (a) Schematics of the development of the magnetic chitosan films, with ferrite particles
and silicate microspheres, by Yang et al. [153] (b) Live/dead imaging of MG-63 cells inside the scaffold
after doxorubicin treatment, with and without NIR irradiation. Reproduced with permission. [153]Copyright
2018, Springer Nature. (B) (a) Schematics of the hydrogel-based model of OS developed by Kundu et al.[88].
(b) Confocal laser scanning micrographs of rhodamine-labelled phalloidin stained actin of the scaffolds,
counterstained with DAPI, after co-culture of Saos2 cells and adipose stem cells (ADSCs) for 14 days. (c)
Migration of ADSCs towards the Saos2 spheroids within the scaffold. ACSs and Saos2 cells are labelled
with PKH26 Red Fluorescent Cell Linker and PKH67 Green Fluorescent Cell Linker. Reproduced with
permission. [88] Copyright 2019 American Chemical Society (B) (a) Schematic diagram of the tumoroid
models developed by Pavlou et al. [73]. (b) Fluorescent images of MG-63 and 143B basic and complex
tumoroid models after 7 days of incubation. The Artificial Cancer Mass (ACM) margin is illustrated with a
white-dotted line. (C) Live/dead imaging of the ACM compartment of the tumoroid models, treated or not
with doxorubicin. Reproduced with permission. [73] Copyright 2019, Elsevier.

4.2.2 Electrospun fiber meshes

Electrospinning is a technique that produces nano- and micro-fibers by applying an electric field to a poly-
meric solution, which causes liquid droplets to become charged and experience electrostatic repulsing forces.
When these forces overcome the liquid surface tension, a cone-shape jet is produced and extended along a
straight line, being collected on a grounded collector as solid fibers.[161] By controlling the applied voltage,
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the flow rate of the solution and the distance between the needle and the collector, fibers scaffolds with
different diameters and porosities can be achieved. [162]

OS cells, specifically the MG-63 cell line, have been seeded on several types of electrospun fiber meshes.
These range from collagen/gelatin,[163] alginate [62] and composite PVA/gelatin fibers [81] to more complex
combinations, such as PVA/Silk Fibroin fibers with silver nanoparticles.[87] While these scaffolds were de-
veloped within the bone tissue engineering field, due to the osteoblastic-like behavior of this cell line, they
showed that electrospun fibers can be used to mimic the ECM that supports the proliferation of OS cells.
For example, Yeo et al.[62] combined cell-laden electrospun alginate fibers with PCL substrates, producing
an interlayered scaffold in which MG-63 cells were able to proliferate. To achieve high cell viability and a
homogeneous fiber mat, the applied electric field was optimized, as lower voltages caused less cell damage
but were not successful in producing well-developed meshes. The reinforcement with PCL provided fur-
ther mechanical support to the scaffold, supporting most of the stress applied to the scaffold during tensile
testing.[62]

Nonetheless, the use of electrospinning to produce scaffold-based models of OS is still rather novel, with only
a small number of models reported thus far. For example, to evaluate the OS response to different mechanical
environments, Molina et al. [80]produced coaxial electrospun fibers, comprising a PCL core and a gelatin
shell, with seeded MG-63 cells. The mechanical properties of the fibers were tuned, affecting fiber diameter
and elastic moduli, by varying the PCL to gelatin ratio. The 3D environment induced lower expression (when
compared with 2D monocultures) of the mechanoresponsive yes-associated protein (YAP), which has been
linked to cancer proliferation and chemoresistance. The scaffold stiffness further affected YAP expression,
with less stiffer scaffolds showing lower expression and increased YAP translocation to the nucleus, which
contradicted initial hypotheses based on OS’s mesenchymal origin and prior MSCs studies showing increased
YAP translocation to the nucleus in stiffer environments. Additionally, the 3D environment led to the
downregulation of the IGF-1R/mTOR pathway, linked to tumor growth and aggressiveness, reducing the
efficacy of IGF-1R targeted agents combined with chemotherapy. The 3D architecture of the fiber meshes
possibly induced a shift in the phenotype of MG-63 cells, no longer requiring the IGF1R/mTOR axis to
proliferate, which emphasizes the need to incorporate mechanical cues in models developed for the study of
OS pathogenesis.[80]

The complexity of this 3D OS model was later increased by Chim et al.[61], which introduced the OS immune
niche, at least in part, by co-culturing MG-63 cells with TAMs in coaxial PCL/gelatin electrospun fibers. In
scaffolds with moderate stiffness, the presence of TAMs induced an inflammatory response, characterized by
higher levels of pro-inflammatory cytokines, such as IL-6, which contributed to an increased proliferation rate
of OS cells and a decreased sensitivity to doxorubicin treatment. The inhibition of STAT3 (signal transducer
and activator of transcription 3), which is a transcription factor activated by IL-6 that upregulates oncogenes,
reduced the inflammation-mediated chemoresistance of OS cells by disrupting their crosstalk with TAMs,
but did not increase doxorubicin efficacy. As such, signals from the immune niche should be considered
during the development of new drugs for OS, as they can alter the chemosensitivity of cancer cells. [61]

4.2.3 3D bioprinted models

3D bioprinting allows the creation of 3D structures for cell culture, by depositing bioinks in a specific pattern,
one layer at a time. Unlike 3D printing, where cells are merely seeded on top of the final constructs,[164,165]

the incorporation of cells in 3D bioprinted models occurs before or during the printing process.[166,167]

This allows a homogeneous cell distribution and the development of more relevant cell-cell and cell-ECM
interactions, since cells are not just interacting with the substrate surfaces. Moreover, the spatial positioning
of cells within the construct can be controlled, making it possible to create compartments with different cell
types, which is of interest for the development of 3D biomimetic models of cancer with higher complexity.[24]

Bioinks are combinations of cells and/or biomaterials that serve as scaffolds for cell culture after bioprinting
and crosslinking.[168] Depending on whether or not cells are dispersed in biomimetic materials, bioinks can be
categorized as either scaffold-based or scaffold-free, respectively. Scaffold-free bioinks may contain spheroids,
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cell pellets or tissue strands that produce their own ECM. However, bioinks are often hydrogel precursors
that mimic the ECM and are crosslinked during or after bioprinting to retain the desired shape. [169] Due to
their biomimicry properties, natural biomaterials are frequently used to produce bioinks for 3D bioprinted
cancer models, but these usually have limited mechanical properties and lower stability, when compared with
3D printed scaffolds composed of synthetic materials. [24]For instance, Wang et al.[170] created a 3D printed
OS model with similar stiffness and porosity of cortical bone, using poly-L-lactic acid (PLLA). The scaffolds
were coated with dopamine for enhanced surface roughness and hydrophilicity and those with smaller pores
supported the proliferation and adhesion of OS spheroids (MG-63, Saos-2 or HOS). The 3D environment
stimulated a higher expression of ECM components (collagen, laminin and fibronectin), VEGF and TGF-β1,
compared with 2D monolayers, indicating the potential of the 3D printed model to effectively mimic the
bone TME. [170]

There are several methods for bioprinting 3D constructs, which can be classified based on how the bioink
is deposited onto the surface. In extrusion-based bioprinting, the bioink is forced through a nozzle by
pneumatic or mechanical actuation. This is the most popular bioprinting technique, since it enables the
use of formulations with various viscosities, high cell densities and a wide variety of printable biomaterials.
However, the structures are bioprinted at a slow speed and with low resolution, with cells being subjected
to shear stress when they are pushed through the nozzle. [171]Inkjet-based has a fast-printing speed and
high resolution, but only low viscosity biomaterials can be used. In this technique, the bioink is pushed
through a nozzle in the form of droplets, by thermal or piezoelectric actuation. [172] On the other hand, in
laser-based bioprinting, the bioink is deposited onto the target surface by using a focused laser beam that
induces the release of bioink from a donor slide. This is a nozzle-free technique, thus avoiding the nozzle
clogging drawback of the previous methods, and allows bioprinting with very fine detail, due to is high
resolution. However, this method has a slower printing speed, high printing costs and presents the risk of
UV-induced cellular damages. [173] Similarly, stereolithography bioprinting offers high spatial resolution and
cell viability, but also carries the risk of cell toxicity, since the bioink is selectively crosslinked into a solid
hydrogel, by photopolymerization. [174]

Similar to electrospun fiber meshes, 3D bioprinted scaffolds for OS cell culture have been mostly explored for
bone tissue engineering applications. Nonetheless, these demonstrate the possibility of bioprinting OS cells
with biomimetic materials and, therefore, developing 3D bioprinted OS models. For example, Neufurth et
al. [97] studied the osteoblastic behavior of Saos-2 cells in a porous cylindrical 3D bioprinted model, using an
alginate/gelatin bioink, which was easily crosslinked and had good cell adhesion properties. The bioprinted
scaffold was overlaid with an agarose layer supplemented with polyphosphate (PolyP), which is synthesized
by bone, resulting in a higher Young’s modulus, increased structure stability, cell density and mineralization,
as well as a similar proliferation rate of in vivo tumors, compared with non-overlaid scaffolds.[97] Following
this study, the same team incorporated PolyP directly into the alginate/gelatin bioink and added culture
media supplemented with nanoparticles of bioactive glass, a bone-mimicking bioceramic, which enhanced
the mineralization of the 3D Saos-2-seeded bioprinted construct. [175] As such, alginate and gelatin can be
used to bioprint OS cells and the inclusion of biologically active components, such as PolyP and bioactive
glass, might also be important in 3D OS models to mimic the mineralized ECM.[175]

Still for bone regeneration purposes, Kim et al.[176] proposed a novel collagen-based bioink to bioprint MG-63
cells. To support high cell viability, genipin, a natural compound extracted from the gardenia fruit, was used
as the crosslinking agent, since it allows a rapid crosslinking and is less cytotoxic than the typical collagen
crosslinkers, such as EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) or glutaraldehyde. While col-
lagen bioprinted constructs are structurally not very stable, due to their low viscosity and poor mechanical
properties, Kim and his team were able to produce a bioconstruct with enhanced stiffness by increasing
the genipin concentration and crosslinking period.[176] Diamantides et al.[177] had previously reported that
collagen bioinks with higher storage modulus before extrusion had better printability. Since the storage
modulus of collagen solutions depends on the collagen and NaCl concentration and its temperature,[177] Kim
et al. [176] also optimized the extrusion nozzle temperature to 10 ºC, which allowed the production of a
collagen scaffold with stable pore geometry and interconnectivity. Compared to alginate bioprinted struc-
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tures, this collagen-based scaffold presented higher cell viability, proliferation and metabolic activity, due
to its higher biocompatibility, which makes this a promising platform for OS research. [176]Another way to
increase the storage modulus of collagen bioinks and, therefore, their printability is to use a higher collagen
concentration. However, the majority of collagen bioinks are produced from a low concentration solution, up
to 10 mg/ml, since higher concentrations increase shear stress, thus decreasing cell viability.[178] Nonetheless,
Pellegrin et al.[179] used a high-density collagen bioink (80 mg/mL), aiming to improve shape retention and
the mechanical properties of the scaffold, and the bioprinted constructs supported the viability, proliferation
and cluster formation of U2OS and cisplatin-resistant U2OS cells. Notably, the scaffold with resistant cells
exhibited enhanced MMP-1 expression, matrix degradation and cell migration, attributed to a differential
expression of collagen receptors on the surface of these cells. Additionally, the established 3D environment
enhanced the expression of DNA repair enzymes, reducing the sensitivity to cisplatin. Compared with 2D
cultures, this collagen 3D bioprinted model provided a better support for OS cells, allowing them to preserve
their aggressive and invasive phenotype. [179]

Despite the promising potential of 3D bioprinting for the development of tumor models, only a few 3D
bioprinted OS models have been reported. Recently, Lin et al. [180] used a GelMA/Methacrylated Hyaluronic
Acid (HAMA) bioink, in which HOS or U2OS cells were encapsulated. The addition of HAMA resulted in
an increased printability and the scaffold had a stiffness of 51 kPa, similar to the optimal matrix stiffness for
OS-CSC enrichment, as reported by Jabbari et al. [115] While cell proliferation was observed, the 3D model
exhibited downregulation of several genes related with cell cycle and metabolism, alongside overexpression
of autophagy-related genes, in comparison with 2D cultures and scaffold-free spheroids. While autophagy
removes damaged organelles and proteins, promoting cell survival, it may also lead to cell death, if activated
in an excessive manner. Interestingly, the model showed higher sensitivity to autophagy inhibitors, rather
than activators, revealing the pro-tumorigenic role of autophagy in OS. [180]In another recent study, Loi et al.
[181]bioprinted OS cells within an ECM-mimetic bioink, based on gelatin and chitosan, optimized to achieve
optimal printability and biocompatibility. The model allowed the study of OS cell migration, as cells were
able to destroy the matrix, but, after one week, reduced cell viability was observed, probably due to stress
from the bioprinting process. The fragmentation of the construct after 14 days indicated the need to increase
the bioink resistance, which can be achieved by increasing the concentration of crosslinkers and changing the
gelatin/chitosan ratio. [181]

Recent advances in biomaterial engineering and bioprinting have also encouraged the development of
spheroid-laden and dECM-based bioinks to model cancer, especially for breast and prostate cancer.[107,182]

So far, for OS models, there have not been reports of such bioinks, but ECM derived from MSCs has been
incorporated by Negrini et al. [183] into a 3D printed polyurethane scaffold for modeling OS. Polyurethane,
a synthetic material, was chosen to compose the ink due to its versatility, non-cytotoxicity and the possi-
bility to control its mechanical properties, while the biomimetic environment was introduced by the ECM
produced by MSCs that were seeded on the printed scaffolds. After the lysis of the MSC population, OS
cells were seeded on the ECM-decorated scaffolds and interacted with the deposited ECM, which promoted
their colonization. [183] As such, the use of dECM derived from OS cells seems to offer a more physiologically
relevant platform for modeling OS.

4.3.4 Microfluidic models

Microfluidic devices are miniaturized systems that manipulate fluids and particles at the micron and sub-
micron scale using micrometer-sized channels and chambers, offering a number of advantages over otherin
vitro platforms, including reduced sample sizes and precise control of fluid flow and perfusion. [184] These
features have made them attractive for a variety of applications, such as gene and protein analysis, biosensing
and high-throughput drug screening. [185] Recently, microfluidic technology has also been employed in cancer
research to create in vitromicrotumor models, since it allows the spatial and temporal manipulation of cells,
gradients and ECM components of the TME.[186]

Regarding OS, a few microfluidic platforms have been developed to produce 3D in vitro models of the
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disease, with or without the use of ECM-biomimetic materials. For example, Sarkar et al. [187] developed a
3D microfluidic spheroid model to study the effects of cellular stresses on the viability and VEGF secretion
of MG-63 spheroids. The cells were distributed into multiple microchambers, through a microfluidic channel,
and aggregated into spheroids of uniform size, exhibiting decreased viability and VEGF secretion in response
to cellular stresses, such as nutrient deficiency and HIF inhibition. However, unlike 2D monolayers, exposure
to higher levels of cellular stresses induced a higher secretion of VEGF by the spheroids, which suggests that
the 3D architecture of the model supported a stronger resistance against higher cellular stresses, similar to
what occurs in vivo , making this a relevant model of the OS-TME. [187] In another approach, Wei et al.
[188] explored the use of microfluidic devices to create hollow doubled-layered microfibers for OS cell and
HUVEC culture. The central microchannel of the device was filled with a hyaluronic acid solution, while the
adjacent microchannels were perfused with cell-laden alginate solutions. By exposing the microchannels to
a CaCl2 bath, the alginate solutions were crosslinked, while the HA solution was dissolved, resulting in a
hollow fiber construct, with an inner layer of HUVECs and an outer layer of MG-63 cells. Compared with
single-layer constructs, the double-layered microfluidic model showed potential as a 3D in vitro OS model
to be exploited in the future, as it sustained cell viability, allowed cells to spread and form cell-cell contacts,
and exhibited an increased expression of osteogenic and vasculogenic genes. [188]

Microfluidic systems for 3D in vitro culture have also become commercially available. The OrganoPlate®
Graft platforms (Mimetas, Inc.) are examples of such devices and are commonly used for tissue vascularization
studies, in cancer and toxicology research, as they allow grafting the tissue under study onto a vascular
bed.[189] The device features a central graft microchamber to place microtissues, such as spheroids, organoids
and tissue explants, and microfluidic channels that can be filled with ECM-like hydrogels and/or culture
media, with or without cells.[189] Using this platform, Avnet et al.[69] combined heterotypic spheroids of
OS cells and MSCs with ECM-biomimetic materials to develop a 3D scaffold-based microfluidic model of
OS. The spheroids were placed in the microchamber of the device, which was filled with a Matrigel/collagen
hydrogel and passively perfused with acidic medium. The acidic microenvironment triggered an inflammatory
response in MSCs, leading to the release of cytokines such as IL-6, which stimulated the migration of OS
cells from the spheroids. These findings are in line with previous studies and demonstrate that IL-6 could
be a target for inhibiting the migration of OS cells that survive acidosis in vivo.[69]

Table 2. Summary of 3D in vitro scaffold-based models of OS, including hydrogels, electrospun fibers,
bioprinted structures and microfluidic devices.

Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Hydrogels
Matrigel® HOS, 143B – – sFRP2

knockdown
in
metastatic
OS cells
decreased
their
migrative
and invasive
potential.

sFRP2
knockdown
in
metastatic
OS cells
decreased
their
migrative
and invasive
potential.

[65]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Matrigel®

+ Collagen
MOS,
U2OS,
KPD, ZK58,
143B and
Saos-2

– Trametinib,
TKIs

OS cells
with
constitutive
ERK phos-
phorylation
were more
sensitive to
MEK
inhibition.

OS cells
with
constitutive
ERK phos-
phorylation
were more
sensitive to
MEK
inhibition.

[68]

Matrigel® MG-63, U2OS – Doxorubicin Overexpression
of Syndecan-2
enhanced
sensitivity to
doxorubicin.

Overexpression
of Syndecan-2
enhanced
sensitivity to
doxorubicin.

[66]

Matrigel®

and collagen
MG-63 – siRNA VE-cadherin

expression in
OS cells was
inhibited
using siRNA
technology,
resulting in
a reduction
of
angiogenic
sprouting.

VE-cadherin
expression in
OS cells was
inhibited
using siRNA
technology,
resulting in
a reduction
of
angiogenic
sprouting.

[149]

Collagen U2OS – Kinase
inhibitor
PI103

Cells
exhibited a
decreased
proliferation
rate and
activation of
the PI3K
pathway in
collagen
hydrogels,
compared
with 2D
monolayers.
Stiffer
scaffolds
promoted a
higher
resistance of
OS cells to
PI103-
induced
inhibition of
PI3K.

Cells
exhibited a
decreased
proliferation
rate and
activation of
the PI3K
pathway in
collagen
hydrogels,
compared
with 2D
monolayers.
Stiffer
scaffolds
promoted a
higher
resistance of
OS cells to
PI103-
induced
inhibition of
PI3K.

[72]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Collagen – – – Cells had a
rounder cell
shape and
reduced
secretion of
MMP-2
when
cultured in
3D collagen
hydrogels,
compared
with 2D
collagen
layers.

Cells had a
rounder cell
shape and
reduced
secretion of
MMP-2
when
cultured in
3D collagen
hydrogels,
compared
with 2D
collagen
layers.

[150]

Collagen,

Matrigel®,
agarose and
alginate

MG-63 – – Different
hydrogels
were
produced,
with varying
degrees of
elasticity
and adhesive
properties.
MG-63 cells
exhibited
higher
viability and
proliferation
in scaffolds
with higher
mechanical
elasticity.

Different
hydrogels
were
produced,
with varying
degrees of
elasticity
and adhesive
properties.
MG-63 cells
exhibited
higher
viability and
proliferation
in scaffolds
with higher
mechanical
elasticity.

[151]

Silk fibroin 143B – – The
expression of
angiogenic
markers
(HIF-1α and
VEGF) by
OS cells was
increased in
the 3D
hydrogel,
compared
with 2D
monolayers.

The
expression of
angiogenic
markers
(HIF-1α and
VEGF) by
OS cells was
increased in
the 3D
hydrogel,
compared
with 2D
monolayers.

[89]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Silk fibroin U2OS, Saos-2 – Doxorubicin,
Cisplatin

OS cells
showed a G1
cell cycle
arrest and
reduced
proliferation in
the 3D model,
along with
higher
resistance to
doxorubicin,
compared with
2D
monolayers.
Treatment
with cisplatin
showed no
significant
differences
between the
two culture
methods.

OS cells
showed a G1
cell cycle
arrest and
reduced
proliferation in
the 3D model,
along with
higher
resistance to
doxorubicin,
compared with
2D
monolayers.
Treatment
with cisplatin
showed no
significant
differences
between the
two culture
methods.

[90]

PEGDA U2OS – – The CSC
subpopula-
tion of OS
cells was
mainly
enriched in
hydrogels
with
stiffness of
55 kPa.

The CSC
subpopula-
tion of OS
cells was
mainly
enriched in
hydrogels
with
stiffness of
55 kPa.

[115]

Chitosan MG-63 – CaSiO3

microspheres
loaded with
doxorubicin
and ferrite
particles

Exposure to
near infrared
radiation
induced a
more
localized
release of
doxorubicin,
through the
ferrite
particles,
resulting in
an increased
cytotoxicity
to OS cells.

Exposure to
near infrared
radiation
induced a
more
localized
release of
doxorubicin,
through the
ferrite
particles,
resulting in
an increased
cytotoxicity
to OS cells.

[153]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Collagen +
HAp
particles

MG-63 – Plasma-
activated
solution

The 3D
environment
had a
protective
role against
the oxidative
stress
generated by
CAP, by
scavenging
ROS and
upregulating
the
expression of
CSC-related
genes.

The 3D
environment
had a
protective
role against
the oxidative
stress
generated by
CAP, by
scavenging
ROS and
upregulating
the
expression of
CSC-related
genes.

[74]

Alginate +
gelatin

MG-63 – – Cells
proliferated
within the
gelatin core,
showing an
increased
expression of
osteogenic
markers,
compared
with the 2D
in vitro
model. The
alginate-
shell of the
capsule
enhanced its
stability.

Cells
proliferated
within the
gelatin core,
showing an
increased
expression of
osteogenic
markers,
compared
with the 2D
in vitro
model. The
alginate-
shell of the
capsule
enhanced its
stability.

[96]

Gellan Gum
+ Silk
Fibroin

Saos-2 ADSCsa) – Saos-2 cells
formed
spheroids
and ADSCs
migrated
towards
them in
hydrogels
with a
specific
stiffness of
˜0.6 kPa.

Saos-2 cells
formed
spheroids
and ADSCs
migrated
towards
them in
hydrogels
with a
specific
stiffness of
˜0.6 kPa.

[88]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Collagen +
laminin +
fibronectin,
bone
granules

MG-63,
143B

– – The supple-
mentation
with bone
cancellous
granules
induced a
decreased
invasion of
OS cells,
lower
expression of
MMP-9 and
increased
resistance to
doxorubicin.

The supple-
mentation
with bone
cancellous
granules
induced a
decreased
invasion of
OS cells,
lower
expression of
MMP-9 and
increased
resistance to
doxorubicin.

[73]

Gelatin +
HAp
nanoparticles

MG-63 – Doxorubicin The
presence of
HAp
particles
promoted a
higher
resistance of
OS cells to
doxorubicin,
possibly
related with
the
increased
activation of
the IGF-1R
pathway.

The
presence of
HAp
particles
promoted a
higher
resistance of
OS cells to
doxorubicin,
possibly
related with
the
increased
activation of
the IGF-1R
pathway.

[78]

GelMA and
Matrigel

MG-63
(single-cells
or
spheroids)

– Lorlatinib Encapsulated
spheroids
invaded the
surrounding
matrix and
showed a
higher
resistance to
lorlatinib,
compared
with
cell-laden
hydrogels.

Encapsulated
spheroids
invaded the
surrounding
matrix and
showed a
higher
resistance to
lorlatinib,
compared
with
cell-laden
hydrogels.

[159]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

PLMAb) MG-63
(spheroids)

hOBc) and
hBM-MSC

Doxorubicin The
triculture
system
presented
higher
tumor cell
viability,
invasive
ability and
drug
resistance,
compared
with
hydrogels in
which only
spheroids
were
encapsulated.

The
triculture
system
presented
higher
tumor cell
viability,
invasive
ability and
drug
resistance,
compared
with
hydrogels in
which only
spheroids
were
encapsulated.

[160]

Decellularized
bone matrix

U2OS, HOS
(spheroids)

MSCs (dif-
ferentiated
into OBs)

Doxorubicin,
cisplatin

Spheroids
encapsulated
in dECM-
based
scaffolds
exhibited
higher drug
resistance,
compared to
2D and 3D
scaffold-free
spheroids.

Spheroids
encapsulated
in dECM-
based
scaffolds
exhibited
higher drug
resistance,
compared to
2D and 3D
scaffold-free
spheroids.

[110]

Decellularized
bone mouse

MG-63 – – MG-63 cells
showed a
heteroge-
neous
phenotype
and
proliferated
within the
bone matrix.
Cellular
aggregates
were also
observed.

MG-63 cells
showed a
heteroge-
neous
phenotype
and
proliferated
within the
bone matrix.
Cellular
aggregates
were also
observed.

[111]

Electrospun
fibers

Electrospun
fibers
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Alginate +
PCL

MG-63 – – Cells
proliferated
within the
alginate
fibrous
mesh, while
the use of
PCL
enhanced
the
mechanical
properties of
the
structure.

Cells
proliferated
within the
alginate
fibrous
mesh, while
the use of
PCL
enhanced
the
mechanical
properties of
the
structure.

[62]

PVA +
gelatin

MG-63 – – The
scaffolds
supported
cell
proliferation
and
adhesion
due to their
hydrophilic
properties.

The
scaffolds
supported
cell
proliferation
and
adhesion
due to their
hydrophilic
properties.

[81]

PVA + silk
fibroin + Ag
nanoparticles

MG-63 – – Composite
fiber
constructs
showed a
higher cell
viability,
ECM matrix
production
and tensile
strength,
compared
with pure
PVA fibers.

Composite
fiber
constructs
showed a
higher cell
viability,
ECM matrix
production
and tensile
strength,
compared
with pure
PVA fibers.

[87]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

PCL (core)
+ gelatin
(shell)

MG-63 – – Cells
penetrated
the fiber
meshes and
showed a
reduced
expression of
YAP,
especially in
stiffer
scaffolds,
compared
with 2D
models.

Cells
penetrated
the fiber
meshes and
showed a
reduced
expression of
YAP,
especially in
stiffer
scaffolds,
compared
with 2D
models.

[80]

PCL (core)
+ gelatin
(shell)

MG-63 TAMs Doxorubicin The
presence of
TAMs
induced an
inflamma-
tory
response and
secretion of
IL-6, which
promoted a
higher
resistance of
OS cells to
doxorubicin.

The
presence of
TAMs
induced an
inflamma-
tory
response and
secretion of
IL-6, which
promoted a
higher
resistance of
OS cells to
doxorubicin.

[61]

3D
bioprinted
scaffolds

3D
bioprinted
scaffolds

Alginate +
gelatin

Saos-2 – – The scaffold
was coated
with agarose
and PolyP,
which
increased its
stability and
cell density.
Cells showed
a similar
proliferation
rate of in
vivo tumors.

The scaffold
was coated
with agarose
and PolyP,
which
increased its
stability and
cell density.
Cells showed
a similar
proliferation
rate of in
vivo tumors.

[97]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

Alginate +
gelatin +
PolyPd)

Saos-2 – – When
exposed to
biologically
active
components,
such as
PolyP and
bioactive
glass, the
scaffolds
promoted a
higher min-
eralization
of OS cells.

When
exposed to
biologically
active
components,
such as
PolyP and
bioactive
glass, the
scaffolds
promoted a
higher min-
eralization
of OS cells.

[175]

Collagen MG-63 – – The collagen
scaffold was
crosslinked
with
genipin,
showing
good
structural
stability and
promoting
high cell
viability,
proliferation
and
metabolic
activity of
OS cells.

The collagen
scaffold was
crosslinked
with
genipin,
showing
good
structural
stability and
promoting
high cell
viability,
proliferation
and
metabolic
activity of
OS cells.

[176]

Collagen U2OS – Cisplatin The
bioprinted
structure
had
favorable
mechanical
properties,
sustained
the viability
and
proliferation
of OS cells
and
increased
their
resistance to
cisplatin.

The
bioprinted
structure
had
favorable
mechanical
properties,
sustained
the viability
and
proliferation
of OS cells
and
increased
their
resistance to
cisplatin.

[179]
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

GelMA +

HAMAe)

HOS, U2OS – Everolimus,
Chloroquine

The addition
of HAMA
increased
the bioinks’
printability,
and the
model
showed an
increased
resistance of
OS cells to
autophagy
inhibitors

The addition
of HAMA
increased
the bioinks’
printability,
and the
model
showed an
increased
resistance of
OS cells to
autophagy
inhibitors

[180]

Gelatin +
chitosan

UMR-106 – – The bioink
presented
good
printing
resolution
and
supported
the
migration of
OS cells.

The bioink
presented
good
printing
resolution
and
supported
the
migration of
OS cells.

[181]

Polyurethane Saos-2 MSCs – OS cells
interacted
with the
ECM
secreted by
MSCs,
previously
seeded on
the scaffolds,
which
promoted
their
migration.

OS cells
interacted
with the
ECM
secreted by
MSCs,
previously
seeded on
the scaffolds,
which
promoted
their
migration.

[183]

Microfluidic
platforms

Microfluidic
platforms
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Scaffold type OS cell type
Co-culture
cells

Therapeutic
treatment

Therapeutic
treatment Findings Ref

– MG-63 – – Cells
aggregated
into
spheroids in
the
microwells of
the
platform,
showing
decreased
viability and
VEGF
secretion in
response to
nutrient
deficiency
and HIF
inhibition.

Cells
aggregated
into
spheroids in
the
microwells of
the
platform,
showing
decreased
viability and
VEGF
secretion in
response to
nutrient
deficiency
and HIF
inhibition.

[187]

Matrigel®

+ collagen
OS MSCs – When

exposed to
acidic
conditions,
MSCs
secreted
IL-6 which
induced the
migration of
OS cells
from
OS/MSC
spheroids.

When
exposed to
acidic
conditions,
MSCs
secreted
IL-6 which
induced the
migration of
OS cells
from
OS/MSC
spheroids.

[69]

Alginate MG-63 HUVECs – OS cells and
HUVECs
encapsulated
in double-
layered
fibers
presented a
higher
expression of
osteogenic
and
vasculogenic
genes,
compared
with single-
layered
fibers.

OS cells and
HUVECs
encapsulated
in double-
layered
fibers
presented a
higher
expression of
osteogenic
and
vasculogenic
genes,
compared
with single-
layered
fibers.

[188]
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a) ADSCs: Adipose-derived stem cells;b) PLMA: Methacryloyl platelet lysates;c) hOB: human osteoblasts;
d) PolyP: polyphosphate; e) HAMA: methacrylated hyaluronic acid.

5. Future Perspectives

Significant progress has been achieved in the development of 3D in vitro models of OS, progressing from
simple tumor spheroids, generated with scaffold-free techniques, [54,128,135] to more complex scaffold-based
models, incorporating biomaterials that recapitulate the TME. [68,89,150] While spheroids are recognized as
superior models for replicating the 3D structure of the tumor, their ability to accurately represent the TME
is compromised by the absence of a biomimetic scaffold. Consequently, the ongoing efforts to integrate tumor
spheroids with scaffolds are considered a promising avenue for advancing in vitro OS modeling.

Enhancing the reliability of 3D in vitro models also requires the representation of the characteristic immune
system and vascularization of OS. [190] While some spheroid- and hydrogel-based models have attempted to
simulate these environments,[61, 140] there is still room for improvement. For instance, exploring 3D pattern-
ing of cells, through techniques such as 3D bioprinting and microfluidic technology, can enable more precise
representations of the architectural complexity observed in in vivo OS tumors.[191] In this context, while
not directly related to in vitro OS modeling, there have been reports of successful 3D bioprinting involving
pre-formed breast cancer spheroids, both in monoculture and co-cultured with endothelial cells.[182] The
spheroids were able to maintain their 3D structure, polarity and function, suggesting that the physical stress
of bioprinting did not compromise their integrity.[182] Moreover, microfluidic technology has also allowed the
creation of tumor models with perfusion. Aung et al.[192] used this strategy to develop a vascularized breast
tumor-on-a chip: single HUVECs and breast cancer spheroids were encapsulated in GelMA hydrogels and
cultured within a microfluidic platform. By controlling the device’s flow rate, a chemoattractant gradient
was created, promoting the formation of an endothelial-like barrier, while the spheroids remained at the
center of the hydrogel. Exposure to high doses of doxorubicin resulted in reduction of spheroid size and loss
of the endothelial barrier, showcasing the drug’s non-specificity. [192] Both these strategies could be easily
translated to OS research.

As emphasized in this review, the development of 3D in vitro OS models commonly involves the use of
commercial OS cell lines, including the U2OS, MG-63, Saos-2 and HOS cell lines. The selection of which
cell line to use usually depends on the specific objective of the model, whether it aims to replicate the
migratory types of OS tumors, clonogenic characteristics, metastatic potential, aggressiveness and so forth.
[53] However, it is noteworthy that these cancer cell lines were established in the 1970-80s and have likely
adapted to long term in vitro culture, losing the cellular heterogeneity of the original tumor, [129] which
emphasizes the need for patient-derived biological samples.

Tumor organoids, derived from primary tumor tissues, are presented as advanced 3D in vitro models that
faithfully retain the heterogeneity, histologic architecture and cell-ECM interactions of the original tumor,
being valuable tools for the development of personalized treatments. [190,193] They are obtained from fresh
biopsies, which are mechanically or enzymatically digested and cultured in an ECM-like structure – typically
Matrigel® or collagen layers – with specialized media conducive to organoid-like growth and maintenance.
[190] While tumor spheroids – which are typically generated from commercial cancer cell lines in a scaffold-
free manner – are able to mirror metabolic and proliferation gradients of in vivo tumors, they exhibit
lower complexity in representing the tumor organization compared to organoids.[194] As such, with their
long-term culture potential and cryopreservability, organoids are more histologically relevant tumor models,
recapitulating both the structural and functional complexity of the original tumor tissue. [195]

Within cancer research, organoids have been predominantly employed to model epithelial-type cancers,
given the availability of patient-derived material from these cancer types. [196,197,198] In contrast, there has
been limited progress in the development of organoids specifically related to sarcomas, including OS. He
et al.[199] explored the generation of organoids from primary and lung metastatic OS tissues, using two
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methods: EnBloc culture and single cell suspension culture. Patient-derived specimens were cultured in
collagen layers within a transwell insert (EnBloc) or as single cell suspensions in Matrigel®. Organoids
from lung metastatic OS tissues, formed within 7 days, had similar morphology and histopathology to
their parent tumor tissues, displaying negative TP53 expression, positive SOX9 expression and featuring
tumor-infiltrating lymphocytes. Additionally, they were cryopreserved without loss in viability, suggesting
the possibility of creating organoid biobanks. As such, this organoid culture system for OS holds promise
for antitumor drug screening and for evaluating immunotherapy.[199] In a more recent study, Johansson et
al.[200] was also able to generate organoids from cryopreserved OS cancer cells, previously obtained from
patients through surgery or endoscopic biopsies. They used a basement membrane extracted (BME)-gel and
cultured the organoids in media supplemented with various growth factors, revealing an augmented VEGF
secretion with serial passaging. [200]

Despite these preliminary studies, the development of OS organoids still remains relatively unexplored, pri-
marily due to the limited access to patient-derived samples, given the rarity of this cancer type.[201] Moreover,
although the diagnosis requires a tumor biopsy, challenges persist in optimizing the composition of the cul-
ture media for organoid growth: in contrast to epithelial-based tumors, sarcomas, like OS, typically exhibit a
heterogeneous cell population with more diverse intra-tumoral morphological and genotypic features, which
makes the maintenance of each cell type more challenging. [194]

6. Conclusions

In OS research, bioengineered 3D in vitro models have emerged as valuable platforms, bridging the gap
between 2D in vitromonocultures and animal models. They offer a more representative depiction of the
TME, incorporating relevant cell-cell interactions within a 3D macrostructure, and potentially reduce the
need for animal testing. Different techniques have been employed to develop these models, ranging from
simple scaffold-free spheroid culture systems and hydrogel-based scaffolds, to more complex electrospun fiber
meshes, integrative microfluidic platforms and complex 3D bioprinted scaffolds. While 3D in vitro models
have enhanced our understanding of OS, namely regarding the efficacy of MAP chemotherapy, the invasive
behavior of OS cells, the activation of cancer-related pathways and the influence of matrix stiffness and the
3D spatial configuration on chemoresistance, there still remains an urgent need for more robust preclinical
models with a higher level of OS biomimicry. Future research should focus on integrating spheroids with
scaffold-based techniques, introducing additional stromal cell types to simulate the tumor vascularization
and immune environment of OS, and incorporating perfusion into the model – particularly important for
evaluating novel treatments. Despite these challenges, the extensive knowledge acquired to date clearly
demonstrates the importance of using 3D in vitro models in preclinical OS research.
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