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Abstract: Ovarian cancer (OC) grows and interacts constantly with a complex microenvironment,
in which immune cells, fibroblasts, blood vessels, signal molecules and the extracellular matrix
(ECM) coexist. This heterogeneous environment provides structural and biochemical support to the
surrounding cells and undergoes constant and dynamic remodeling that actively promotes tumor
initiation, progression, and metastasis. Despite the fact that traditional 2D cell culture systems
have led to relevant medical advances in cancer research, 3D cell culture models could open new
possibilities for the development of an in vitro tumor microenvironment more closely reproducing
that observed in vivo. The implementation of materials science and technology into cancer research
has enabled significant progress in the study of cancer progression and drug screening, through the
development of polymeric scaffold-based 3D models closely recapitulating the physiopathological
features of native tumor tissue. This article provides an overview of state-of-the-art in vitro tumor
models with a particular focus on 3D OC cell culture in pre-clinical studies. The most representative
OC models described in the literature are presented with a focus on hydrogel-based scaffolds, which
guarantee soft tissue-like physical properties as well as a suitable 3D microenvironment for cell
growth. Hydrogel-forming polymers of either natural or synthetic origin investigated in this context
are described by highlighting their source of extraction, physical-chemical properties, and application
for 3D ovarian cancer cell culture.
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1. Introduction

Ovarian cancer (OC) is the seventh most common cancer in women [1]. In 2021, there
were approximately 21,410 new cases of OC, and 13,770 people died from this disease in
the U.S. [2]. Even though the incidence of new cases and mortality rate have declined
over the past two decades, OC continues to be the most lethal gynecological cancer in the
world. The high death-to-incidence ratio is caused by several factors, including: (i) the
advanced stage of the disease at the time of diagnosis because of the asymptomatic nature
of OC and the absence of effective screening strategies; (ii) resistance to treatment; (iii) the
development of recurrence [3]. The stage of cancer at diagnosis determines the treatment
options, with a strong influence on the duration of survival. The sooner OC is detected,
the better a patient’s chances of surviving five years after diagnosis. In the case of OC,
only 15.7% of patients are diagnosed in the early stage and the 5-year relative survival rate
for localized tumor is 92.6%, while in the advanced stage it is 48.6% [2].

Although in recent years there has been a significant increase in research towards new
therapeutic targets and strategies, as well as the development of new drugs, the standard
treatment of OC since the 1980s includes surgery, with a goal of complete tumor resection,
and chemotherapy based on platinum compounds and taxanes [4]. New therapeutic ap-
proaches are indeed required to improve OC growth and progression response to treatment.
The development of a new drug involves critical and systematic steps that present many
challenging aspects. It is estimated that 12-15 years of investigation and huge financial
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costs are needed to develop a new cancer drug. Unfortunately, the percentage of drugs
that receive Food and Drug Administration (FDA) approval is very low (<5%) compared to
the number of compounds that enter clinical trials [5,6]. One of the main reasons for drug
discovery failure is inappropriate pre-clinical testing methods and in vitro tissue models,
due to poor efficacy and safety issues. Traditionally, in vitro drug screening is performed
on conventional two-dimensional (2D) systems that do not accurately reproduce the in vivo
microenvironment. On the other end, new pre-clinical models based on three-dimensional
(3D) cell culture offer in vitro biological microenvironments more closely reproducing those
observed in vivo [7]. Cancer tissues are not simply a mass of cells with genetic mutations
and uncontrolled growth, but rather a physiologically functioning anatomical unit consist-
ing of a heterogeneous set of cells, blood vessels and their surrounding stroma, referred to
as tumor microenvironment [8].

Despite the fact that 3D cell culture models show more realistic morphology and
stiffness of the tumoral mass, cell—cell/extracellular matrix (ECM) interactions, and cell
sensitivity to drugs and nutrients, they have not yet been universally integrated into
the drug development arena. Traditional 2D cell cultures have, therefore, always been
predominant in cellular assays used for drugs screening because of their simplicity, repro-
ducibility, and low cost [9,10]. Interest in the development of increasingly convenient and
reproducible 3D culture techniques for high-performance phenotypic and pharmacological
evaluation has grown significantly only in the last decade (Figure 1) [11].

Hydrogels are widely used in 3D tissue modeling as a promising and versatile class
of scaffolding materials thanks to their ability to absorb a large volume of cell culture
medium, thus mimicking the highly hydrated environment of the body’s soft organs and
tissues [12]. A growing body of literature has been published in the past few years on
polymeric hydrogels for OC modeling, by employing different cell lines and macromolec-
ular compounds from either natural sources or synthetic routes. However, to the best of
the authors” knowledge, the literature lacks a paper reviewing this topic. For this reason,
this article provides an overview of polymeric hydrogels that have been investigated as
scaffolds for 3D cell culture modeling of OC.
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Figure 1. Total number of publications per year with “3D culture” topic. Source: Web of Science:
Science Citation Index Expanded [13].

2. Ovarian Tumor Microenvironment

The ovarian tumor microenvironment (TME) is constituted from non-cellular compo-
nents, comprising the ECM that provides structural support, and secreted molecules such as
chemokines, inflammatory cytokines, matrix metalloproteinases (MMPs), ECM-sequestered
growth factors, as well as stromal cells, consisting of cancer cells, cancer-associated fibrob-
lasts (CAFs), endothelial cells (ECs) and immune cells [10]. The dynamic changes among all
these components regulate cell adhesion, proliferation, differentiation, migration, survival,
as well as disease progression and therapeutic outcome (Figure 2) [5].
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Figure 2. Graphical representation of ovarian tumor microenvironment (TME). In particular,
the following components are represented: tumoral cells, cancer-associated fibroblasts (CAFs), tumor-
associated macrophages (TAMs), dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs),
tumor-infiltrating lymphocytes (TILs), natural killers (NKs) and ECM structural elements.

The ECM is crucial for maintaining normal function and homeostasis in all tissues and
it is composed of fibrous structural proteins, such as collagen, elastin, and fibrillin, glyco-
proteins (e.g., fibronectin), and proteoglycans (e.g., glycosaminoglycan). In tumorigenesis,
an increased deposition of structural proteins occurs, leading to changes in tissue density,
and to the formation of a physical barrier that limits mass transport of compounds [10].
In particular, the increasing ECM collagen secretion in epithelial OC, induced by malig-
nant cells, directly correlates with invasiveness and enhanced tumor progression [14].
Moreover, fibronectin produced by fibroblasts and mesothelial cells within TME plays a
significant role in the pathogenic process, promoting early metastasis by engaging «531
integrins on cancer cells [15], migration and invasion, upregulating the FAK/PI3K/ Akt
pathway [16], angiogenesis and inhibiting apoptosis [17]. The metastatic process is also
enhanced by MMP-2 that cleavages fibronectin and vitronectin into small fragments facili-
tating cell adhesion to the peritoneal surface [18], as well as by hyaluronan bound from
CD44, the major surface receptor of epithelial OC cells [19]. The ECM crosstalk with cells is
mainly mediated by integrins, in particular «331, av31 and «6p31, proven to be implicated
in proliferation, adhesion, migration and invasion of OC cells [16]. For example, integrins
can trigger a signaling pathway through the focal adhesion kinase (FAK) that sequesters
pro-apoptotic proteins, such as p53 from the apoptotic signaling, determining an increased
proliferation and survival. At the same time, other pro-apoptotic molecules (e.g., Bax)
are blocked by overexpression of FAK, and several antiapoptotic genes (e.g., Bcl-2) are
induced [20]. Nevertheless, also, other cell surface receptors are implied, such as discoidin
receptors and syndecans (e.g., syndecan-1, SDC-1), a known promoter of epithelial OC cell
proliferation [21].

Cellular behavior is not only determined by the chemical composition of the stroma,
but also by its stiffness. During the pathogenetic process, the ECM is altered via desmo-
plastic response that increases its stiffness through remodeling, enhancing tumor progres-
sion by activating a plethora of mechanotransduction pathways. For example, matrix
rigidity promotes nuclear translocation of YAP1, an oncogenic transcription factor asso-
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ciated with aggressive metastatic epithelial OC and the disaggregation of multicellular
spheroids through a mechanotransduction pathway involving ROCK, actomyosin con-
tractility, and FAK [21]. On the other hand, after the detachment from the primary tumor
and the dissemination through the intraperitoneal fluids, OC spheroids have a peculiar
tropism mediated from the Rho/ROCK signaling pathway towards soft tissues, such as the
adipocyte-rich omentum [22]. Here, a bidirectional interaction between omental adipocytes
and cancer cells takes place, causing de-differentiation and reprogramming of adipocytes
into cancer-associated adipocytes (CAAs). In this process, cancer cells secrete cytokines and
chemokines that induce lipolysis in adipocytes. Then, the released fatty acids are promptly
uptaken by cancer cells, which upregulate fatty acid-binding protein 4 (FABP4) in omental
metastases, to generate energy by 3-oxidation and meet the increasing demand of the
rapid tumor growth [23]. At the same time, adipocytes de-differentiate into pre-adipocyte
fibroblastoids that secrete adipokines, such as TNF-«, which increases CD44 expression in
epithelial OC cells by activating c-Jun N-terminal kinase (JNK) pathway [24], and leptin
that promotes the production of MMP-7 by ERK1/2 and JNK1/2 activation [25], enhancing
OC cell invasion and metastasis [26].

This metastatic process towards the omentum and peritoneal cavity is sustained by
a plethora of different cell types within the TME that contribute creating a permissive
environment for tumor proliferation, progression, and immune evasion [27]. In this pro-
cess, cancer cells recruit and transform the stromal cells that in turn remodel the ECM
of the stroma, co-evolving with time in complex and dynamic interactions that assist the
metastatic transition of cancer cells (Figure 2).

One of the main cellular components of TME is cancer-associated fibroblasts (CAFs).
They usually differentiate from mesenchymal-derived cells but can also transdifferen-
tiate from pericytes or epithelial cells when exposed to platelet-derived growth factor
(PDGEF), tumor-derived transforming growth factor-31 (TGF-{31), basic fibroblast growth
factor (bFGF), and interleukin-6 (IL-6). CAFs have a peculiar reactive phenotype char-
acterized by the constitutive expression of a-smooth muscle actin (x-SMA), normally
expressed by fibroblasts involved in wound healing, where it provides contractile strength,
and fibroblast activation protein (FAP), as well as by not undergoing apoptosis or losing
the activated phenotype [28]. CAFs enhance tumor progression, invasion and migration via
various mechanisms, such as expressing CXCL14, an important factor in promoting cancer
growth [29], and increasing the infiltration of FOXP3+ regulatory T lymphocytes (Tregs) in
the tumor site, which exerts immune suppression effect [30] and whose presence directly
correlates with poor OC survival [31]. CAFs also contribute to vascular stabilization in
ovarian and other cancers and remodeling of ECM [32].

The most abundant immune cell population of tumoral stroma are macrophages,
named tumor-associated macrophages (TAMs) when present in the TME [31]. TAMs derive
from resident macrophages or bone marrow monocytes circulating in the blood and are
recruited by the chemokines CCL2, CCL5, and CXCL1 in the TME [33], where they are
polarized into the M2 phenotype thanks to TGF-b, IL-10 and IL-4 [34]. In epithelial OC, M2
macrophages are associated with poor prognosis and poor survival, especially because they
increase tumor invasion and metastasis formation by producing MMPs, serine proteases
and cathepsins that remodel the ECM, enabling cells migration, angiogenesis, and early
recurrence [35]. Hence, the maintenance of this phenotype is supported by tumoral cells,
sustaining and promoting their survival by producing macrophage colony-stimulating
factor (M-CSF) and vascular endothelial growth factor (VEGF) [36]. TAMs also act as sup-
pressors of anti-tumor immune responses by two main strategies. The first is to produce
chemokines with an immunosuppressive function, or that recruit only immune cell popula-
tions lacking in cytotoxic activity, such as CCL22, also produced by OC cells, that attracts
Treg [37]; the second is by expressing on their surface the ligand receptors for cytotoxic
T-lymphocyte antigen-4 (CTLA-4) and programmed cell death protein ligand-1 (PD-1),
whose activation inhibits cytotoxic function and regulates T-cells” cycle [38]. Additionally,
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they stimulate cancer cell growth both directly, producing EGF, IL-6 and tumor necrosis
factor (TNF), and indirectly, secreting pro-angiogenic factors [39].

Angiogenesis is the process of new vessel formation, the principal source of nutrient
supply and a way out for cancer cell dissemination. The main inducer is VEGEF, expressed
by tumoral cells in case of oxygen depletion via hypoxia-inducible transcription factors 1a
and 2a, and also by TAMs, tumor-associated neutrophils (TANs), and natural killer (NK)
cells to sustain tumor vascularization and the metastatic process [31]. Beside angiogenic
properties, VEGF can also induce the expression of FasL ligand, a known regulator of T cell
apoptosis, on human tumor endothelial cells, leading to the apoptosis of tumor-infiltrating
CD8* T cells [40]. VEGEF is, therefore, related to malignant ovarian epithelial metastases
and poor clinical outcomes [41].

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group that include
myeloid progenitor cells, immature macrophages, granulocytes and dendritic cells also
present in the TME. These cells are characterized by the upregulation of both arginase 1 and
inducible nitric oxide synthase, resulting in increased production of immunosuppressive
nitric oxide and reactive oxygen species, and leading to the suppression of the tumor-
directed immune response [42]. Furthermore, these cells also interact with NK infiltrated in
the tumor by secreting TGF-f3, a master switcher of immune suppression in NK cells [43],
implicated in their induction of a pro-angiogenic phenotype [44]. NKs are also directly
inhibited by OC cells overexpressing on their surface a high molecular weight mucin,
MUC16 (CA125), that prevents the formation of immune synapses between NK cells and
OC targets, hence blocking the immune recognition [45].

Another group of cells found in the TME is tumor-infiltrating lymphocytes (TILs),
comprising T-cells and Tregs. The primary function of T-cells would be to inhibit cancer
development; however, their action is suppressed by Tregs, MDSCs, and TAMs by secreting
a plethora of soluble inhibitory factors, such as IL-6, IL-10, and TGF-f3, and through the
upregulation of inhibitory receptors on cancer cells, enabling the immune-escape [46].

3. In Vitro 2D Tumor Cell Culture

Since the first experiments carried out by Harrison in 1907 during his research
on nerve fibers development, 2D cell culture has been continuously developed [47,48].
The advantages of 2D cell culture are mainly the simplicity, cost-effectiveness, and high
cell viability [49]. It is routinely employed to study cell biology and physiology, tissue
morphology, drug action, disease process and development, and for this reason it is often
used in genetic manipulation and biotechnological studies [50,51]. Even if it has allowed
for understanding basic aspects of cell tumor biology, monolayer cell culture has numer-
ous disadvantages, mainly related to the poor faithful and realistic representation of the
human TME, which as previously highlighted plays a critical role in tumor formation,
propagation rate, quiescence and establishment of metastases [52-54]. TME can also model
tissue therapeutic response and the rise of drug resistance, justifying the recent interest
in its components as possible targets for new antitumoral drugs [55,56]. Culturing cells
as a monolayer in multi-well plates, tissue culture flasks, or flat petri dishes attached to a
polystyrene tissue culture surface does not adequately allow for mimicking the tumor mass
natural structure and microenvironment (Figure 3). As a result, 2D cell culture systems typ-
ically show altered gene expression and activation of cell signaling pathways, if compared
to tumoral tissues in vivo [49,52].
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Figure 3. (a) Two-dimensional cell culture: cells cultured in a petri dish arranged to form a cellular
monolayer with a flat cell shape that does not closely recapitulate the real physiological cell morphol-
ogy. (b) 3D cell culture: in the 3D microenvironment, cells form multicellular aggregates, presenting
a morphology and behavior more representative of in vivo systems.

The aforementioned disadvantages highlight an urgent need of in vitro tissue models
more closely representing in vivo TME, such as in the case of 3D cell culture systems.

Even if 2D cell culture investigations on OC are still preferred for high-throughput
drug screening and tumor biology investigation, increasing attention has been given to the
importance of using more accurate pre-clinical models that reduce the gap between in vitro
and in vivo TME. Several studies performed on a broad spectrum of OC cell lines have
confirmed significant differences in cell morphology, resistance to chemotherapeutic agents
and secretion of proliferation markers in cells cultured in 3D versus 2D systems [11,57,58].
Two-dimensional OC cell cultures showed epithelial and fibroblast-like phenotypes. On the
other hand, studies carried out on OC spheroids obtained on an ultra-low attachment plate
revealed three different cell patterns that could be classified as loose aggregate conformation
(A2780, A2780cis, OVCAR3, OAW28, PEA1, PEA2, PEO23 and TO14), compact aggregate
structure (PEO1, PEO4, PEO6 and PEO14), and tight spheroid structure (PEO16, OV56,
SKOV3 and 59M), based on size, light permeability, and the amount of incorporated
cells. Furthermore, OC monolayer and spheroids treated with increasing concentrations
of cisplatin, carboplatin, and paclitaxel typically show differences in dose-dependent
cell viability reduction. Indeed, most of the OC cell lines cultured using 3D techniques
showed greater resistance to these compounds. Moreover, in the case of many OC cell lines,
the transition from a 2D to a 3D microenvironment generated changes in the expression
of different tumor biomarkers. Brodeur et al. [59] investigated the carboplatin response of
six OC cell lines as 2D monolayers, 3D spheroids, or mouse xenograft models. The results
obtained from the in vivo study were correlated to the response obtained from the 3D
spheroids in four cell lines out of the six tested, while they were correlated to the response
obtained from the cell monolayer with only three cell lines. This study clearly demonstrated
heterogeneity in therapeutic response when a cell line is grown in different conditions,
underlining the need to select an optimized in vitro preclinical model for drug screening
studies. This may enhance the exclusion of ineffective drugs in the first phase of preclinical
studies, helping to reduce the rate of failed studies, and consequently the cost, time and
use of animals in research.
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4. In Vitro 3D Tumor Cell Culture

Biomimetic 3D multicellular tumor models” goal is to narrow the gap between 2D
in vitro cell culturing and animal testing models. Indeed, 3D systems more accurately
mimic the complex cell—cell and cell-ECM interactions, allowing for a better preservation
of cellular morphology and heterogeneity characterizing physiological tissues. This is a
fundamental requirement since both morphology and cell-environment crosstalk strongly
influence gene expression and, therefore, cell behavior and intercellular signaling net-
works [49,60,61].

Peculiar features and relevant pros and cons of 2D and 3D culture systems are outlined

in Table 1.

Table 1. Peculiar features of 2D and 3D cell cultures for in vitro studies.

2D Systems 3D Systems Ref.
Cells grow in a 3D
environment and maintain
Limited mimicking of the the typical tumor structure
native tumor mass divided into three concentric
Morpholo structure. Cells have a flat ~ zones of heterogeneous cell [62]
pholosy or stretched shape due to populations: an external
the attachment to rigid and  proliferative zone, a central
flat substrates. zone of quiescent cells,
and an internal zone of
necrotic cells.
Interaction Limited cell-cell and Physiological cell-cell contact [63]
cell-ECM interactions. similar to in vivo. -
Unlimited cell access to .
oxveen. nutrients Gradients of oxygen,
Perfusion ygen, ’ nutrients, metabolites, [64]
metabolites and . ;
. . and signaling molecules.
signaling molecules.
More susceptible to drug Tumor morphology
. action. Overexposure of S
Pharmacological . significantly affects the
. cells to anticancer agents , . [65]
action drug’s concentration
due to the absence of
. . throughout the tumor mass.
physical barriers.
Display different gene and Expression of tumor genes
Gene/protein protein expression levels and proteins present in a [66]
expression compared to relevant way even for long
in vivo tissues. periods of culture.
Higher stiffness due to Lower stiffness more closely
Stiffness growth on a polystyrene resembling that of [67]
tissue culture surface. native tissue.
Co-culture Limited versatility. High versatility. [68]
Cells often proliferate at a Cells may proliferate at a
Time of culture faster rate than in vivo. different rate compared to 2D [69]
Allow cells to grow cell cultures. Allow cells to
up to 1 week. grow up for weeks.
Cost Cheaper solution. More expensive. [5]
et Commercially available Limited number of
Availability tests and media. commercially available tests. [70]
Maintenance and Easier maintenance and Tl.m? consgmmg. Greater
difficulty in carrying out [5,71]

handling

manipulation.

methodological techniques.
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As discussed below, several in vitro OC studies have been conducted under 3D culture
conditions, conventionally divided into two main categories: scaffold-free and scaffold-
based models.

4.1. Scaffold-Free 3D Cell Culture

Scaffold-free techniques lead to the formation of self-assembled cell units, named
spheroids, that remain in suspension in the culture medium without adhering to any
surface. During the spheroid formation process, cells secrete their own ECM components
through continuous deposition of proteins [54,72]. Spheroids show complex cell-to-cell ad-
hesion and cell-to-matrix interaction, which result in gradients of nutrients, gases, growth
factors and signal factors. This kind of structure recapitulates the TME found in real tis-
sues [72,73]. The generation of spheroids is the fastest and most common way to obtain 3D
cell models, as evidenced by various techniques described for their formation in literature,
as presented below.

Ultra-low attachment (ULA) techniques are based on the use of low-adhesion plates
that are designed with a coating made of a hydrophilic or hydrophobic polymer (e.g., agar,
agarose, Matrigel, or poly-2-hydroxyethyl methacrylate) and endowed with a well-defined
geometry (e.g., round or V-shaped bottom) to promote the self-aggregation of cells into a
single spheroid per well [5,74]. Spheroids assemble starting from 3 days of culture, and are
characterized by cells with greater aggressiveness in terms of growth, migration, invasion
and in vitro chemotherapy resistance than monolayer cultures [75,76]. For this reason, ULA
has been widely used for high-throughput drug screening assays, recently also in the field
of OC modeling to find innovative chemotherapy strategies. For instance, promising results
were achieved in studies concerning the viral oncolytic properties of three different viruses
(i.e., Myxoma, double-deleted vaccinia and Maraba virus), demonstrating that Maraba
virus infects, replicates and kills OC cells effectively in cells adhering to a 2D substrate,
and to a slightly lesser extent in tumor spheroids [77]. ULA approach was also employed
to assess the effect miR-328 and Nectin-4 peptide 10 expression inhibition on the restriction
of OC growth and prevention of spheroid formation [78,79]. In addition, a recent study
by Hedemann et al. [80] in this context showed increased cytotoxicity of cisplatin when
combined with the ADAM17 metalloprotease inhibitor GW280264X.

The hanging drop (HD) technique principle has been widely employed since 1994
for the formation of multicellular spheroids. Initially, the hanging drop technique was
performed by dropping a small volume of cell suspension onto the lid of a Petri dish.
Subsequently, the lid was quickly flipped over on the plate containing culture medium or
PBS to maintain a moist atmosphere. This allowed for the formation of drops on the lid
containing cells, which did not fall due to surface tension. Under the action of the gravity,
the cells were forced to accumulate at the apex of the drop, aggregate and proliferate to
form spheroids. In recent years, special hanging drop plates (HDPs) have been designed to
replace Petri dishes, allowing for the production of multiple 3D spheroids per plate [7,71].
High viability multicellular OC spheroids were obtained by means of novel 384 wells HDP,
starting from a limited number of seeded cells (10-100 cells/well) [81]. For this reason,
the HDP technique has been selected for the formation of spheroids used in the screening
of already known anticancer agents (e.g., cisplatin and placlitaxel [81,82]) and innovative
therapeutic strategies, e.g., niraparib and olaparib, two poly(ADP-ribose) polymerase
inhibitors [83]. In both cases, a significantly lower cytotoxic activity was observed in
comparison to cell monolayer conditions. Indeed, the close relationship between OC ability
to form spheroids in vivo and its resistance to chemotherapy is well known. Spheroids
obtained through this technique are also used to investigate the invasiveness and migration
of OC cells. A study by Sodek et al. [84] verified the close link between the 3D tumor cell
conformation and its invasive capacity, highlighting the need of new therapeutic strategies
to prevent the formation of spheroids.

Agitation-based approaches are also widely employed to culture cell spheroids. Cells
are kept in suspension by agitation under the action of a mechanical stirrer or through the
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direct bioreactor rotation (e.g., wall-rotating system). Continuous agitation is essential to
prevent cell adhesion to the walls/bottom of the bioreactor and promote cell—cell interac-
tions. The main devices used for cell suspension culture methods are spinner flasks and
rotating-wall bioreactors [74,85]. Becker et al. [86] with the use of a rotating-wall vessel
were able to form multicellular spheroids of LN1 cell line derived from a metastatic lesion
of a patient with mixed miillerian tumor of the ovary. These spheroids kept in culture for
more than 32 days showed a tendency to divide once they reached a certain characteristic
cell size or density that could be correlated to the intrinsic cell line metastatic activity.
In recent years, this technique has also been integrated with scaffold-based cell culture,
through incubation in spinner flasks or bioreactors cell seeded or embedded into a porous
polymeric matrix [87,88].

Working principles, advantages and disadvantages of ULA, HD and agitation-based

methods for 3D tumor modeling are summarized in Table 2.

Table 2. Advantages and disadvantages of scaffold-free cell culture techniques.

Ultra-Low Attachment

NG

Hanging Drop

[|'& & =]

Agitation-Based

Cells are cultured on a
substrate having
non-adhesive
properties (e.g.,
hydrophilicity,

Cells aggregate
spontaneously at the
apex of a droplet of

Cell aggregates are
maintained in
suspension in culture
medium and their
adhesion to the

Method } bioreactor surface is
uncharged and concave culture medium, revented by a
surface). Cell—cell suspended on the lid of corﬂinuous a ii]a tion
interactions are easier a multi-well plate. system ( eg
to be established than St B
cell-surface ones mechanical stirrer or
' rotating-wall).
Low-cost.
High throughput Low-cost. Long term culture.
d . . May not need Large-scale
screening. It is possible s : .
Advantages . specialized equipment. production.
to control size I
uniformity with Good shape and High control of
. .O 4 . size control. culture conditions.
specialized equipment.
No long term culture. Reqqire specialized
Not stable system. iglélszlel;e;;gheoﬁ
Long term culture is Difficulty in medium Ils. Poor n’i | of
. complex. Plate-coating replacement and cens: (.)O controt o
Disadvantages s spheroid shape and
procedure may compounds addition. size. No individual
be laborious. Dehydration risk. ’
No large spheroids compartment for each
Labo% intensive ' spheroid. Difficulty to
’ collect cells.
Reference [75-80] [81-84] [86]

4.2. Scaffold-Based 3D Cell Culture

Further developments on 3D tumor cell culture have been possible thanks to rapid
advancements in tissue engineering, an interdisciplinary field that applies the principles
of engineering and life sciences for the development of 3D biological substitutes, which
support cellular architecture by restoring, maintaining and mimicking the functions of
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native tissues [89]. In scaffold-based techniques, a physical support is used to mimic
the natural structure of the ECM. Cells can be seeded directly onto this matrix, and the
biological crosstalk between cells and scaffold is controlled by the material properties.
In order to induce cell response and tissue growth, the scaffold should meet several
requirements, as will be discussed in detail in the following sections [90]. It must be
biocompatible and allow cells to adhere, proliferate, and migrate into its porous structure.
Scaffold biodegradation kinetics should be tailored to allow cells to produce their own ECM
and gradually replace the construct [91]. The design of a scaffold with an interconnected
network of pores and a high surface porosity results in macro- and microstructural features
that not only influence cells survival, signaling, growth and motility, but also play a
fundamental role in effective diffusion of nutrients, gases, and metabolic waste products.
Furthermore, the scaffold must have a pore size large enough to ensure cell migration and
proliferation within the porous structure, and at the same time it must provide a sufficiently
large surface area for adhesion of a critical number of cells. Finally, the scaffold should
possess mechanical properties comparable to those exhibited by the target native tissue.
In particular, various studies have well documented that the scaffold mechanical stiffness
plays a fundamental role in maintaining the phenotype and aggressiveness of adhered
tumor cells, influencing intercellular organization and the ability to form metastases [92].

Various studies carried out over the past years have highlighted that the employment
of hydrogel scaffolds for OC modeling represents a powerful strategy to optimize in vitro
tissue structural and functional features. In particular, a hydrogels matrix can provide a
stiffness comparable to that of ovarian soft tissues, potentially resembling the structural
and mechanotransductional role of natural ECM. A tailored hydrogel porous structure
can, therefore, integrate a substrate directly influencing the morphology and behavior of
the adhered cells, as well as a 3D microenvironment promoting fundamental cell—cell and
cell-ECM interactions and incorporating key components of the ECM, such as proteins,
growth factors, and nutrients [93,94].

5. Hydrogel-Based Cell Culture

Hydrogels are 3D hydrophilic polymeric networks that can absorb even more than
90% of water by volume while maintaining their structure, thanks to crosslinks among the
macromolecular chains [95]. These swollen materials are soft and allow for free diffusion
of nutrients, oxygen, and cell waste, making them suitable for biomedical applications.
For example, they can be employed to support the regeneration of various tissues, such as
cartilage, bone, and vascular tissues, especially thanks to their viscoelastic behavior provid-
ing mechanical compliance with the surrounding tissues when implanted [96]. Hydrogels
are extensively used for 3D cell culture thanks to their tunable biochemical and biophysical
properties, such as macromolecular architecture, porosity, shape, degradability, stiffness
and other mechanical cues. This allows for mimicking in vitro the ECM properties of
various pathological tissues, with the ultimate aim of studying their pathogenic process
and drug response [97]. To date, many hydrogels are available on the market, such as
MaxGel™, a human cell-cultured-derived ECM containing collagen, laminin, fibronectin,
tenascin, elastin, proteoglycans and glycosaminoglycans [98,99], the HydroMatrix " syn-
thetic peptide that originates a nanofiber scaffold in response to changes in temperature or
ionic strength [98,100], and the TrueGel3D platform, an animal origin-free polysaccharide
hydrogel system validated for several applications, such as tumoral cyst and spheroid for-
mation, as well as coculture of cancer and stroma cells [101,102]. These validated platforms
provide 3D in vitro microenvironments more closely mimicking the in vivo counterparts,
in comparison to conventional scaffold-free 3D spheroids [103].

5.1. Network Formation

Hydrogels for tumor modeling can be made from either natural, semisynthetic,
or synthetic polymers (Table 3). In general, natural polymers are bioactive and promote
cell adhesion, proliferation, and development, whereas conventional synthetic polymers
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lack cell-stimulating activity [104]. Natural polymers employed as hydrogels are usually
proteins or ECM polysaccharide components (e.g., collagen, fibrin, and hyaluronic acid) or
polysaccharides derived from other biological sources (e.g., chitosan and alginate). As a
consequence, they are intrinsically biocompatible and bioactive thanks to the presence
along their macromolecular backbone of functional groups recognized by cellular receptors,
and promoting cell adhesion, cell-responsive degradation, and ECM remodeling. Neverthe-
less, modulating their mechanical properties can be difficult and batch-to-batch variability
could be a relevant problem. By contrast, the structural and functional properties of syn-
thetic polymer hydrogels (e.g., porosity, swelling degree, biodegradability, and mechanical
strength) can be finely tuned to specific applications, minimizing the variability among
different batches and optimizing experimental reproducibility. Furthermore, it is also
possible to integrate specific peptides or sequences that help to properly mimic the native
ECM and thus increase the bioactivity of synthetic polymers [105].

The hydrophilic polymer chain network can be formed via various crosslinking meth-
ods based on either physical or chemical strategies (Figure 4). Physically crosslinked
hydrogels rely on usually reversible non-covalent interactions (e.g., ionic, electrostatic,
and hydrophobic interactions, as well as hydrogen bonding) holding the chains together
and providing the resulting network with elastic properties. As a consequence, a water
swelling equilibrium is reached when the osmotic pressure within the network and the
opposite elastic force of the crosslinked macromolecules balance each other [12]. Physical
hydrogels (Figure 4a—c) are typically preferred over chemical ones for biomedical applica-
tions, thanks to the higher safety and lower cytotoxicity, related to the absence of unreacted
chemical crosslinking agents [106]. On the other hand, chemically crosslinked hydrogels
(Figure 4d,e) can provide better mechanical properties and superior physiological stability,
resulting in a slower degradation rate, due to the irreversible crosslinking covalent bonds.
Their formation typically involves free radical polymerization induced by light (e.g., pho-
topolymerization), other chemical initiators, or crosslinking agents. Enzymatic-crosslinking
is gaining increasing attention thanks to the possibility of forming covalent bonds without
the employment of chemical mediators [106].

Figure 4. Graphical representation of hydrogel formation process through physical (blue ar-
rows) or chemical (red arrows) interactions among macromolecular chains. (a) Ionic crosslinking,
(b) polyelectrolyte complex (PEC) formation, (c) thermoresponsive gelling process, (d) photoactivated
crosslinking, and (e) enzymatic crosslinking.



Int. J. Mol. Sci. 2022, 23, 3265 12 of 42
Table 3. Natural and synthetic polymers investigated for hydrogel tumor modeling.
Polymer(s) Tumor Modeling Cell Line Ref.
Natural source polymers
Chitosan Breast cancer 4T1 [107]
Chitosan/Alginate Glioblastoma U87-MG [108]
U-118
LNCaP
C4-2
Prostate cancer C4-2B [109]
TRAMP-C2
Chitosan/Hyaluronic acid Glioblastoma U-118 MG [110]
Chitosan/Pectin Colorectal cancer HCT116 [111]
Chitosan/Silk Fibroin Lung cancer A549 [112]
Hepatic cancer HepG2 [113]
Cellulose Cervical cancer HelLa [114]
MCF7
Breast cancer MDA-MB-231 [115]
Cellulose/Gelatin Breast cancer MDA-MB-231 [116]
Cellu%ose /Hyaluronic acid/ Clioblastoma U251 [117]
Gelatin
Cellulose/ Alginate/Lignin Hepatic cancer HepG2 [118]
Breast cancer MCE-7 [119]
Neuroblastoma SK-N-BE(2) [120]
Alginate :
Glioblastoma U87-MG [121]
Hepatic cancer HepG2 [122]
Breast cancer MDA-MB-231 [123]
Alginate/Gelatin
Colorectal cancer HCT116 [124]
Breast cancer MCE-7 [125]
Cervical cancer HeLa [126]
Agarose -
Glioblastoma U251 [127]
Lung cancer A549 [128]
MCEF-7
Breast cancer MDA-MB-361 [129]
Agarose/Collagen MDA-MB-231
Glioblastoma U373-MG [130]
Breast cancer MCE-7 [131]
Hyaluronic acid derivatives Prostate cancer LNCaP [132]
. U373-MG
Glioblastoma US7-MG [133]
Hyaluronic acid/ Alginate Prostate cancer Pes [134]
DU145
Breast cancer MDA-MB-231 [135]
Collagen Glioblastoma us7 [136]
Hepatic cancer HepG2 [137]
Collagen/Alginate Breast cancer MDA-MB-231 [138]
Gelatin Breast cancer MCE-7 [139]
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Table 3. Cont.

Polymer(s) Tumor Modeling Cell Line Ref.
Synthetic polymers
Breast cancer MDA-MB-231 [140]
Poly(ethylene glycol) (PEG) Glioblastoma U251 [141]
Pheochromocytoma PC-12 [142]
Glioblastoma LN229 [143]
Poly(vinyl alcohol) (PVA) U87-MG
Pancreatic cancer PaTu 8988t [144]

Hybrid polymeric materials

Polycaprolactone/Cellulose/

Gelatin Glioblastoma U251-MG [145]
PEG/Chitosan Breast cancer MMC [146]
PEG/Collagen Hepatic cancer HepG2 [147]
PEG/Fibrinogen Breast cancer MDA-MB-231 [148]
PEG/Gelatin Fibrosarcoma HT1080 [149]
PEG/Silk fibroin Lung cancer A549 [150]
Poly(methyl vinyl

?;ﬁggfégﬁic) /a . Hepatic cancer HepG2 [151]
Hyaluronic acid

g;gﬁﬁiﬁig’i?gl Flysine)/ Breast cancer MCE-7 [152]
PVA/Cellulose Breast cancer MDA-MB-231 [153]
PVA /Gelatin Hepatic cancer HepG2 [154]

Electrically charged polymers, or polymers whose net charge can be revealed in
acidic or alkali solutions, are crosslinked with ions or other macromolecular compounds of
opposite sign, hence forming polyelectrolyte complexes (PECs) (Figure 4b). For example,
alginate is negatively charged in an aqueous environment due to the presence of carboxyl
groups in its repeating unit; therefore, it can either interact with divalent cations (e.g., Ca2*
and Mg?*) in a conformation known as the egg-box model, or with another positively
charged polyelectrolyte such as chitosan. The resulting network is insoluble in aqueous
media because of the shielding of the charged groups [155]. One of the main advantages of
PEC hydrogels is their self-healing ability: once the hydrogel is broken upon mechanical
stress application, the physical network can be recovered autonomously and the structural
damage repaired, once the load is released. Nevertheless, their mechanical strength is
typically limited [106] and they can dissolve in an aqueous environment under certain
conditions, such as when in contact with chelating agents [155].

Hydrogelators are another class of charged molecules that can form physical hydro-
gels by self-assembling into 3D supramolecular networks. Among them, self-assembling
peptides that can autonomously organize in water into ordered nanofibers and further
into scaffolds are particularly attractive for biomedical applications [156]. These short
oligopeptides can have different secondary structures, such as «-helix, 3-sheet, or random
coil. Depending on their sequence, charge distribution and chirality, they are characterized
by inter- and intramolecular weak specific interactions (e.g., hydrogen bonds and 7—m
stacking) or strong non-specific interactions (e.g., electrostatic interactions) [156]. An exam-
ple is RADA-16, an ionic self-complementary peptide made of three amino acid residues
(R-arginine, A-alanine, and D-aspartic acid).
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Thermoresponsive polymers represent another group of macromolecules employed
to prepare physically crosslinked hydrogels, which can be divided into two classes de-
pending on the gelling process (Figure 4c). Polymers that undergo a sol-gel transition
upon heating have a lower critical solution temperature (LCST), below which they be-
come miscible with their solvent. For example, below 30 °C, elastin is solvated by water
molecules, whereas upon heating it undergoes a sol-gel transition by which the chains
fold to form nanoparticles that can entrap bioactive compounds for drug delivery strate-
gies [157]. The main driving force of this process is the entropy gained through chains
dehydration [158]. Indeed, at low temperatures, polymer molecules are solubilized thanks
to hydrogen bonds with water molecules, resulting in a one-phase system; upon increasing
the temperature, the hydrogen bonds are weakened, and the polymer chains become desol-
vated. A different chain conformation is then assumed to minimize the macromolecular
surface exposed to water, for example from random coil to helix or from coil to a globular
conformation [158]. On the other hand, the majority of natural thermoresponsive poly-
mers (e.g., agarose and gelatin) have an upper critical solution temperature (UCST), above
which they are water-soluble. In this case, the gelling process takes place by cooling and
it is driven by a change in enthalpy due to the increasing hydrophobic properties of the
polymer [159]. Due to the physical interactions keeping together the network, thermally
crosslinked hydrogels can be dissolved by reversing the temperature change [155].

Photo-crosslinking is one of the most exploited approaches to chemically crosslinked
hydrogel fabrication (Figure 4d). Hydrogels formed by light irradiation need the presence
of photo-initiator compounds that, after irradiation, form free radicals able to react with
unsaturated groups present in the polymer backbone, with the resulting formation of inter-
molecular covalent bonds. The wavelength typically employed is in the UV region, e.g.,
centered at around 365 nm, whose intensity is tolerated by most cell types if exposed for less
than a few minutes, hence providing a potential tool for cell encapsulation. The advantages
of photo-crosslinked hydrogels are their rapid network formation under mild conditions
and the modulability of their mechanical properties by controlling the crosslinking reaction
conditions. Their main disadvantage is the possible presence of unreacted crosslinking
molecules that can induce an immunogenic response [106]. To overcome this drawback, tai-
lored cytocompatible photo-initiators have been developed to fabricate gels for biomedical
applications [160].

The sol-gel method can be used to obtain solvated gel networks through polymer-
ization of small molecular precursors [161,162]. The solvent is not necessarily water in
the first place, but once the gel network is formed, the solvent can be replaced with water.
For instance, supercritical fluid dried aerogels can be fabricated through a wide range
of molecular precursors using the sol-gel technology and tailored drying methods (see
Section 5.3) [163].

Enzymatic crosslinking is an emerging biocompatible strategy to create covalent
bonds among macromolecular chains (Figure 4e). This technique is inspired by natural
reactions occurring in our body, such as those involved in covalent crosslinkages that
stabilize collagen and elastin and mediated by lysyl oxidase, a key component in the for-
mation and remodeling of ECM [164]. The main advantage of enzymatically crosslinked
hydrogels is the mild reaction conditions, occurring in an aqueous medium, at neutral pH,
and physiological temperature; indeed, most of the enzymes employed for this purpose
catalyze reactions naturally occurring in our body, and their activity can be modulated to
control the gelling process. Therefore, this approach is investigated to develop injectable
in-situ-forming hydrogels with biomimetic mechanical and swelling properties. Addition-
ally, thanks to the enzyme-substrate specificity and absence of photo-initiators or other
chemically reactive molecules, cytotoxic reactions are typically avoided [165].

5.2. Properties

Biocompatibility and bioactivity are fundamental scaffold properties. Appropriate
cellular adhesion is crucial for the success of the cell proliferation process and the resulting
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formation in vitro of a tumoral tissue, which takes place through different stages: (i) cell
attachment, (ii) cell spreading, (iii) focal adhesion between cells and scaffold surface,
and (iv) migration onto its surface and through its porous structure while laying down
new ECM (Figure 5) [166].

(a) (b) (c) (d)
- - - ® —

@ Focal Adhesion jStress Fibers New ECM deposited

Figure 5. The cell adhesion process on scaffold surface. (a) The cell comes in contact with scaffold
surface and loosely attaches onto the substrate, (b) the cell starts to flatten, (c) the cell spread its
membrane and form focal adhesions that connect the cell securely on the scaffold surface with
intracellular actin filaments (stress fibers) through integrin, and (d) the cell begins to migrate to the
scaffold surface generating new EMC (the green arrow indicates migration direction).

Biocompatibility has been formally defined in 1987 as “the ability of a biomaterial
to perform with an appropriate host response in the specific application”. Any material
selected to develop scaffolds must be evaluated to determine the unwanted damage or side
effects that could generate to the host. The three main responses that should be considered
are: inflammation, wound healing, and immunological /immunotoxicity reaction [167].
Natural polymer-derived hydrogels intrinsically present bioactive sequences within their
structure, whereas synthetic polymers in most cases need to be further modified to stimulate
an appropriate cell response and induce the required biological interactions in 3D cell
culture. For example, cell-binding motifs (e.g., RGD sequence from fibronectin, IKVAV
sequence from laminin, and GFOGER sequence from collagen) or growth factors can be
employed to functionalize the scaffold and enhance its recruitment of specific cells, with the
overall result of providing an inductive environment that stimulates cell differentiation
and tissue regeneration. These bioactive peptides will constitute an integral part of the
biohybrid network and can be covalently bound to the backbone and released as the cells
degrade the hydrogel, or can be entrapped within the porous structure of the polymeric
construct [105].

Biodegradability is another fundamental requirement, especially when hydrogels are
employed in tissue regeneration and not designed as permanent implants; in this case, cells
need to colonize the scaffold, produce their own ECM, and gradually replace the implanted
construct while it is eroding. However, in the case of in vitro tissue modeling, scaffold’s
bioerosion tailored to tissue development is not often achievable within the experimental
time scale (typically few weeks), and as a consequence polymer complete biodegradation
becomes non-essential. In any case, the scaffold’s bioerosion rate must be adapted to a
specific application to match cells” ability to synthesize new ECM while, at the same time,
providing appropriate structural support. Scaffold’s bioerosion can happen through various
mechanisms, such as polymer dissolution, hydrolysis or enzymatic catalysis. In particular,
hydrogels made of polymers naturally present in the ECM (e.g., collagen, fibrin, elastin,
and hyaluronic acid) are degraded by cells’” proteases, whose catalytic action can be in-
creased, especially towards synthetic polymers, by including enzyme-sensitive peptide
crosslinkers within the macromolecular backbone [168]. Nevertheless, it is also possible to
control the hydrolysis rate by introducing in the macromolecular network hydrolytically
degradable crosslinkers, such as ester linkages, providing a time-dependent degrada-
tion [168].The degradation products should be non-toxic, non-immunogenic, and excreted
from the body without interfering with cellular metabolism. In addition, a correlation has
been found between degradation and cellular differentiation, for instance into an osteogenic
lineage, underling the importance of matrix remodeling in cellular behaviors [169]. Scaffold-
remodeling as an important feature that stimulates cellular response can also be obtained



Int. J. Mol. Sci. 2022, 23, 3265

16 of 42

through network debonding in physically crosslinked hydrogels, as well as through stress
relaxation in ionically crosslinked hydrogels [170]. As examples, time-dependent stress
changes (stress relaxation) were demonstrated to increase fibroblast spreading [171] and
osteogenic differentiation [172] by enhancing the rearrangement of focal adhesions, as well
as to significantly improve the production of ECM by chondrocytes [173].

The mechanical properties of the adhesion substrate strongly influence cell morphol-
ogy and signaling pathways. Indeed, cells receive mechanical feedback from the substrate
onto which they adhere. After cell seeding, cells interact with the substrate through trans-
membrane glycoproteins called integrins. As cells bind to the ECM, integrins begin to
clump, leading to the recruitment of structural and signaling proteins to form so-called
focal adhesions at the integrin clustering site. The formation of focal adhesions requires the
application of cell mechanical forces to these adhesion points. In general, if a substrate is
stiff, cells generate large forces that lead to the formation of mature focal adhesions and
a highly organized cytoskeleton with abundant stress fibers. On the other hand, a soft
substrate cannot provide sufficient strength to balance large forces generated by the cells.
Therefore, on soft substrates, the cells do not develop abundant stress fibers and generate
less forces. Changes in the organization of the cell cytoskeleton are important because the
cytoskeleton is involved in many signaling pathways that transfer mechanical feedback
into chemical responses. Furthermore, the cytoskeleton also determines the shape of a
cell, which in turn is intimately related to cellular behavior [174]. Hydrogel mechanical
properties are affected by various factors, such as the macromolecular structure of the poly-
mer, the crosslinking strategy and density, the gelling reaction, the polymer degradation
rate, and the degree of water uptake. For example, natural polymer hydrogels typically
display poor mechanical properties that can be enhanced by fabricating composite hydro-
gels, reinforced with nanofibers, or interpenetrated polymer networks (IPNs) [175,176].
Hydrogels viscoelastic behavior is the result of the high swelling degree and the polymer
network mechanical properties [170]. Overall, the higher the swelling degree, the lower
the mechanical stiffness would be. Therefore it is fundamental to find a right balance
to properly mimic the native ECM, especially since matrix stiffness is considered a key
parameter in tumor development [67]. For example, in the case of epithelial OC modeling,
a stiffer matrix promotes cell spreading, focal adhesion formation, random cell migration
and the disaggregation of multicellular spheroids, a typical behavior associated with the
metastatic process [177]. Nevertheless, an enhanced malignant phenotype of metastatic
OC cells characterized by high proliferation rate and grater chemo-resistance has also been
reported in softer substrates [22]. From these controversial results, the need to further
develop and optimize 3D OC culture models emerges also in consideration of the genetic
complexity, diverse pathology, and the unique mechanisms underlying metastasis of this
kind of tumor.

Hydrogels’ morphology and porosity are other fundamental characteristics not only
to guarantee the diffusion of medium, nutrients, gases, cellular waste products and degra-
dation by-products throughout the scaffold, but also to ensure cellular penetration, pro-
liferation, and migration [178]. In particular, microporosity is fundamental for cell-ECM
interactions and capillary ingrowth, especially in tissue engineering applications, where
microporosity is relevant to nutrient and gases supply, as well as cell metabolism waste
removal. Scaffold porosity should be tailored to the target tissue, with a critical range
of pore size depending on the cell type and the ECM synthesis rate [90]. For example,
the minimum pore size required for bone tissue regeneration is considered to be about
100 um on the basis of cell size, migration conditions, and nutrients transport; however,
pore sizes larger than 300 um are recommended to improve new bone formation and to
develop a net of capillaries [179]. Nevertheless, porosity is inversely related to mechan-
ical stiffness; thus, it is important to properly balance these two properties in order to
maintain structural stability, while providing adequate and efficient perfusion of nutrients
and gasses, especially since the diffusion capacity of oxygen is limited to a distance of
100-200 pum [180]. The available surface area of hydrogels can be optimized by engineering
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their porous structure through various methods, as discussed in the next section relevant
to their fabrication. Furthermore, thanks to new microengineering techniques (e.g., micro-
molding, 3D bioprinting, photolithography, and stereolithography) it has become possible
to deliver hydrogels with not only defined macropore size and shape, but also microfluidic
channels that mimic the tissue microvascularization [181].

5.3. Fabrication

Tissue scaffolds have been fabricated by different techniques, including freeze-drying,
supercritical drying, solvent casting, gas foaming, phase separation and electrospinning
(Figure 6) [182].

Freeze-drying procedure is divided into two distinct phases. Firstly, a polymer solu-
tion or dispersion is cooled down to a temperature at which all the material is in a frozen
state, resulting in the formation of solvent ice crystals. Subsequently, a pressure lower than
the equilibrium vapor pressure of the frozen solvent below its triple point (P4y) is applied
to induce sublimation [183]. Removal solvent ice crystals leads to the formations of a highly
porous sponge (Figure 6a).

Supercritical drying methods are based on wet-gel drying through the use of a su-
percritical fluid, typically scCO,, which selectively extracts a liquid from the porous struc-
ture [184,185]. For instance, a hydrogel can be formed starting from an aqueous colloidal
suspension of precursors (sol) through hydrolysis/polycondensation reactions. Because of
its low solubility in scCO,, water in the gel structure is replaced with ethanol or methanol to
form an alcogel, which is finally dried by scCO, (Figure 6b). This approach is widely used
to fabricate aerogels with a well-defined porous structure, by minimizing the pore collapse
and material cracking/shrinkage phenomena, which can occur during freeze drying.

The solvent casting technique involves dissolving the polymer into a suitable solvent
and casting the resulting solution into a mold holding porous particles (e.g., sodium
chloride or paraffine spheres) [186]. After the polymer solution has been poured, the solvent
is allowed to evaporate leaving behind a polymer matrix incorporating salt particles.
Subsequently, the solid structure is immersed in a bath of a solvent selectively leaching out
the porogen to obtain a porous structure (Figure 6c¢).

Gas foaming is a solvent-free technique for the fabrication of porous materials through
the generation of gas bubbles within a polymer matrix [187]. A molded polymer kept at
a temperature higher than its glass transition temperature is exposed to a high-pressure
gas to allow its saturation into the solid matrix. The subsequent decrease in gas pressure
causes the nucleation of gas bubbles, with the resulting formation of a porous structure
(Figure 6d).

Phase separation processes are based on a thermodynamic instability induced in a
homogeneous polymer solution that, as a consequence, separates into two or more phases
to lower the total free energy [188]. The most exploited approaches for porous scaffold
fabrication rely on a thermally or non-solvent-induced phase separation. Under tailored
kinetic and thermodynamic conditions, the polymer solution can be induced to separate
into a polymer-lean phase dispersed into a polymer-rich phase, finally resulting in a highly
porous polymeric network (Figure 6e).

The electrospinning process involves the formation of a polymeric fluid jet by estab-
lishing an electric field between a needle of a syringe containing a polymer solution or
suspension and a grounded device, acting as fibers collector [189]. During its travelling
towards the collector, the jet is thinned due to electric elongational forces and the solvent
evaporates, resulting in the formation of nano/microfibers continuously deposited onto
the counterelectrode (Figure 6f).
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Figure 6. Schematic representation of scaffold fabrication techniques. (a) Freeze-drying, (b) su-

percritical drying, (c) solvent casting, (d) phase separation, (e) gas foaming, (f) electrospinning,

and (g) additive manufacturing.

The above-described fabrication approaches do not guarantee a high reproducibility
and control of the parameters that define the scaffold shape and porous macro- and mi-
crostructure. Despite this, they are still widely employed thanks to the low production
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costs and limited complexity of the required equipment [190]. The growing interest in 3D
cell culture and customized scaffolds has increased the need for new technologies that
make it possible to overcome these disadvantages. In this context, additive manufacturing
(AM) (Figure 6g), also referred to as 3D printing, comprises a set of techniques based on a
computer-aided design and manufacturing process for the layer-upon-layer fabrication of a
3D scaffold with a high degree of reproducibility and advanced control over external shape,
as well as pore size, geometry, and distribution [190,191]. In addition, modern Bioprinting
techniques involve processing a cell culture formulation containing a polymeric material
and suspended cells to directly fabricate cell-laden hydrogels. As an example, a recent
study by Kim et al. [192] described the fabrication of gelatin methacryloyl (GelMA)-based
hydrogels embedding bladder cancer cells that were subsequently submitted to UV pho-
tocrosslinking. The resulting tissue construct displayed a well-ordered and porous 3D
structure, which allowed for higher cell proliferation, interaction, and chemotherapeutics
sensitivity than 2D cell culture used as a reference (Figure 7a). Gebeyehu et al. [193] devel-
oped a stable and ready-to-use polysaccharide-based bioink, which could be used to form
spheroids of non-small-cell lung cancer cells within 7 days of culture (Figure 7b). In vitro
cytotoxicity studies conducted on these 3D printed spheroids showed greater resistance to
doxorubicin, docetaxel, and erlotinib compared to 2D monolayers, suggesting their suit-
ability for high throughput screening of anti-cancer drugs. Chiellini et al. [97] reported the
possibility of processing by computer-aided wet-spinning a chitosan/poly(y-glutamic acid)
(v-PGA) PEC [194] for the production of porous hydrogels that allowed for the long-term
in vitro culture of pancreatic ductal adenocarcinoma cells (Figure 7c).
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Figure 7. Hydrogel-based scaffolds by additive manufacturing (AM). (a) Top view of 3D bio-printed
construct based on GelMA [192], (b) photographic image of ten-layer printed scaffold with Ink H4-
RGD [193] and, (c) representative photograph of a chitosan/y-PGA PEC hydrogel and representative
confocal laser scanning microscopy micrograph of BxPC-3 cells grown on the PEC hydrogel [97].
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6. Polymers for 3D Ovarian Cancer (OC) Modeling

A wide range of polymeric hydrogels have been used to support 3D ovarian tumor
cell culture. In particular, hydrogels from polymers of natural origin, such as polysaccha-
rides (e.g., chitosan, cellulose, alginate or agarose) and proteins (e.g., collagen or gelatin),
or synthetically polymerized, such as RADA16-I and poly(ethylene glycol) (PEG) have
been investigated as scaffolds for OC cells [195]. Although natural biomaterials exhibit high
biocompatibility, including intrinsic biological signaling with a surface chemistry that pro-
motes cell adhesion, reactive cell degradation and remodeling, they have some limitations
due to immunogenicity and batch-to-batch variability, which decrease experimental repro-
ducibility. On the other hand, synthetic biomaterials allow for scaffold production with
controlled properties, such as stiffness, degradation rate, and porous structure, but they
lack in biological activity and cell stimulation [196].

Pioneering studies on scaffold-based techniques for in vitro 3D OC modeling are
overviewed in the next section by highlighting the polymeric materials employed for
hydrogel development, as well as relevant tumor biology and drug screening results
(Table 4).

Table 4. Three-dimensional culture systems of OC cells combined with polymeric materials.

Polymer(s) Hydrogel Formation Cell Line(s) Outcomes Ref.
Chemical crosslinking: High reproducibility of
. . N-succinyl chitosan mixed hydrogel geometry. OC cells
Chitosan/Alginate with oxidized alginate at room SKOV3 exhibit enriched expression of [1971
temperature tumor-associated antigens.
OC cells adhered to the surface
and infiltrated deep into the
. . Physical crosslinking: scaffold with a strong
Chltogaﬁ /F acterial single-step mixing between A2780 cell-scaffold interaction, [198]
chulose cellulose and chitosan confirmed by the decrease in
the mRNA level of
Notch receptor.
Increased growth and
malignancy of the tumor mass
in comparison to 2D culture,
Agarose Thermal crosslinking at 90 °C SKOV3 demonstrated by the [199]
upregulated expression of
hypoxic and
pro-angiogenic factors.
. 1 The 3D model allowed a
Physical crosslinking: . 1 1o
. .. . long-time culture, with higher
. . sequential mixing of sodium . .
Alginate/Marine . . . cell proliferation compared to
alginate solution, marine A2780 . [200]
Collagen/Agarose . 2D systems, and promotion of
collagen solution, .
and acarose solution gene expressions of ICAM-1,
5 IL-7, TARC and GM-CSE.
Cells embedded in alginate
Physical crosslinking: alginate be.ads and ct.ﬂtu.red ma
solution is dripped into a fluid-dynamic bioreactor
Alginate PP SKOV3 (MIVO®) exhibited responses [87]

CaCl, gelling bath to form

to cisplatin action that closely
resembled those obtained in
the xenograft model.

alginate beads




Int. J. Mol. Sci. 2022, 23, 3265

21 of 42

Table 4. Cont.
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(keratin or self-assembling by an F-actin network. which
fibronectin) y ’

promoted cell—cell interactions.

6.1. Polysaccharides
6.1.1. Chitosan

Chitosan (Figure 8a) is obtained from its precursor chitin by alkaline hydrolysis of
the acetate groups. Chitin is the most abundant polysaccharide in nature after cellulose,
found in the exoskeleton of crustaceans (e.g., shell of shrimp, lobster, krill and crab), in-
sects, and some fungi [96]. Chitin is an unbranched polymer formed by repeating units
of N-acetyl-D-glucosamine, and when the deacetylation process leads to the removal of
more than 50% of the acetylated functional groups, it is converted into chitosan [155].
Chitosan is a linear copolymer of 3-(1-4) linked 2-acetamido-2-deoxy-{3-D-glucopyranose
and 2-amino-2-deoxy- 3-D-glycopyranose units. The hydrolysis process of the N-acetyl-
D-glucosamine units occurs mainly by treating chitin with an aqueous solution of NaOH
(40-45% w/v) at 90-120 °C for 4-5 h. Depending on the conditions used in this process,
the deacetylation degree (DD) of chitosan changes, with a significant effect on polymer
chemical, physical, and biological properties, such as solubility, crystallinity, biodegradabil-
ity, viscosity, and biocompatibility [96,210]. Chitosan is commercially available in various
percentages of DD, commonly classified as low (55-70%), medium (70-85%), high (85-95%),
and ultra-high (>95%) degree [211]. The insolubility of chitin in most organic solvents is
due to the presence of acetyl groups in its repeating units, while chitosan results to be a
cationic polyelectrolyte soluble in acidic aqueous solutions (Ph < 6) because of the proto-
nation of the amino groups (-NH3*), which have a PKa value of 6.3 [96]. As a polycation,
chitosan can simply behave as a hydrogel through the establishment of ionic interactions
with low molecular weight molecules that have opposite charge (e.g., 3-glycerophosphate
and tripolyphosphate salt) or polyanions (e.g., alginate, pectin, elastin and DNA) [212].
A photo-cured glycol chitosan hydrogel containing paclitaxel-complexed (3-cyclodextrin
was recently investigated for OC therapy using a tumor-bearing mouse model [213].
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Figure 8. Chemical structure of polysaccharides investigated for hydrogel-based scaffolds in OC
modeling. (a) Chitosan obtained by chitin denaturation, (b) cellulose, (c) alginate, and (d) agarose.

Kletzmayr et al. [197] developed a chemically modified alginate derivative through
an oxidation process (0xAlg) to form hydrogels via chemical crosslinking with N-succinyl-
chitosan (sChi). The developed hydrogel, obtainable inside the 96-well plates classically
used in 2D cell culture studies, was able to support the growth of ovarian, lung, and prostate
cancer cells, and provided a fast and reliable new platform for high-throughput drug

screening (Figure 9a—c).
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Figure 9. Chitosan and cellulose hydrogels. (a) Chemical structure of sChi (green)-oxAlg (blue)
unit, and schematic representation of cell seeding process in U-bottom 96-well plates; (b) setup for
automated seeding of cells via Tecan Freedom EVO liquid handling station; (c) cell-seeded scaffolds
at day 1 (scale bar = 10 mm) [197]. (d) SEM morphology of BC and BC-Chi scaffolds; (e) A2780 cell
proliferation on BC and BC-Chi scaffolds for 1, 3, 5, and 7 days [198].

6.1.2. Cellulose

Cellulose (Figure 8b) is the most abundant biodegradable polymer derived from
biomass. Its primary source is the lignocellulosic material existing in plants; in particular,
wood and cotton represent the main sources [214]. Bacterial cellulose (BC) is synthe-
sized extracellularly mainly by Acetobacter xylinum species, with the main advantage of a
higher purity degree than plant cellulose, which often contains vegetal residues, such as
lignin, pectin, and hemicellulose [215,216]. Thanks to unique characteristics in terms of
biodegradability, biocompatibility, low production cost, abundance, and excellent mechani-
cal properties, cellulose is widely used in numerous medical applications, including wound
healing, artificial blood vessels, drug delivery, dental grafting, and bone tissue engineer-
ing [217,218]. From a chemical point of view, it is composed of a linear chain of repeating
units (several hundreds to many thousands) of sugar D-glucose, held together by bonds
3(1—4). The bond is formed between the C-1 carbon atoms of one glucopyranose ring
and the C-4 of the next, in a condensation reaction that leads to the elimination of a water
molecule originated from the combination between the H and -OH group [219]. Thanks
to the presence of numerous hydroxyl groups along the polysaccharide chain, capable
of establishing intermolecular hydrogen bonds, cellulose-based hydrogels can be devel-
oped through the formation of physical crosslinking [214,220]. Hyaluronic acid-blended
carboxymethyl cellulose films are clinically used as anti-adhesion membrane during ab-
dominal surgeries for OC [221]. According to a study performed by Ul-Islam et al. [198], BC
porous hydrogels obtained by freeze drying (Figure 9d) could be used as 3D scaffolds for
OC growth. Furthermore, the single-step formation of a PEC through interactions between
the negative charges present in the BC structure and the positive ones of chitosan (BC-Chi)
led to a significant increase, compared to pure BC, of A2780 OC cells proliferation up to
7 days (Figure 9e). Confocal laser scanning micrograph analysis highlighted cell migration
throughout the scaffold; the strong cellular adhesion to the BC-Chi scaffold surface and the
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formation of very small cell masses were supported by the down-regulation of the Notch
receptor, responsible for cell—cell interaction and cell aggregation.

6.1.3. Alginate

Alginate (Figure 8c) is mainly obtained by extraction from the cell wall of three types
of marine brown algae (i.e., Laminaria hyperborea, Ascophyllum nodosum, and Macrocystis
pyrifera), in which it constitutes up to 40% of the dry weight [222]. Although alginate is
commercially derived from algal sources, in recent years an alternative type of production
has been explored by means of bacterial fermentation to obtain alginate batches with
more defined physical properties and chemical structure. Bacterial alginate is synthetized
from Azotobacter vinelandii and several Pseudomonas species [223]. Alginate is a linear,
polyanionic polysaccharide formed by both (1,4)-linked 3-D mannuronic and x-L-guluronic
acids blocks, namely, M-block and G-block, respectively [224]. Depending on the alginate
extraction source, the environmental conditions, and the climatic changes to which the
source was subjected, the sequence and relative ratio between the G- and M-blocks are not
constant along the polymer chain. This generates a huge variability in the chemical-physical
behavior of the material, as a consequence of the poor batch-to-batch reproducibility in
composition, molecular weight, and residue sequence [191]. For instance, various studies
have well documented that the mechanical properties of alginate-based gels are strongly
influenced by the ratio of G- and M-blocks present in the polymer chain [225]. Alginate can
form hydrogels through ionic interaction between carboxyl groups and divalent cations
(the most used is Ca?* thanks to the relevant mild reaction conditions and low toxicity).
G-blocks are able to establish ionic bonds with cations, but recent studies have observed
that alternating MG-blocks can also participate to form a weak junction [226]. In particular,
alginate polymers containing a large number of G-block repeating units generate hydrogels
with high mechanical strength. In contrast, alginate having a predominance of M-blocks
results in flexible and soft hydrogels [12,224]. Physical-chemical properties of alginate
hydrogels can be tailored depending on the nature of cross-linking bonds, the density of the
intermolecular interactions, and the polymer molecular weight. Thanks to this variability,
alginate is used in various biomedical applications, including wound healing, drug delivery
and tissue engineering [222].

Alginate beads obtained by ionic crosslinking with a divalent cation have been widely
used to maintain in vitro various types of cancer tissues. King et al. [227] further developed
this technique for the inclusion within the beads of fragments of ovarian and oviductal
organ pieces that could be cultured in vitro for up to two weeks. If necessary, the hydrogel
could be degraded using alginate lyase, an enzyme that does not cause the degradation
of the encapsulated tissue, allowing for cell recovery for subsequent morphological and
molecular analysis. In another study, Marella et al. [87] encapsulated OC 3D SKOV-3
cells into alginate beads and cultured the resulting tissue engineered constructs inside a
fluid-dynamic bioreactor (MIVO®) device able to mimic the native capillary microfluidics
feeding the tumor. Dynamic cell culture inside the MIVO® fluidic device showed divergent
results after cisplatin treatment compared to static cell culture. After seven days of culture
in the presence of cisplatin 10 pM under dynamic conditions, cell viability was 50%,
significantly reduced compared to that obtained under static conditions (above 80%).
These results were corroborated by immunostaining micrograph analysis highlighting
that Ki67-positive cells (proliferative cells) were well evident after drug treatment in a
static environment, especially in the inner part of the hydrogel, while caspase-positive cells
(apoptotic cells) were predominantly present in the case of dynamic culture. In addition,
it is interesting to note that the outcome of the efficacy of the drug tested in the xenograft
model was comparable with that carried out in the MIVO® device. Hydrogels can be
also formed by means of a double-network composed of poly(ethylene glycol) (PEG)-
covalently crosslinked poly(methyl vinyl ether-alt-maleic acid) (PMVE-alt-MA) and alginate
ionically crosslinked with Fe**. This type of hydrogel was able to support the long-term
growth, proliferation, and spheroid formation of SKOV3 cells, with epithelial-mesenchymal
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transition (EMT), interleukin-6 (IL-6) and Wnt pathways overregulation, affecting the
invasiveness of OC [201].

6.1.4. Agarose

Agarose (Figure 8d) and agaropectin are the main components of agar. Agarose is a
linear polysaccharide obtained by extraction from the cell walls of red algae belonging to
the Rhodophyceae class [155]. Common procedures adopted to purify these two polysaccha-
rides involve the use of quaternary ammonium salts to precipitate agaropectin, and PEG
to precipitate agarose [228,229]. Agarose is a copolymer composed of two alternating
monosaccharide units, the 3-D-galactose and 3,6-anhydro-«-L-galactose, linked by gly-
cosidic bonds (3 1-4) (between (3-D-galactose and 3,6-anhydro-o-L-galactose, also called
agarobiose) and (x 1-3) (between 3,6-anhydro-«-L-galactose and (3-D-galactose, constitut-
ing the neoagarobose) [229,230]. Agarose aqueous solutions undergo a sol-gel transition
upon cooling at a certain temperature depending on the concentration, molecular weight,
and chemical structure [231]. The gelation process is reversible and takes place in three
phases: induction, gelation, and quasi-equilibrium. Initially, above the sol-gel temperature,
the agarose shows a random coil conformation in solution. Upon cooling, it assumes a dou-
ble helix shape and finally forms a macroreticular network stabilizing the structure [232].
Agarose hydrogels have been widely used in wound and foam dressing, as drug delivery
systems, and in tissue engineering as stiff matrices for cartilage studies [232,233].

Agarose is one of the polysaccharides used as a coating for the preparation of ULA
plates for the generation of cellular spheroids. Agarose coating is a simple, fast procedure,
not requiring the use of complex equipment and is among the less expensive solutions
available on the market for ULA systems [234]. Because of these advantages and its innate
properties of generating a soft support that imitates in a more representative way the
biological tissues, agarose coating has been used to generate spheroids of OC cell lines,
as well as of primary culture isolated from patients with stage IIl or IV ovarian papillary
serous cystadenocarcinoma [235,236].

In a recent study, agarose-based hydrogels, obtained by thermal cross-linking at 90 °C,
were investigated for anticancer drug screening. Agarose-based hydrogels sustained higher
proliferation of ovarian tumor SKOV3 cells, compared to reference 2D cell culture, with a
rounded cell shape and homogeneous cell distribution inside the constructs (Figure 10).
Moreover, cells grown on the agarose hydrogels were able to maintain typical aggressive-
ness of OC, demonstrated by the upregulated expression of pro-angiogenic and hypoxic
factors (VEGF-A and HIF-1a), compared to 2D cell culture [199].
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Figure 10. Agarose hydrogel. (a) SKOV3 cell proliferation in 3D and 2D cultures. */#, **/##,
and ***/### denote p < 0.05, p < 0.01, and p < 0.001, respectively. (b) Live/dead cell assay: (i) 2D
control, (ii) 3D control, and (iii) 3D agarose. Scale bar is 100 pm [199].
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6.2. Proteins
6.2.1. Collagen

Collagen (Figure 11a) is the most abundant protein in mammals, constituting up
to one-third by weight of body proteins, as well as the main component of the ECM of
many tissues, such as skin, bone, cartilage, tendons, blood vessels, and teeth, in which
it contributes to the structural support, organization, and shape of tissues. Furthermore,
it contains some adhesion motifs, such as RGD (Arg-Gly-Asp), which promote interaction
with cells and regulate their proliferation, migration, and differentiation [237]. Around
28 types of collagen have been identified, and type I collagen is the most prevalent found
in the ECM. This protein is arranged in three polypeptide chains, folded into a triple
helix structure, with similar amino acid compositions. Glycine (Gly) is the most abundant
amino acid present in the subunit chain (near 33%), forming with proline (Pro) and hydrox-
yproline (Hyp) the most common tripeptide sequence (10.5%) in collagen. Polypeptide
chains wrap around each other with a right-handed rotation forming a very compact
triple helix; specific hydrogen and covalent bonds between polypeptide chains stabilize
the supramolecular structure. Collagen protein has a complex hierarchical conformation
divided into four structures: primary (amino acid triplet), secondary (helix), tertiary (triple
helix) and quaternary structure (fibrils) [238-240]. Type I mammalian collagen is currently
used for many biomedical applications, thanks to its biocompatibility, biodegradability
and suitable mechanical and cell-binding properties [240]. Moreover, the 3D architecture of
crosslinked collagen-based hydrogels is suitable to mimic in vivo conditions of the tumor
microenvironment [241].
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Figure 11. Chemical structure of proteins investigated for hydrogel-based scaffolds in OC modeling.
(a) Triple chain structure of collagen fibrils and chemical structure of the most common tripeptide
sequence found in collagen, composed of Gly, Pro and Hyp sequences, (b) gelatin and its reaction
with methacrylic anhydride to form photocrosslinkable gelatin—-methacryloyl (GeIMA).
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Collagen hydrogels designed by Ming et al. [202] were able to support OV-NC and OV-
206 OC cell growth in vitro up to 16 days, with the formation of spheroidal cell aggregates
(Figure 12a). Collagen enhanced the OC cell invasion, as well as cell ability to metastasize
by upregulating the expression of MMPs and a5b1 integrin. Moreover, highly invasive
OV-NC and OV-206 cells in collagen showed the overexpression of mesenchymal markers
(i.e., N-cadherin, vimentin, and fibronectin) and transcriptional factors (Snail and Slug).
OV-NC and OV-206 cells grown on the developed hydrogels showed higher resistance to
carboplatin, 5-fluorouracil and paclitaxel, in comparison to the 2D cell culture reference.
Scaffolds made of collagen deriving from alternative sources (e.g., marine), which allow one
to avoid the high cost of production, immunogenicity, and chances of causing transmissible
diseases, also offer a physiologically relevant tool for OC research and relevant preclinical
drug testing. For instance, recent studies by Paradiso et al. [203] emphasized the ability of
OVCAR3 and SKOV3 OC cells to invade and colonize marine collagen scaffolds throughout
their whole cross-section (Figure 12b—d). Further studies were conducted to evaluate
OC metastasis-related marker expression (e.g., mtl mpp, colllal, E-cadherin, vimentine,
and yap) to understand if the 3D culture method promoted or repressed the metastatic
properties of cancer cells. Gene expression of cellular markers was strongly influenced by
the 3D microenvironment resulting in lower marker expression of most genes compared to
a simple 2D culture system [242].
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Figure 12. Collagen hydrogels. (a) SEM micrographs of collagen mesh (right) and OV-NC cells in
collagen scaffolds (left) (yellow arrows indicate OV-NC cell clusters) [202]. (b) Jellyfish collagen-
based sponges molded on 96-well plate (diameter of 5 mm), (¢) SEM micrograph of scaffold porous
structure, and (d) cell proliferation and migration throughout 3D collagen scaffold cross-section [203].
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6.2.2. Gelatin

The thermal denaturation of collagen triple helix leads to the formation of gelatin
(Figure 11b). Commercial gelatin derives from various sources of collagen, such as hide,
pig skin, bovine bones, and fish skin [243]. Depending on the preparation techniques,
two distinct gelatins with different physical and chemical properties can be obtained.
One is derived from the hydrolysis of collagen amide groups through an acid treatment,
producing a limited density of carboxyl groups, with a resulting isoelectric point in the pH
range 7.5-9.4 and a positive net charge (Type A gelatin). The other one is the product of an
alkaline process displaying a high conversion of amide groups with an isoelectric point in
the pH range 4.8-5.2 and a negative net charge (Type B gelatin) [155,244]. Gelatin-based
hydrogels can be formed by either chemical or physical crosslinking. The easiest and
fastest way to form hydrogels is by exploiting the heat-responsive properties of gelatin,
which undergoes a reversible sol-gel transition by cooling the polymer solution below
35 °C [245]. Gelatin hydrogels with different physico-chemical and mechanical properties
can be obtained by varying the type and concentration of a cross-linking agent [246].
Processing versatility, biocompatibility and bioactive properties make gelatin one of the
most common polymers for the development of hydrogels tailored to several applications
in drug delivery, tissue engineering, and medical textiles [247].

Gelatin can be chemically modified through direct reaction with methacrylic anhy-
dride (MA) in phosphate buffer solution (PBS) at 50 °C to obtain gelatin-methacryloyl
(GelMA), which can be photocrosslinked to achieve high stability in physiological con-
ditions [248]. According to studies carried out by Kaemmerer et al. [204], GelMA-based
hydrogels crosslinked by UV irradiation in the presence of a photo-initiator (Irgacure)
offer a low-cost, reproducible and tunable platform for 3D OC cell culture (Figure 13a).
The developed scaffolds were able to support the formation of tumor spheroids with a
defined size, resembling those present in ascites fluid. Polymer concentration (2.5-7% w/v)
directly influenced hydrogel stiffness (0.5 + 0.2 to 9.0 & 1.8 kPa), and consequently cell
spheroid morphology, metabolic activity, and proliferation. Indeed, a low GelMA concen-
tration resulted in loose cell aggregates, whereas high GeIMA concentrations led to smaller
spheroids with a well-defined rounded shape. Spheroid proliferation from day 1 to 7 of
cell culture was observed in all tested conditions (Figure 13b), and enhanced metabolic
activity was detected in softer hydrogels. In addition, the incorporation of laminin-411
and hyaluronic acid (ECM components) into the scaffold matrix significantly improved
spheroid formation and growth.
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Figure 13. Gelatin-methacryloyl (GelMA) hydrogels. (a) GelMA-based hydrogel preparation: gelatin
(1) and methacrylic anhydride reacted to form GelMA (2); GeIMA is dissolved in PBS at 37 °C and
mixed with the photoinitiator and cells (3); the cross-linking reaction is induced by UV light (4);
the hydrogel is cut into smaller units (5). (b) Representative confocal laser scanning microscopy mi-
crographs of cells embedded within GeIMA hydrogels obtained from various polymer concentrations
(w/v) and relevant stiffness (2.5%, 0.7 kPa; 5%, 3.4 kPa; 7%, 7.3 kPa and 10%, 16.5 kPa); nuclei are
stained in blue and actin cytoskeleton in red (scale bars, 100 pm) [204].
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6.3. Synthetic Polymers
6.3.1. RADA16-1

RADA16-I (Figure 14a) belongs to the ionic-complementary self-assembling peptides,
anew class of synthetic biomaterials characterized by the alternation of amino acid residues
with positive and negative charges separated by hydrophobic residues. Its primary struc-
ture consists of a tetrapeptide, arginine-alanine-aspartate-alanine (RADA), resembling the
tripeptide RGD, an amino acid sequence that promotes cell adhesion. Peptide self-assembly
in different electrolytic solvents results in a 3-sheet secondary structure, thanks to both
ionic and hydrophobic interactions [249]. The self-assembly process is strongly related to
peptide sequence, concentration, pH, and the presence of salts, leading to the formation of
different structures, such as fibers, membranes, and hydrogels. Based on charge distribu-
tion, it is possible to identify two different types of RADA peptide. In type I (RADA16-I:
AcN-RADARADARADARADA-CNH,), one positively charged amino acid alternates with
a negative one, whereas in type Il (RADA16-1I: AcN-RARADADARARADADA-CNH,)
two positive residues alternate with two negatives. Upon exposure to aqueous solutions,
the non-polar surfaces of two peptides face each other, originating a double-layered 3-sheet
nanofiber of about 10 nm in diameter that can further be elongated via an end-to-end
fibril-fibril aggregation mechanism [250]. On the other hand, positive and negative charges
are stuck together through intermolecular ionic interactions in a checkerboard-like man-
ner [251]. The addition of monovalent ion salts or pH increase can enhance the process of
hydrogel network formation, originating a nanofibril scaffold that can retain an extremely
high content of water (>99% by weight) [251]. RADA peptides support the attachment
and differentiation of various cellular types, such as neural cells, mesenchymal stem cells,
chondrocytes, hepatocytes, cardiomyocytes, skin epithelial cells, endothelial cells, and OC
cells [252]. They are also investigated for tissue regeneration to exploit their proven ability
to repair spinal and neuronal tissue injuries [253].
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Figure 14. Chemical structure of synthetic polymers employed in hydrogel-based scaffolds for

in vitro OC modeling. (a) Tetrapeptide sequence found in RIPA16-I peptide, and (b) poly(ethylene
glycol) (PEG).

HO-8910PM OC cells cultured on RADA16-I nanofibrous scaffolds showed a spheroid
or cluster morphology, with adhesion and migration properties comparable to what was
observed in the case of type I collagen scaffolds [205]. The molecular expression of integrin
1, E-cadherin, and N-cadherin was quantitatively analyzed by immunohistochemistry
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and Western blotting assays. The obtained results indicate that HO-8910PM cells cultured
in RADA16-I hydrogel formed proper cell-cell contact or intercellular junction, as well as
more compact clusters than relevant 2D cell culture on tissue culture polystyrene. Moreover,
RADAT16-I nanofiber scaffold models were used to evaluate the cytotoxic activity of selected
compounds (e.g., cisplatin, and paclitaxel) on a high metastatic human OC HO-8910PM cell
line in comparison to the relevant counterparts of Matrigel, collagen I, and 2D culture [206].
The three kinds of investigated 3D OC models resulted in significantly higher IC50 values
than those obtained through 2D flat culture, demonstrating increased chemoresistance
(Figure 15).
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Figure 15. RADA16-I hydrogel. (a) Negatively stained TEM images showing the nanofiber mor-
phology of RADA16-I (i,iv), Matrigel (ii,v), and collagen I (iii,vi) (scale bar, top panels (i-iii): x8000;
bottom panels (iv-vi): x15,000). (b) Cisplatin and paclitaxel responses of chemosensitivity assay in
HO-8910PM cells cultured in gel-cell clumps and common 2D flat cell plates: a (p < 0.01) compared
with that of 2D cell culture model; b (p < 0.01) compared with that of Matrigel; ¢ (p < 0.01) compared
with that of RADA16-1 hydrogel [206].

6.3.2. Poly(Ethylene Glycol) (PEG)

PEG (Figure 14b) is a hydrophilic polyether industrially produced through the poly-
merization of ethylene oxide [254,255]. Thanks to its well-documented properties, such
as high solubility in aqueous media, biocompatibility, and the ability to effectively hide
from the host’s immune system, the polymer has received approval from FDA for use in
pharmaceutical, cosmetic, and biomedical applications [256,257]. Its derivatives, obtained
through the functionalization of the terminal hydroxyl groups, are also widely used and
studied for several applications [254,258]. In particular, PEG can be directly conjugated to
another molecule, usually a drug or a protein. This covalent bond can mask the molecule
to the host immune system (reducing immunogenicity and antigenicity), improve its solu-
bility, decrease its renal clearance, and prolong its half-life [259]. Furthermore, PEG or its
derivatives can be crosslinked to form hydrogels with tunable properties of great interest
for in vitro 3D cancer modeling. Zhang et al. [207] evaluated the response of the HO8910
human OC cell line cultured in three kinds of hydrogels made of PEG with a different
crosslinking degree, through reaction with poly(methyl vinyl ether-co-maleic acid); the hy-
drogel with higher rigidity showed better results in terms of tumor cell adhesion, migration,
and invasiveness. Loessner et al. [208] fabricated a set of hydrogels obtained via factor XIII
(FXIID)-catalyzed crosslinking between PEG and functionalized peptides. OV-MZ-6 and
SKOV-3 OC cell lines embedded into these hydrogels organized in a spheroid form, similar
to those found in ascites fluid (Figure 16). Matrix stiffness was varied as a function of
polymer dry mass and influenced cell behavior: (i) proliferation of OV-MZ-6 cell spheroids
within the hydrogels was decreased by increasing scaffold stiffness; (ii) the formation of
irregular cell spheroids was observed only in softer hydrogels; (iii) quantitative cluster
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analysis showed smaller clusters in stiffer hydrogels, as well as a trend towards larger
clusters in softer hydrogels.

(a) N s
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Figure 16. PEG-based hydrogel. (a) Schematic illustration of OC cells grown in a monolayer on tradi-
tional plastic surfaces (left) and in 3D as spheroids embedded within hydrogels (right). (b) OV-MZ-6
and SKOV-3 cells formed in 2D typical monolayers (left) and 3D systems (right), shown by phase con-
trast (top panel) and confocal (bottom panel; cell actin filaments stained with rhodamine phalloidin,
nuclei with DAPI) microscopy images (scale bars, 75 um) [208].

7. Conclusions and Future Perspectives

The most commonly used in vitro cancer research model is still the 2D cell culture
system. However, due to its limitations in recapitulating the cellular microenvironment
present in vivo, 2D culture is increasingly being seen as an inefficient model. Three-
dimensional cell culture systems represent an effective approach to new treatment strategies
against OC, enabling tumor cells to assume their native morphology, as well as to establish
cell—cell and cell-ECM interactions more faithfully representing those taking place in vivo.
Thanks to their ability to absorb large amounts of water and mimic native ECM, hydrogel-
based 3D scaffolds are attracting great interest in cancer research. Advanced crosslinking
strategies and cutting-edge additive manufacturing approaches to process gelling polymers
represent powerful tools for the development of scaffolds with predefined macroporous
architecture. Natural and synthetic polymer hydrogel scaffolds have enabled significant
progress in the study of OC progression and relevant drug screening, by developing 3D
in vitro models that closely recapitulate pathophysiological features of native tissues.

Despite the great interest in the in vitro 3D modeling of OC witnessed by the fast-
growing literature on this topic, critical aspects require further investigation to address
unsolved problems. Particular attention should be paid in the near future to the develop-
ment of relevant standards to enhance the experimental reproducibility of in vitro studies.
Even if pioneering studies have recently shown the possibility of carrying out in vitro
cancer cell culture for several weeks [97], most of the published articles in this area describe
short-term experiments. The possibility of assessing the maintenance and evolution of
tumor aggressiveness and metastatic potential over weeks/months as well as the possi-
bility of testing in vitro dosage cycles of chemotherapy protocols are key aspects of future
research in this context. In addition, a number of research articles on the in vitro modeling
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of other types of tumor have highlighted a significant influence of hydrogel stiffness on
tumor behavior. However, this relationship has been poorly explored in the case of OC,
and it surely represents a critical aspect to be investigated in the next future. Once the
aforementioned issues and other relevant aspects of basic and applied research have been
better defined, gold standards for in vitro tumor modeling will be available. This will allow
for translating laboratory research findings to biomedical market and clinical practice.

In the near future, the use of 3D tumor models could become the standard for preclini-
cal high-throughput screening of new chemotherapeutic agents and tumor pathophysiology
investigation. Interdisciplinary research, continuous and constant technological and engi-
neering advances, as well as the use of biomedical polymeric materials will certainly be at
the forefront of the in vitro 3D tumor model revolution.

Author Contributions: Conceptualization, F.C. and D.P,; writing—original draft preparation, S.B.,
C.T., D.P; writing—review and editing, S.B., D.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Stewart, C.; Ralyea, C.; Lockwood, S. Ovarian Cancer: An Integrated Review. Semin. Oncol. Nurs. 2019, 35, 151-156. [CrossRef]
[PubMed]

2. National Cancer Institute. Surveillance, Epidemiology, and End Results Program. Cancer Stat Facts: Ovarian Cancer.
Available online: https://seer.cancer.gov (accessed on 15 February 2022).

3. Lheureux, S.; Gourley, C.; Vergote, I.; Oza, A.M. Epithelial ovarian cancer. Lancet 2019, 393, 1240-1253. [CrossRef]

4. Cortez, A],; Tudrej, P; Kujawa, K.A.; Lisowska, K.M. Advances in ovarian cancer therapy. Cancer Chemother. Pharmacol. 2018, 81,
17-38. [CrossRef] [PubMed]

5. Langhans, S.A. Three-Dimensional in Vitro Cell Culture Models in Drug Discovery and Drug Repositioning. Front. Pharmacol.
2018, 9, 6. [CrossRef] [PubMed]

6.  Collins, I.; Workman, P. New approaches to molecular cancer therapeutics. Nat. Chem. Biol. 2006, 2, 689-700. [CrossRef] [PubMed]

7. Jitcy, SJ.; Sibusiso, T.M.; Monde, N. Two-Dimensional (2D) and Three-Dimensional (3D) Cell Culturing in Drug Discovery. In Cell
Culture, 1st ed.; Mehanna, R.A., Ed.; IntechOpen: London, UK, 2018; pp. 21-42.

8. Mitchell, M.].; Jain, R.K.; Langer, R. Engineering and physical sciences in oncology: Challenges and opportunities. Nat. Rev.
Cancer 2017, 17, 659-675. [CrossRef] [PubMed]

9. Lv, D; Hu, Z,; Ly, L,; Lu, H,; Xu, X. Three-dimensional cell culture: A powerful tool in tumor research and drug discovery.
Oncol. lett. 2017, 14, 6999-7010. [CrossRef]

10. Nunes, A.S,; Barros, A.S.; Costa, E.C.; Moreira, A.F.; Correia, L]. 3D tumor spheroids as in vitro models to mimic in vivo human
solid tumors resistance to therapeutic drugs. Biotechnol. Bioeng. 2019, 116, 206-226. [CrossRef]

11. Lee, ].M.; Mhawech-Fauceglia, P.; Lee, N.; Parsanian, L.C.; Lin, Y.G.; Gayther, S.A.; Lawrenson, K. A three-dimensional
microenvironment alters protein expression and chemosensitivity of epithelial ovarian cancer cells in vitro. Lab. Investig. 2013, 93,
528-542.

12.  Spicer, C.D. Hydrogel scaffolds for tissue engineering: The importance of polymer choice. Polym. Chem. 2020, 11, 184-219.
[CrossRef]

13. Web of Science: Science Citation Index Expanded. Available online: https:/ /www.webofscience.com/wos/woscc/basic-search
(accessed on 15 February 2022).

14. Provenzano, PP; Inman, D.R,; Eliceiri, K.W,; Knittel, ].G.; Yan, L.; Rueden, C.T.; White, ].G.; Keely, PJ. Collagen density promotes
mammary tumor initiation and progression. BMC Med. 2008, 6, 11. [CrossRef] [PubMed]

15. Kenny, H.A.; Chiang, C.-Y.; White, E.A.; Schryver, EM.; Habis, M.; Romero, L.L.; Ladanyi, A.; Penicka, C.V.; George, J.;
Matlin, K.; et al. Mesothelial cells promote early ovarian cancer metastasis through fibronectin secretion. J. Clin. Investig. 2014,
124, 4614-4628. [CrossRef] [PubMed]

16. Ahmed, N.; Riley, C.; Rice, G.; Quinn, M. Role of integrin receptors for fibronectin, collagen and laminin in the regulation of

ovarian carcinoma functions in response to a matrix microenvironment. Clin. Exp. Metastasis 2005, 22, 391-402. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.soncn.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30867104
https://seer.cancer.gov
http://doi.org/10.1016/S0140-6736(18)32552-2
http://doi.org/10.1007/s00280-017-3501-8
http://www.ncbi.nlm.nih.gov/pubmed/29249039
http://doi.org/10.3389/fphar.2018.00006
http://www.ncbi.nlm.nih.gov/pubmed/29410625
http://doi.org/10.1038/nchembio840
http://www.ncbi.nlm.nih.gov/pubmed/17108987
http://doi.org/10.1038/nrc.2017.83
http://www.ncbi.nlm.nih.gov/pubmed/29026204
http://doi.org/10.3892/ol.2017.7134
http://doi.org/10.1002/bit.26845
http://doi.org/10.1039/C9PY01021A
https://www.webofscience.com/wos/woscc/basic-search
http://doi.org/10.1186/1741-7015-6-11
http://www.ncbi.nlm.nih.gov/pubmed/18442412
http://doi.org/10.1172/JCI74778
http://www.ncbi.nlm.nih.gov/pubmed/25202979
http://doi.org/10.1007/s10585-005-1262-y
http://www.ncbi.nlm.nih.gov/pubmed/16283482

Int. J. Mol. Sci. 2022, 23, 3265 34 of 42

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Howell, V.M. The extracellular matrix in epithelial ovarian cancer—A piece of a puzzle. Front. Oncol. 2015, 5, 1-16. [CrossRef]
Kenny, H.A.; Coussens, L.M.; Lengyel, E.; Kenny, H.A_; Kaur, S.; Coussens, L.M.; Lengyel, E. The initial steps of ovarian cancer
cell metastasis are mediated by MMP-2 cleavage of vitronectin and fibronectin. J. Clin. Investig. 2008, 118, 1367-1379. [CrossRef]
[PubMed]

Casey, R.C.; Skubitz, A.PN. CD44 and (1 integrins mediate ovarian carcinoma cell migration toward extracellular matrix proteins.
Clin. Exp. Metastasis 2000, 18, 67-75. [CrossRef]

Golubovskaya, V.; Cance, W. Focal Adhesion Kinase and p53 signal transduction pathways in cancer. Front. Biosci. 2011, 53,
901-912. [CrossRef]

Davies, E.J.; Blackhall, EH.; Shanks, ].H.; David, G.; Mcgown, A.T.; Swindell, R.; Slade, R.J.; Martin-hirsch, P.; Gallagher, J.T.;
Jayson, G.C. Distribution and Clinical Significance of Heparan Sulfate Proteoglycans in Ovarian Cancer. Clin. Cancer Res. 2004, 10,
5178-5186. [CrossRef] [PubMed]

Mcgrail, D.J.; Kieu, Q.M.N.; Dawson, M.R. The malignancy of metastatic ovarian cancer cells is increased on soft matrices through
a mechanosensitive Rho—ROCK pathway. J. Cell Sci. 2014, 127, 2621-2626. [CrossRef]

Nieman, K.M.; Kenny, H.A.; Penicka, C.V.; Ladanyi, A.; Buell-Gutbrod, R.; Zillhardt, M.R.; Romero, I.L.; Carey, M.S.; Mills, G.B.;
Hotamisligil, G.S.; et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat. Med.
2011, 17, 1498-1503. [CrossRef]

Muthukumaran, N.; Miletti-Gonzalez, K.E.; Ravindranath, A K.; Rodriguez-Rodriguez, L. Tumor necrosis factor-alpha differen-
tially modulates CD44 expression in ovarian cancer cells. Mol. Cancer Res. MCR 2006, 4, 511-520. [CrossRef] [PubMed]
Ghasemi, A.; Hashemy, S.I.; Aghaei, M.; Panjehpour, M. Leptin induces matrix metalloproteinase 7 expression to promote ovarian
cancer cell invasion by activating ERK and JNK pathways. J. Cell. Biochem. 2018, 119, 2333-2344. [CrossRef] [PubMed]

Dai, L.; Song, K.; Di, W. Adipocytes: Active facilitators in epithelial ovarian cancer progression? J. Ovarian Res. 2020, 115, 1-13.
[CrossRef] [PubMed]

Worzfeld, T.; Pogge von Strandmann, E.; Huber, M.; Adhikary, T.; Wagner, U.; Reinartz, S.; Miiller, R. The Unique Molecular and
Cellular Microenvironment of Ovarian Cancer. Front. Oncol. 2017, 7, 24. [CrossRef] [PubMed]

Hansen, ].M.; Coleman, R.L.; Sood, A.K. Targeting the tumour microenvironment in ovarian cancer. Euro. J. Cancer 2016, 56,
131-143. [CrossRef] [PubMed]

Li, X.; Zhao, L.; Meng, T. Upregulated CXCL14 is associated with poor survival outcomes and promotes ovarian cancer cells
proliferation. Cell Biochem. Funct. 2020, 38, 613-620. [CrossRef]

Givel, A.-M,; Kieffer, Y.; Scholer-Dahirel, A ; Sirven, P.; Cardon, M.; Pelon, F.; Magagna, I.; Gentric, G.; Costa, A.; Bonneau, C.; et al.
miR200-regulated CXCL12f3 promotes fibroblast heterogeneity and immunosuppression in ovarian cancers. Nat. Commun. 2018,
9, 1056. [CrossRef]

Curtis, M.; Mukherjee, A.; Lengyel, E. The Tumor Microenvironment Takes Center Stage in Ovarian Cancer Metastasis. Trends
Cancer 2018, 4, 517-519. [CrossRef]

Granot, D.; Addadi, Y.; Kalchenko, V.; Harmelin, A.; Kunz-Schughart, L.A.; Neeman, M. In vivo imaging of the systemic
recruitment of fibroblasts to the angiogenic rim of ovarian carcinoma tumors. Cancer Res. 2007, 67, 9180-9189. [CrossRef]
Mantovani, A.; Allavena, P; Sozzani, S.; Vecchi, A.; Locati, M.; Sica, A. Chemokines in the recruitment and shaping of the
leukocyte infiltrate of tumors. Semin. Cancer Biol. 2004, 14, 155-160. [CrossRef]

Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.; Sica, A. Macrophage polarization: Tumor-associated macrophages as a
paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. 2002, 23, 549-555. [CrossRef]

Yuan, X.; Zhang, J.; Li, D.; Mao, Y.; Mo, E; Du, W.; Ma, X. Prognostic significance of tumor-associated macrophages in ovarian
cancer: A meta-analysis. Gynecol. Oncol. 2017, 147, 181-187. [CrossRef] [PubMed]

Balkwill, E; Charles, K.A.; Mantovani, A. Smoldering and polarized inflammation in the initiation and promotion of malignant
disease. Cancer Cell 2005, 7,211-217. [CrossRef] [PubMed]

Curiel, T.J.; Coukos, G.; Zou, L.; Alvarez, X.; Cheng, P.; Mottram, P.; Evdemon-Hogan, M.; Conejo-Garcia, J.R.; Zhang, L.;
Burow, M.; et al. Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced
survival. Nat. Med. 2004, 10, 942-949. [CrossRef] [PubMed]

Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41, 49-61. [CrossRef]
[PubMed]

Baci, D.; Bosi, A.; Gallazzi, M.; Rizzi, M.; Noonan, D.M. The Ovarian Cancer Tumor Immune Microenvironment (TIME) as Target
for Therapy: A Focus on Innate Immunity Cells as Therapeutic Effectors. Int. J. Mol. Sci. 2020, 9, 3125. [CrossRef] [PubMed]
Motz, G.T.; Santoro, S.P.; Wang, L.-P.; Garrabrant, T.; Lastra, R.R.; Hagemann, L.S.; Lal, P.; Feldman, M.D.; Benencia, F.; Coukos, G.
Tumor endothelium FasL establishes a selective immune barrier promoting tolerance in tumors. Nat. Med. 2014, 20, 607-615.
[CrossRef] [PubMed]

Sopo, M.; Anttila, M.; Hamaldinen, K.; Kiveld, A.; Yld-Herttuala, S.; Kosma, V.-M.; Keski-Nisula, L.; Sallinen, H. Expression
profiles of VEGF-A, VEGF-D and VEGFR1 are higher in distant metastases than in matched primary high grade epithelial ovarian
cancer. BMC Cancer 2019, 19, 584. [CrossRef]

Gabrilovich, D.I; Nagaraj, S. Myeloid-derived suppressor cells as regulators of the immune system. Nat. Rev. Immunol. 2009, 9,
162-174. [CrossRef]


http://doi.org/10.3389/fonc.2015.00245
http://doi.org/10.1172/JCI33775
http://www.ncbi.nlm.nih.gov/pubmed/18340378
http://doi.org/10.1023/A:1026519016213
http://doi.org/10.2741/3653
http://doi.org/10.1158/1078-0432.CCR-03-0103
http://www.ncbi.nlm.nih.gov/pubmed/15297422
http://doi.org/10.1242/jcs.144378
http://doi.org/10.1038/nm.2492
http://doi.org/10.1158/1541-7786.MCR-05-0232
http://www.ncbi.nlm.nih.gov/pubmed/16908592
http://doi.org/10.1002/jcb.26396
http://www.ncbi.nlm.nih.gov/pubmed/28885729
http://doi.org/10.1186/s13048-020-00718-4
http://www.ncbi.nlm.nih.gov/pubmed/32967712
http://doi.org/10.3389/fonc.2017.00024
http://www.ncbi.nlm.nih.gov/pubmed/28275576
http://doi.org/10.1016/j.ejca.2015.12.016
http://www.ncbi.nlm.nih.gov/pubmed/26849037
http://doi.org/10.1002/cbf.3516
http://doi.org/10.1038/s41467-018-03348-z
http://doi.org/10.1016/j.trecan.2018.06.002
http://doi.org/10.1158/0008-5472.CAN-07-0684
http://doi.org/10.1016/j.semcancer.2003.10.001
http://doi.org/10.1016/S1471-4906(02)02302-5
http://doi.org/10.1016/j.ygyno.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28698008
http://doi.org/10.1016/j.ccr.2005.02.013
http://www.ncbi.nlm.nih.gov/pubmed/15766659
http://doi.org/10.1038/nm1093
http://www.ncbi.nlm.nih.gov/pubmed/15322536
http://doi.org/10.1016/j.immuni.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25035953
http://doi.org/10.3390/ijms21093125
http://www.ncbi.nlm.nih.gov/pubmed/32354198
http://doi.org/10.1038/nm.3541
http://www.ncbi.nlm.nih.gov/pubmed/24793239
http://doi.org/10.1186/s12885-019-5757-3
http://doi.org/10.1038/nri2506

Int. J. Mol. Sci. 2022, 23, 3265 35 of 42

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Allan, D.S.].; Rybalov, B.; Awong, G.; Zaniga-Pfliicker, ].C.; Kopcow, H.D,; Carlyle, ].R.; Strominger, J.L. TGF-f affects development
and differentiation of human natural killer cell subsets. Eur. J. Immunol. 2010, 40, 2289-2295. [CrossRef]

Bruno, A.; Mortara, L.; Baci, D.; Noonan, D.M.; Albini, A. Myeloid Derived Suppressor Cells Interactions With Natural Killer
Cells and Pro-angiogenic Activities: Roles in Tumor Progression. Front. Immunol. 2019, 10, 1-16. [CrossRef] [PubMed]

Gubbels, J.A.A.; Felder, M.; Horibata, S.; Belisle, J.A.; Kapur, A.; Holden, H.; Petrie, S.; Migneault, M.; Rancourt, C,;
Connor, J.P; et al. MUC16 provides immune protection by inhibiting synapse formation between NK and ovarian tumor cells.
Mol. Cancer 2010, 9, 11. [CrossRef]

Vasievich, E.A.; Huang, L. The suppressive tumor microenvironment: A challenge in cancer immunotherapy. Mol. Pharm. 2011, 8,
635-641. [CrossRef] [PubMed]

Harrison, R.G.; Greenman, M.].; Mall, EP; Jackson, C.M. Observations of the living developing nerve fiber. Anat. Rec. 1907, 1,
116-128. [CrossRef]

Ambrose, C.T. An amended history of tissue culture: Concerning Harrison, Burrows, Mall, and Carrel. J. Med. Biogr. 2017, 27,
95-102. [CrossRef] [PubMed]

Kapalczyniska, M.; Kolenda, T.; Przybyta, W.; Zajaczkowska, M.; Teresiak, A.; Filas, V.; Ibbs, M.; Blizniak, R.; Luczewski, L.;
Lamperska, K. 2D and 3D cell cultures—A comparison of different types of cancer cell cultures. Arch. Med. Sci. 2018, 14, 910-919.
[CrossRef] [PubMed]

Verma, A.; Verma, M.; Singh, A. Animal tissue culture principles and applications. In Animal Biotechnology, 06/26 ed.; Verma, A.,
Singh, A., Eds.; Academic Press: Cambridge, MA, USA, 2020; pp. 269-293.

Arango, M.T.; Quintero-Ronderos, P.; Castiblanco, J.; Montoya-Ortiz, G. Cell culture and cell analysis. In Autoimmunity: From
Bench to Bedside [Internet]; Anaya, .M., Shoenfeld, Y., Rojas-Villarraga, A., Cervera, R., Eds.; El Rosario University Press: Bogota,
Colombia, 2013.

Lee, J.; Cuddihy, M.].; Kotov, N.A. Three-Dimensional Cell Culture Matrices: State of the Art. Tissue Eng. Part B Rev. 2008, 14,
61-86. [CrossRef] [PubMed]

Balkwill, ER.; Capasso, M.; Hagemann, T. The tumor microenvironment at a glance. J. Cell Sci. 2012, 125, 5591. [CrossRef]
[PubMed]

Pinto, B.; Henriques, A.C.; Silva, PM.A.; Bousbaa, H. Three-Dimensional Spheroids as In Vitro Preclinical Models for Cancer
Research. Pharmaceutics 2020, 12, 1186. [CrossRef] [PubMed]

Whiteside, T.L. The tumor microenvironment and its role in promoting tumor growth. Oncogene 2008, 27, 5904-5912. [CrossRef]
Yang, Y.; Yang, Y.; Yang, J.; Zhao, X.; Wei, X. Tumor Microenvironment in Ovarian Cancer: Function and Therapeutic Strategy.
Front. Cell Dev. Biol. 2020, 8, 758. [CrossRef] [PubMed]

Heredia-Soto, V.; Redondo, A.; Berjon, A.; Miguel-Martin, M.; Diaz, E.; Crespo, R.; Hernandez, A.; Yébenes, L.; Gallego, A.;
Feliu, J.; et al. High-throughput 3-dimensional culture of epithelial ovarian cancer cells as preclinical model of disease. Oncotarget
2018, 9, 21893-21903. [CrossRef] [PubMed]

Patra, B.; Lateef, M.A.; Brodeur, M.N.; Fleury, H.; Carmona, E.; Péant, B.; Provencher, D.; Mes-Masson, A.-M.; Gervais, T.
Carboplatin sensitivity in epithelial ovarian cancer cell lines: The impact of model systems. PLoS ONE 2021, 15, €0244549.
[CrossRef] [PubMed]

Brodeur, M.N.; Simeone, K.; Leclerc-Deslauniers, K.; Fleury, H.; Carmona, E.; Provencher, D.M.; Mes-Masson, A.-M. Carboplatin
response in preclinical models for ovarian cancer: Comparison of 2D monolayers, spheroids, ex vivo tumors and in vivo models.
Sci. Rep. 2021, 11, 18183. [CrossRef] [PubMed]

Padmalayam, I.; Suto, M.]. Chapter Twenty-Four—3D Cell Cultures: Mimicking In Vivo Tissues for Improved Predictability
in Drug Discovery. In Annual Reports in Medicinal Chemistry; Desai, M.C., Ed.; Academic Press: Cambridge, MA, USA, 2012;
Volume 47, pp. 367-378.

Klinghammer, K.; Walther, W.; Hoffmann, J. Choosing wisely—Preclinical test models in the era of precision medicine. Cancer
Treat. Rev. 2017, 55, 36-45. [CrossRef] [PubMed]

Antoni, D.; Burckel, H.; Josset, E.; Noel, G. Three-dimensional cell culture: A breakthrough in vivo. Int. J. Mol. Sci. 2015, 16,
5517-5527. [CrossRef]

Pontes Soares, C.; Midlej, V.; de Oliveira, M.E.; Benchimol, M.; Costa, M.L.; Mermelstein, C. 2D and 3D-organized cardiac cells
shows differences in cellular morphology, adhesion junctions, presence of myofibrils and protein expression. PLoS ONE 2012,
7,€38147. [CrossRef]

Wan, X,; Ball, S.; Willenbrock, F; Yeh, S.; Vlahov, N.; Koennig, D.; Green, M.; Brown, G.; Jeyaretna, S.; Li, Z.; et al. Perfused
Three-dimensional Organotypic Culture of Human Cancer Cells for Therapeutic Evaluation. Sci. Rep. 2017, 7, 9408. [CrossRef]
Bokhari, M.; Carnachan, R.J.; Cameron, N.R.; Przyborski, S.A. Culture of HepG2 liver cells on three dimensional polystyrene
scaffolds enhances cell structure and function during toxicological challenge. . Anat. 2007, 211, 567-576. [CrossRef] [PubMed]
Costa, E.C.; Moreira, A.F,; de Melo-Diogo, D.; Gaspar, V.M.; Carvalho, M.P.; Correia, 1]. 3D tumor spheroids: An overview on the
tools and techniques used for their analysis. Biotechnol. Adv. 2016, 34, 1427-1441. [CrossRef]

Cavo, M,; Fato, M,; Pefiuela, L.; Beltrame, F.; Raiteri, R.; Scaglione, S. Microenvironment complexity and matrix stiffness regulate
breast cancer cell activity in a 3D in vitro model. Sci. Rep. 2016, 6, 35367. [CrossRef] [PubMed]

Xin, X.; Yang, H.; Zhang, F.; Yang, S.-T. 3D cell coculture tumor model: A promising approach for future cancer drug discovery.
Process Biochem. 2019, 78, 148-160. [CrossRef]


http://doi.org/10.1002/eji.200939910
http://doi.org/10.3389/fimmu.2019.00771
http://www.ncbi.nlm.nih.gov/pubmed/31057536
http://doi.org/10.1186/1476-4598-9-11
http://doi.org/10.1021/mp1004228
http://www.ncbi.nlm.nih.gov/pubmed/21545153
http://doi.org/10.1002/ar.1090010503
http://doi.org/10.1177/0967772016685033
http://www.ncbi.nlm.nih.gov/pubmed/28092484
http://doi.org/10.5114/aoms.2016.63743
http://www.ncbi.nlm.nih.gov/pubmed/30002710
http://doi.org/10.1089/teb.2007.0150
http://www.ncbi.nlm.nih.gov/pubmed/18454635
http://doi.org/10.1242/jcs.116392
http://www.ncbi.nlm.nih.gov/pubmed/23420197
http://doi.org/10.3390/pharmaceutics12121186
http://www.ncbi.nlm.nih.gov/pubmed/33291351
http://doi.org/10.1038/onc.2008.271
http://doi.org/10.3389/fcell.2020.00758
http://www.ncbi.nlm.nih.gov/pubmed/32850861
http://doi.org/10.18632/oncotarget.25098
http://www.ncbi.nlm.nih.gov/pubmed/29774110
http://doi.org/10.1371/journal.pone.0244549
http://www.ncbi.nlm.nih.gov/pubmed/33382759
http://doi.org/10.1038/s41598-021-97434-w
http://www.ncbi.nlm.nih.gov/pubmed/34521878
http://doi.org/10.1016/j.ctrv.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28314175
http://doi.org/10.3390/ijms16035517
http://doi.org/10.1371/journal.pone.0038147
http://doi.org/10.1038/s41598-017-09686-0
http://doi.org/10.1111/j.1469-7580.2007.00778.x
http://www.ncbi.nlm.nih.gov/pubmed/17711423
http://doi.org/10.1016/j.biotechadv.2016.11.002
http://doi.org/10.1038/srep35367
http://www.ncbi.nlm.nih.gov/pubmed/27734939
http://doi.org/10.1016/j.procbio.2018.12.028

Int. J. Mol. Sci. 2022, 23, 3265 36 of 42

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Edmondson, R.; Broglie, ].J.; Adcock, A.F; Yang, L. Three-dimensional cell culture systems and their applications in drug
discovery and cell-based biosensors. Assay Drug. Dev. Technol. 2014, 12, 207-218. [CrossRef] [PubMed]

Friedrich, J.; Seidel, C.; Ebner, R.; Kunz-Schughart, L.A. Spheroid-based drug screen: Considerations and practical approach.
Nat. Protoc. 2009, 4, 309-324. [CrossRef] [PubMed]

Chaicharoenaudomrung, N.; Kunhorm, P.; Noisa, P. Three-dimensional cell culture systems as an in vitro platform for cancer and
stem cell modeling. World . Stem Cells 2019, 11, 1065-1083. [CrossRef] [PubMed]

Cui, X.; Hartanto, Y.; Zhang, H. Advances in multicellular spheroids formation. J. R. Soc. Interface 2017, 14, 127. [CrossRef]
[PubMed]

Biatkowska, K.; Komorowski, P.; Bryszewska, M.; Mitowska, K. Spheroids as a Type of Three-Dimensional Cell Cultures-Examples
of Methods of Preparation and the Most Important Application. Int. J. Mol. Sci. 2020, 21, 6225. [CrossRef]

Zhang, C; Yang, Z.; Dong, D.-L.; Jang, T.-S.; Knowles, ].C.; Kim, H.-W.; Jin, G.-Z.; Xuan, Y. 3D culture technologies of cancer stem
cells: Promising ex vivo tumor models. J. Tissue Eng. 2020, 11, 1-17. [CrossRef]

Rotem, A.; Janzer, A,; Izar, B; Ji, Z.; Doench, J.G.; Garraway, L.A.; Struhl, K. Alternative to the soft-agar assay that permits
high-throughput drug and genetic screens for cellular transformation. Proc. Natl. Acad. Sci. USA 2015, 112, 5708-5713. [CrossRef]
[PubMed]

Liao, J.; Qian, F,; Tchabo, N.; Mhawech-Fauceglia, P; Beck, A.; Qian, Z.; Wang, X.; Huss, W.J.; Lele, S.B.; Morrison, C.D.; et al.
Ovarian cancer spheroid cells with stem cell-like properties contribute to tumor generation, metastasis and chemotherapy
resistance through hypoxia-resistant metabolism. PLoS ONE 2014, 9, e84941. [CrossRef]

Tong, J.G.; Valdes, Y.R; Barrett, ].W.; Bell, ].C.; Stojdl, D.; McFadden, G.; McCart, J.A.; DiMattia, G.E.; Shepherd, T.G. Evidence for
differential viral oncolytic efficacy in an in vitro model of epithelial ovarian cancer metastasis. Mol. Ther. Oncolytics 2015, 2, 15013.
[CrossRef] [PubMed]

Srivastava, A.K.; Banerjee, A.; Cui, T.; Han, C.; Cai, S.; Liu, L.; Wu, D.; Cui, R;; Li, Z.; Zhang, X.; et al. Inhibition of miR-328-3p
Impairs Cancer Stem Cell Function and Prevents Metastasis in Ovarian Cancer. Cancer Res. 2019, 79, 2314-2326. [CrossRef]
Boylan, K.L.M.; Manion, R.D.; Shah, H.; Skubitz, K.M.; Skubitz, A.P.N. Inhibition of Ovarian Cancer Cell Spheroid Formation by
Synthetic Peptides Derived from Nectin-4. Int. . Mol. Sci. 2020, 21, 4637. [CrossRef] [PubMed]

Hedemann, N.; Herz, A.; Schiepanski, J.H.; Dittrich, J.; Sebens, S.; Dempfle, A.; Feuerborn, J.; Rogmans, C.; Tribian, N;
Florkemeier, I.; et al. ADAM17 Inhibition Increases the Impact of Cisplatin Treatment in Ovarian Cancer Spheroids. Cancers 2021,
13, 2039. [CrossRef] [PubMed]

Raghavan, S.; Ward, M.R; Rowley, K.R.; Wold, R.M.; Takayama, S.; Buckanovich, R.J.; Mehta, G. Formation of stable small cell
number three-dimensional ovarian cancer spheroids using hanging drop arrays for preclinical drug sensitivity assays. Gynecol.
Oncol. 2015, 138, 181-189. [CrossRef]

Tofani, L.B.; Abriata, J.P.; Luiz, M.T.; Marchetti, ]. M.; Swiech, K. Establishment and characterization of an in vitro 3D ovarian
cancer model for drug screening assays. Biotechnol. Prog. 2020, 36, €3034. [CrossRef]

Sheta, R.; Bachvarova, M.; Plante, M.; Renaud, M.-C.; Sebastianelli, A.; Gregoire, J.; Navarro, ].M.; Perez, R.B.; Masson, J.-Y.;
Bachvarov, D. Development of a 3D functional assay and identification of biomarkers, predictive for response of high-grade
serous ovarian cancer (HGSOC) patients to poly-ADP ribose polymerase inhibitors (PARPis): Targeted therapy. J. Transl. Med.
2020, 18, 439. [CrossRef] [PubMed]

Sodek, K.L.; Ringuette, M.].; Brown, T.J]. Compact spheroid formation by ovarian cancer cells is associated with contractile
behavior and an invasive phenotype. Int. J. Cancer 2009, 124, 2060-2070. [CrossRef]

Hoarau-Véchot, J.; Rafii, A.; Touboul, C.; Pasquier, ]. Halfway between 2D and Animal Models: Are 3D Cultures the Ideal Tool to
Study Cancer-Microenvironment Interactions? Int. J. Mol. Sci. 2018, 19, 181. [CrossRef]

Becker, J.L.; Prewett, T.L.; Spaulding, G.F.; Goodwin, T.J. Three-dimensional growth and differentiation of ovarian tumor cell line
in high aspect rotating-wall vessel: Morphologic and embryologic considerations. J. Cell. Biochem. 1993, 51, 283-289. [CrossRef]
Marrella, A.; Varani, G.; Aiello, M.; Vaccari, I.; Vitale, C.; Mojzisek, M.; Degrassi, C.; Scaglione, S. 3D fluid-dynamic ovarian
cancer model resembling systemic drug administration for efficacy assay. ALTEX—Altern. Anim. Exp. 2021, 38, 82-94. [CrossRef]
[PubMed]

Mirzaeian, L.; Eivazkhani, F.; Hezavehei, M.; Moini, A.; Esfandiari, F.; Valojerdi, M.R.; Fathi, R. Optimizing The Cell Seeding
Protocol to Human Decellularized Ovarian Scaffold: Application of Dynamic System for Bio-Engineering. Cell J. 2020, 22, 227-235.
[CrossRef]

Vacanti, ].P,; Langer, R. Tissue engineering: The design and fabrication of living replacement devices for surgical reconstruction
and transplantation. Lancet 1999, 354, S32-S34. [CrossRef]

Carletti, E.; Motta, A.; Migliaresi, C. Scaffolds for Tissue Engineering and 3D Cell Culture. In 3D Cell Culture: Methods and Protocols;
Haycock, ].W., Ed.; Humana Press: Totowa, NJ, USA, 2011; pp. 17-39.

Sahoo, S.K.; Panda, A.K.; Labhasetwar, V. Characterization of Porous PLGA/PLA Microparticles as a Scaffold for Three
Dimensional Growth of Breast Cancer Cells. Biomacromolecules 2005, 6, 1132-1139. [CrossRef] [PubMed]

Sultana, N. Mechanical and biological properties of scaffold materials. In Functional 3D Tissue Engineering Scaffolds; Deng, Y.,
Kuiper, J., Eds.; Woodhead Publishing: Sawston, UK, 2018; pp. 1-21.

Yang, Z.; Xu, H.; Zhao, X. Designer Self-Assembling Peptide Hydrogels to Engineer 3D Cell Microenvironments for Cell
Constructs Formation and Precise Oncology Remodeling in Ovarian Cancer. Adv. Sci. 2020, 7, 1903718. [CrossRef] [PubMed]


http://doi.org/10.1089/adt.2014.573
http://www.ncbi.nlm.nih.gov/pubmed/24831787
http://doi.org/10.1038/nprot.2008.226
http://www.ncbi.nlm.nih.gov/pubmed/19214182
http://doi.org/10.4252/wjsc.v11.i12.1065
http://www.ncbi.nlm.nih.gov/pubmed/31875869
http://doi.org/10.1098/rsif.2016.0877
http://www.ncbi.nlm.nih.gov/pubmed/28202590
http://doi.org/10.3390/ijms21176225
http://doi.org/10.1177/2041731420933407
http://doi.org/10.1073/pnas.1505979112
http://www.ncbi.nlm.nih.gov/pubmed/25902495
http://doi.org/10.1371/journal.pone.0084941
http://doi.org/10.1038/mto.2015.13
http://www.ncbi.nlm.nih.gov/pubmed/27119108
http://doi.org/10.1158/0008-5472.CAN-18-3668
http://doi.org/10.3390/ijms21134637
http://www.ncbi.nlm.nih.gov/pubmed/32629816
http://doi.org/10.3390/cancers13092039
http://www.ncbi.nlm.nih.gov/pubmed/33922533
http://doi.org/10.1016/j.ygyno.2015.04.014
http://doi.org/10.1002/btpr.3034
http://doi.org/10.1186/s12967-020-02613-4
http://www.ncbi.nlm.nih.gov/pubmed/33213473
http://doi.org/10.1002/ijc.24188
http://doi.org/10.3390/ijms19010181
http://doi.org/10.1002/jcb.240510307
http://doi.org/10.14573/altex.2003131
http://www.ncbi.nlm.nih.gov/pubmed/32754773
http://doi.org/10.22074/cellj.2020.6604
http://doi.org/10.1016/S0140-6736(99)90247-7
http://doi.org/10.1021/bm0492632
http://www.ncbi.nlm.nih.gov/pubmed/15762686
http://doi.org/10.1002/advs.201903718
http://www.ncbi.nlm.nih.gov/pubmed/32382486

Int. J. Mol. Sci. 2022, 23, 3265 37 of 42

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Mendoza-Martinez, A.K.; Loessner, D.; Mata, A.; Azevedo, H.S. Modeling the Tumor Microenvironment of Ovarian Cancer:
The Application of Self-Assembling Biomaterials. Cancers 2021, 13, 5745. [CrossRef] [PubMed]

Ahmed, E.M. Hydrogel: Preparation, characterization, and applications: A review. |. Adv. Res. 2015, 6, 105-121. [CrossRef]
[PubMed]

Dash, M.; Chiellini, F,; Ottenbrite, R.M.; Chiellini, E. Chitosan—A versatile semi-synthetic polymer in biomedical applications.
Prog. Polym. Sci. 2011, 36, 981-1014. [CrossRef]

Chiellini, F.; Puppi, D.; Piras, A.; Morelli, A.; Bartoli, C.; Migone, C. Modelling of Pancreatic Ductal Adenocarcinoma in Vitro with
Three-Dimensional Microstructured Hydrogels. RSC Adv. 2016, 6, 54226-54235. [CrossRef]

Balasubramanian, B.; Belak, V.; Verma, I.; Prysiazhniuk, Y.; Sannajust, F.; Trepakova, E.S. Cell culture conditions affect the
ability of high content imaging assay to detect drug-induced changes in cellular parameters in human induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs). Toxicol. Rep. 2019, 6, 305-320. [CrossRef]

Aksel, H.; Sarkar, D.; Lin, M.H.; Buck, A.; Huang, G.T.]J. Cell-Derived Extracellular Matrix Proteins in Colloidal Microgel as a
Self-Assembly Hydrogel for Regenerative Endodontics. J. Endod. 2022. [CrossRef] [PubMed]

Nagy, K.; Lang, O.; Lang, J.; Perczel-Kovach, K.; Gyulai-Gadl, S.; Kadar, K.; Kéhidai, L.; Varga, G. A novel hydrogel scaffold for
periodontal ligament stem cells. Interv. Med. Appl. Sci. 2018, 10, 162-170. [CrossRef] [PubMed]

Mashinchian, O.; Hong, X.; Michaud, J.; Migliavacca, E.; Lefebvre, G.; Boss, C.; De Franceschi, F.; Le Moal, E.; Collerette-Tremblay,
J.; Isern, J.; et al. In Vivo Transcriptomic Profiling using Cell Encapsulation Identifies Effector Pathways of Systemic Aging.
bioRxiv 2022, 11, €57393. [CrossRef]

Rasouli, R.; Tabrizian, M. Rapid Formation of Multicellular Spheroids in Boundary-Driven Acoustic Microstreams. Small 2021,
17,2101931. [CrossRef] [PubMed]

Monteiro, M.V.; Gaspar, V.M.; Ferreira, L.P.; Mano, J.F. Hydrogel 3D In vitro Tumor Models for Screening Cell Aggregation
Mediated Drug Response. Biomater. Sci. 2020, 8, 1855-1864. [CrossRef] [PubMed]

Tibbitt, M.W.; Anseth, K.S. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol. Bioeng. 2009, 103, 655-663.
[CrossRef] [PubMed]

Ruedinger, F.; Lavrentieva, A.; Blume, C.; Pepelanova, I.; Scheper, T. Hydrogels for 3D mammalian cell culture: A starting guide
for laboratory practice. Appl. Microbiol. Biotechnol. 2015, 99, 623-636. [CrossRef]

Hu, W.; Wang, Z.; Xiao, Y.; Zhanga, S.; Wang, ]. Advances in crosslinking strategies of biomedical hydrogels. Biomaterial. Sci. 2019,
7, 843-855. [CrossRef]

Rezakhani, L.; Alizadeh, M.; Alizadeh, A. A three dimensional in vivo model of breast cancer using a thermosensitive chitosan-
based hydrogel and 4 T1 cell line in Balb/c. J. Biomed. Mater. Res. Part A 2021, 109, 1275-1285. [CrossRef]

Kievit, EM.; Florczyk, S.J.; Leung, M.C.; Veiseh, O.; Park, J.O.; Disis, M.L.; Zhang, M. Chitosan-alginate 3D scaffolds as a mimic of
the glioma tumor microenvironment. Biomaterials 2010, 31, 5903-5910. [CrossRef]

Florczyk, S.J.; Liu, G.; Kievit, EM.; Lewis, A.M.; Wu, ].D.; Zhang, M. 3D Porous Chitosan—-Alginate Scaffolds: A New Matrix for
Studying Prostate Cancer Cell-Lymphocyte Interactions In Vitro. Adv. Healthc. Mater. 2012, 1, 590-599. [CrossRef] [PubMed]
Florczyk, S.J.; Wang, K.; Jana, S.; Wood, D.L.; Sytsma, S.K.; Sham, ].G.; Kievit, EM.; Zhang, M. Porous chitosan-hyaluronic acid
scaffolds as a mimic of glioblastoma microenvironment ECM. Biomaterials 2013, 34, 10143-10150. [CrossRef] [PubMed]

Morello, G.; Quarta, A.; Gaballo, A.; Moroni, L.; Gigli, G.; Polini, A.; Gervaso, F. A thermo-sensitive chitosan/pectin hydrogel for
long-term tumor spheroid culture. Carbohydr. Polym. 2021, 274, 118633. [CrossRef] [PubMed]

Li, J.; Zhou, Y.; Chen, W.; Yuan, Z,; You, B.; Liu, Y;; Yang, S.; Li, E; Qu, C.; Zhang, X. A Novel 3D in Vitro Tumor Model Based
on Silk Fibroin/Chitosan Scaffolds To Mimic the Tumor Microenvironment. ACS Appl. Mater. Interfaces 2018, 10, 36641-36651.
[CrossRef] [PubMed]

Bhattacharya, M.; Malinen, M.M.; Lauren, P; Lou, Y.-R.; Kuisma, S.W.; Kanninen, L.; Lille, M.; Corlu, A.; GuGuen-Guillouzo,
C.; Ikkala, O,; et al. Nanofibrillar cellulose hydrogel promotes three-dimensional liver cell culture. J. Control. Release 2012, 164,
291-298. [CrossRef] [PubMed]

Liu, J.; Cheng, F.; Grénman, H.; Spoljaric, S.; Seppéld, J.; Eriksson, ].E.; Willfér, S.; Xu, C. Development of nanocellulose scaffolds
with tunable structures to support 3D cell culture. Carbohydr. Polym. 2016, 148, 259-271. [CrossRef]

Rosendahl, J.; Svanstrom, A.; Berglin, M.; Petronis, S.; Bogestdl, Y.; Stenlund, P.; Standoft, S.; Stdhlberg, A.; Landberg, G.;
Chinga-Carrasco, G.; et al. 3D Printed Nanocellulose Scaffolds as a Cancer Cell Culture Model System. Bioengineering 2021, 8, 97.
[CrossRef] [PubMed]

Wang, J.; Zhao, L.; Zhang, A.; Huang, Y.; Tavakoli, J.; Tang, Y. Novel Bacterial Cellulose/Gelatin Hydrogels as 3D Scaffolds for
Tumor Cell Culture. Polymers 2018, 10, 581. [CrossRef]

Unal, S.; Arslan, S.; Yilmaz, B.K,; Oktar, EN.; Sengil, A.Z.; Gunduz, O. Production and characterization of bacterial cellulose
scaffold and its modification with hyaluronic acid and gelatin for glioblastoma cell culture. Cellulose 2021, 28, 117-132. [CrossRef]
Zhang, X.; Morits, M.; Jonkergouw, C.; Ora, A.; Valle-Delgado, J.J.; Farooq, M.; Ajdary, R.; Huan, S.; Linder, M.; Rojas, O.; et al.
Three-Dimensional Printed Cell Culture Model Based on Spherical Colloidal Lignin Particles and Cellulose Nanofibril-Alginate
Hydrogel. Biomacromolecules 2020, 21, 1875-1885. [CrossRef]

George, S.M.; Moon, H. Digital microfluidic three-dimensional cell culture and chemical screening platform using alginate
hydrogels. Biomicrofluidics 2015, 9, 024116. [CrossRef]


http://doi.org/10.3390/cancers13225745
http://www.ncbi.nlm.nih.gov/pubmed/34830897
http://doi.org/10.1016/j.jare.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25750745
http://doi.org/10.1016/j.progpolymsci.2011.02.001
http://doi.org/10.1039/C6RA08420F
http://doi.org/10.1016/j.toxrep.2019.02.004
http://doi.org/10.1016/j.joen.2022.01.011
http://www.ncbi.nlm.nih.gov/pubmed/35077752
http://doi.org/10.1556/1646.10.2018.21
http://www.ncbi.nlm.nih.gov/pubmed/30713756
http://doi.org/10.1101/2020.03.09.979054
http://doi.org/10.1002/smll.202101931
http://www.ncbi.nlm.nih.gov/pubmed/34418307
http://doi.org/10.1039/C9BM02075F
http://www.ncbi.nlm.nih.gov/pubmed/32091033
http://doi.org/10.1002/bit.22361
http://www.ncbi.nlm.nih.gov/pubmed/19472329
http://doi.org/10.1007/s00253-014-6253-y
http://doi.org/10.1039/C8BM01246F
http://doi.org/10.1002/jbm.a.37121
http://doi.org/10.1016/j.biomaterials.2010.03.062
http://doi.org/10.1002/adhm.201100054
http://www.ncbi.nlm.nih.gov/pubmed/23184794
http://doi.org/10.1016/j.biomaterials.2013.09.034
http://www.ncbi.nlm.nih.gov/pubmed/24075410
http://doi.org/10.1016/j.carbpol.2021.118633
http://www.ncbi.nlm.nih.gov/pubmed/34702456
http://doi.org/10.1021/acsami.8b10679
http://www.ncbi.nlm.nih.gov/pubmed/30360129
http://doi.org/10.1016/j.jconrel.2012.06.039
http://www.ncbi.nlm.nih.gov/pubmed/22776290
http://doi.org/10.1016/j.carbpol.2016.04.064
http://doi.org/10.3390/bioengineering8070097
http://www.ncbi.nlm.nih.gov/pubmed/34356204
http://doi.org/10.3390/polym10060581
http://doi.org/10.1007/s10570-020-03528-5
http://doi.org/10.1021/acs.biomac.9b01745
http://doi.org/10.1063/1.4918377

Int. J. Mol. Sci. 2022, 23, 3265 38 of 42

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Lewicki, J.; Bergman, J.; Kerins, C.; Hermanson, O. Optimization of 3D bioprinting of human neuroblastoma cells using sodium
alginate hydrogel. Bioprinting 2019, 16, e00053. [CrossRef]

Tabriz, A.G.; Hermida, M.A.; Leslie, N.R.; Shu, W. Three-dimensional bioprinting of complex cell laden alginate hydrogel
structures. Biofabrication 2015, 7, 045012. [CrossRef]

Lan, S.-F,; Starly, B. Alginate based 3D hydrogels as an in vitro co-culture model platform for the toxicity screening of new
chemical entities. Toxicol. Appl. Pharmacol. 2011, 256, 62-72. [CrossRef] [PubMed]

Jiang, T.; Munguia-Lopez, ].G.; Gu, K.; Bavoux, M.M.; Flores-Torres, S.; Kort-Mascort, J.; Grant, J.; Vijayakumar, S.;
De Leon-Rodriguez, A.; Ehrlicher, AJ.; et al. Engineering bioprintable alginate/gelatin composite hydrogels with tunable
mechanical and cell adhesive properties to modulate tumor spheroid growth kinetics. Biofabrication 2019, 12, 015024. [CrossRef]
[PubMed]

Ivanovska, J.; Zehnder, T.; Lennert, P,; Sarker, B.; Boccaccini, A.R.; Hartmann, A.; Schneider-Stock, R.; Detsch, R. Biofabrication of
3D Alginate-Based Hydrogel for Cancer Research: Comparison of Cell Spreading, Viability, and Adhesion Characteristics of
Colorectal HCT116 Tumor Cells. Tissue Eng. Part C Methods 2016, 22, 708-715. [CrossRef] [PubMed]

Napolitano, A.P,; Dean, D.M.; Man, A.].; Youssef, ].; Ho, D.N.; Rago, A.P,; Lech, M.P.; Morgan, J.R. Scaffold-free three-dimensional
cell culture utilizing micromolded nonadhesive hydrogels. BioTechnigues 2007, 43, 494-500. [CrossRef] [PubMed]

Mercey, E.; Obeid, P; Glaise, D.; Calvo-Muiioz, M.-L.; Guguen-Guillouzo, C.; Fouqué, B. The application of 3D micropatterning of
agarose substrate for cell culture and in situ comet assays. Biomaterials 2010, 31, 3156-3165. [CrossRef] [PubMed]

Mirab, F.; Kang, Y.J.; Majd, S. Preparation and characterization of size-controlled glioma spheroids using agarose hydrogel
microwells. PLoS ONE 2019, 14, e0211078. [CrossRef]

Ravi, M.; Kaviya, S.R.; Paramesh, V. Culture phases, cytotoxicity and protein expressions of agarose hydrogel induced Sp2/0,
A549, MCF-7 cell line 3D cultures. Cytotechnology 2016, 68, 429-441. [CrossRef]

Quarta, A ; Gallo, N.; Vergara, D.; Salvatore, L.; Nobile, C.; Ragusa, A.; Gaballo, A. Investigation on the Composition of Agarose—
Collagen I Blended Hydrogels as Matrices for the Growth of Spheroids from Breast Cancer Cell Lines. Pharmaceutics 2021, 13, 963.
[CrossRef] [PubMed]

Ulrich, T.A.; Jain, A.; Tanner, K.; MacKay, J.L.; Kumar, S. Probing cellular mechanobiology in three-dimensional culture with
collagen—agarose matrices. Biomaterials 2010, 31, 1875-1884. [CrossRef] [PubMed]

Suo, A.; Xu, W.; Wang, Y.; Sun, T, Ji, L.; Qian, ]. Dual-degradable and injectable hyaluronic acid hydrogel mimicking extracellular
matrix for 3D culture of breast cancer MCF-7 cells. Carbohydr. Polym. 2019, 211, 336-348. [CrossRef] [PubMed]

Xu, X.; Gurski, L.A.; Zhang, C.; Harrington, D.A.; Farach-Carson, M.C.; Jia, X. Recreating the tumor microenvironment in a bilayer,
hyaluronic acid hydrogel construct for the growth of prostate cancer spheroids. Biomaterials 2012, 33, 9049-9060. [CrossRef]
Ananthanarayanan, B.; Kim, Y.; Kumar, S. Elucidating the mechanobiology of malignant brain tumors using a brain matrix-
mimetic hyaluronic acid hydrogel platform. Biomaterials 2011, 32, 7913-7923. [CrossRef] [PubMed]

Tang, Y.; Huang, B.; Dong, Y.; Wang, W.; Zheng, X.; Zhou, W.; Zhang, K.; Du, Z. Three-dimensional prostate tumor model based
on a hyaluronic acid-alginate hydrogel for evaluation of anti-cancer drug efficacy. J. Biomater. Sci. Polym. Ed. 2017, 28, 1603-1616.
[CrossRef]

Szot, C.S.; Buchanan, C.E; Freeman, J.W.; Rylander, M.N. 3D in vitro bioengineered tumors based on collagen I hydrogels.
Biomaterials 2011, 32, 7905-7912. [CrossRef]

Lv, D,; Yu, S.-C.; Ping, Y.-F; Wu, H.; Zhao, X.; Zhang, H.; Cui, Y.; Chen, B.; Zhang, X.; Dai, J.; et al. A three-dimensional collagen
scaffold cell culture system for screening anti-glioma therapeutics. Oncotarget 2016, 7, 56904-56914. [CrossRef]

Yip, D.; Cho, C.H. A multicellular 3D heterospheroid model of liver tumor and stromal cells in collagen gel for anti-cancer drug
testing. Biochem. Biophys. Res. Commun. 2013, 433, 327-332. [CrossRef]

Liu, C.; Lewin Mejia, D.; Chiang, B.; Luker, K.E.; Luker, G.D. Hybrid collagen alginate hydrogel as a platform for 3D tumor
spheroid invasion. Acta Biomater. 2018, 75, 213-225. [CrossRef]

Askari, E.; Naghib, S.M.; Zahedi, A.; Seyfoori, A.; Zare, Y.; Rhee, K.Y. Local delivery of chemotherapeutic agent in tissue
engineering based on gelatin/graphene hydrogel. |. Mater. Res. Technol. 2021, 12, 412-422. [CrossRef]

Rong, Y.; Zhang, Z.; He, C.; Chen, X. Matrix metalloproteinase-sensitive poly(ethylene glycol)/peptide hydrogels as an interactive
platform conducive to cell proliferation during 3D cell culture. Sci. China Technol. Sci. 2021, 64, 1285-1294. [CrossRef]
Imaninezhad, M.; Hill, L.; Kolar, G.; Vogt, K.; Zustiak, S.P. Templated Macroporous Polyethylene Glycol Hydrogels for Spheroid
and Aggregate Cell Culture. Bioconj. Chem. 2019, 30, 34—46. [CrossRef] [PubMed]

Qayyum, A.S,; Jain, E.; Kolar, G.; Kim, Y.; Sell, S.A.; Zustiak, S.P. Design of electrohydrodynamic sprayed polyethylene glycol
hydrogel microspheres for cell encapsulation. Biofabrication 2017, 9, 025019. [CrossRef] [PubMed]

Molyneaux, K.; Wnek, M.D.; Craig, S.E.L.; Vincent, J.; Rucker, I.; Wnek, G.E.; Brady-Kalnay, S.M. Physically-cross-linked
poly(vinyl alcohol) cell culture plate coatings facilitate preservation of cell-cell interactions, spheroid formation, and stemness.
J. Biomed. Mater. Res. Part B Appl. Biomater. 2021, 109, 1744-1753. [CrossRef] [PubMed]

Dou, X,; Li, P; Schonherr, H. Three-Dimensional Microstructured Poly(vinyl alcohol) Hydrogel Platform for the Controlled
Formation of Multicellular Cell Spheroids. Biomacromolecules 2018, 19, 158-166. [CrossRef] [PubMed]

Unal, S.; Arslan, S.; Karademir Yilmaz, B.; Kazan, D.; Oktar, EN.; Gunduz, O. Glioblastoma cell adhesion properties through
bacterial cellulose nanocrystals in polycaprolactone/gelatin electrospun nanofibers. Carbohydr. Polym. 2020, 233, 115820.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.bprint.2019.e00053
http://doi.org/10.1088/1758-5090/7/4/045012
http://doi.org/10.1016/j.taap.2011.07.013
http://www.ncbi.nlm.nih.gov/pubmed/21839104
http://doi.org/10.1088/1758-5090/ab3a5c
http://www.ncbi.nlm.nih.gov/pubmed/31404917
http://doi.org/10.1089/ten.tec.2015.0452
http://www.ncbi.nlm.nih.gov/pubmed/27269631
http://doi.org/10.2144/000112591
http://www.ncbi.nlm.nih.gov/pubmed/18019341
http://doi.org/10.1016/j.biomaterials.2010.01.020
http://www.ncbi.nlm.nih.gov/pubmed/20149429
http://doi.org/10.1371/journal.pone.0211078
http://doi.org/10.1007/s10616-014-9795-z
http://doi.org/10.3390/pharmaceutics13070963
http://www.ncbi.nlm.nih.gov/pubmed/34206758
http://doi.org/10.1016/j.biomaterials.2009.10.047
http://www.ncbi.nlm.nih.gov/pubmed/19926126
http://doi.org/10.1016/j.carbpol.2019.01.115
http://www.ncbi.nlm.nih.gov/pubmed/30824098
http://doi.org/10.1016/j.biomaterials.2012.08.061
http://doi.org/10.1016/j.biomaterials.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21820737
http://doi.org/10.1080/09205063.2017.1338502
http://doi.org/10.1016/j.biomaterials.2011.07.001
http://doi.org/10.18632/oncotarget.10885
http://doi.org/10.1016/j.bbrc.2013.03.008
http://doi.org/10.1016/j.actbio.2018.06.003
http://doi.org/10.1016/j.jmrt.2021.02.084
http://doi.org/10.1007/s11431-020-1731-8
http://doi.org/10.1021/acs.bioconjchem.8b00596
http://www.ncbi.nlm.nih.gov/pubmed/30562006
http://doi.org/10.1088/1758-5090/aa703c
http://www.ncbi.nlm.nih.gov/pubmed/28516893
http://doi.org/10.1002/jbm.b.34832
http://www.ncbi.nlm.nih.gov/pubmed/33847464
http://doi.org/10.1021/acs.biomac.7b01345
http://www.ncbi.nlm.nih.gov/pubmed/29161497
http://doi.org/10.1016/j.carbpol.2019.115820
http://www.ncbi.nlm.nih.gov/pubmed/32059880

Int. J. Mol. Sci. 2022, 23, 3265 39 of 42

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.
171.

172.

173.

Tsao, C.-T.; Kievit, EM.; Wang, K.; Erickson, A.E.; Ellenbogen, R.G.; Zhang, M. Chitosan-Based Thermoreversible Hydrogel as an
in Vitro Tumor Microenvironment for Testing Breast Cancer Therapies. Mol. Pharma 2014, 11, 2134-2142. [CrossRef]

Liang, Y.; Jeong, J.; DeVolder, R.J.; Cha, C.; Wang, F; Tong, YW.; Kong, H. A cell-instructive hydrogel to regulate malignancy of
3D tumor spheroids with matrix rigidity. Biomaterials 2011, 32, 9308-9315. [CrossRef]

Pradhan, S.; Hassani, I.; Seeto, W.J.; Lipke, E.A. PEG-fibrinogen hydrogels for three-dimensional breast cancer cell culture.
J. Biomed. Mater. Res. Part A 2017, 105, 236-252. [CrossRef]

Lee, D.S.; Kang, ].I.; Hwang, B.H.; Park, K.M. Interpenetrating Polymer Network Hydrogels of Gelatin and Poly(ethylene glycol)
as an Engineered 3D Tumor Microenvironment. Macromol. Res. 2019, 27, 205-211. [CrossRef]

Ryu, S.; Kim, H.H.; Park, YH.; Lin, C.C.; Um, L.C.; Ki, C.S. Dual mode gelation behavior of silk fibroin microgel embedded
poly(ethylene glycol) hydrogels. J. Mater. Chem. B 2016, 4, 4574—4584. [CrossRef] [PubMed]

Bucatariu, S.-M.; Constantin, M.; Varganici, C.-D.; Rusu, D.; Nicolescu, A.; Prisacaru, I.; Carnuta, M.; Anghelache, M.; Calin, M.;
Ascenzi, P; et al. A new sponge-type hydrogel based on hyaluronic acid and poly(methylvinylether-alt-maleic acid) as a 3D
platform for tumor cell growth. Int. J. Biol. Macromol. 2020, 165, 2528-2540. [CrossRef] [PubMed]

Xu, W,; Qian, J.; Zhang, Y.; Suo, A.; Cui, N.; Wang, J.; Yao, Y.; Wang, H. A double-network poly(Ne-acryloyl I-lysine) /hyaluronic
acid hydrogel as a mimic of the breast tumor microenvironment. Acta Biomater. 2016, 33, 131-141. [CrossRef] [PubMed]

Tang, R.; Liu, L.; Li, M,; Yao, X,; Yang, Y.; Zhang, S.; Li, F. Transparent Microcrystalline Cellulose/Polyvinyl Alcohol Paper as a
New Platform for Three-Dimensional Cell Culture. Anal. Chem. 2020, 92, 14219-14227. [CrossRef] [PubMed]

Moscato, S.; Ronca, F; Campani, D.; Danti, S. Poly(vinyl alcohol)/gelatin Hydrogels Cultured with HepG2 Cells as a 3D Model of
Hepatocellular Carcinoma: A Morphological Study. J. Funct. Biomater. 2015, 6, 16-32. [CrossRef] [PubMed]

Gasperini, L.; Mano, J.F; Reis, R.L. Natural polymers for the microencapsulation of cells. J. R. Soc. Interface 2014, 11, 20140817.
[CrossRef]

Rivas, M.; Alem, C.; Puiggal, J. Peptide Self-Assembly into Hydrogels for Biomedical Applications Related to Hydroxyapatite.
Gels 2019, 5, 14. [CrossRef]

Bessa, P.C.; Machado, R.; Niirnberger, S.; Dopler, D.; Banerjee, A.; Cunha, A.M.; Rodriguez-Cabello, ].C.; Redl, H.; van Griensven,
M.; Reis, R.L.; et al. Thermoresponsive self-assembled elastin-based nanoparticles for delivery of BMPs. J. Control. Release 2010,
142, 312-318. [CrossRef]

Zhang, Q.; Weber, C.; Schubert, U.S.; Hoogenboom, R. Thermoresponsive polymers with lower critical solution temperature:
From fundamental aspects and measuring techniques to recommended turbidimetry conditions. Mater. Horiz. 2017, 4, 109-116.
[CrossRef]

Ward, M.A.; Georgiou, T.K. Thermoresponsive Polymers for Biomedical Applications. Polymers 2011, 3, 1215-1242. [CrossRef]
Williams, C.G.; Malik, A.N.; Kim, T.K.; Manson, P.N.; Elisseeff, ].H. Variable cytocompatibility of six cell lines with photoinitiators
used for polymerizing hydrogels and cell encapsulation. Biomaterials 2005, 26, 1211-1218. [CrossRef] [PubMed]

Dervin, S.; Pillai, S.C. An Introduction to Sol-Gel Processing for Aerogels. In Sol-Gel Materials for Energy, Environment and Electronic
Applications; Pillai, S.C., Hehir, S., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 1-22.

Bokov, D.; Turki Jalil, A.; Chupradit, S.; Suksatan, W.; Javed Ansari, M.; Shewael, . H.; Valiev, G.H.; Kianfar, E. Nanomaterial by
Sol-Gel Method: Synthesis and Application. Adv. Mater. Sci. Eng. 2021, 2021, 5102014. [CrossRef]

Garcia-Gonzalez, C.A.; Camino-Rey, M.C.; Alnaief, M.; Zetzl, C.; Smirnova, I. Supercritical drying of aerogels using CO2: Effect
of extraction time on the end material textural properties. J. Supercrit. Fluids 2012, 66, 297-306. [CrossRef]

Bakota, E.L.; Aulisa, L.; Galler, K.M.; Hartgerink, ].D. Enzymatic cross-linking of a nanofibrous peptide hydrogel. Biomacromolecules
2011, 12, 82-87. [CrossRef] [PubMed]

Teixeira, L.S.; Feijen, J.; van Blitterswijk, C.A.; Dijkstra, PJ.; Karperien, M. Enzyme-catalyzed crosslinkable hydrogels: Emerging
strategies for tissue engineering. Biomater. Sci. 2012, 33, 1281-1290. [CrossRef]

Osorio, L.A.; Silva, E.; Mackay, R.E. A Review of Biomaterials and Scaffold Fabrication for Organ-on-a-Chip (OOAC) Systems.
Bioengineering 2021, 8, 113. [CrossRef] [PubMed]

Naahidi, S.; Jafari, M.; Logan, M.; Wang, Y.; Yuan, Y.; Bae, H.; Dixon, B.; Chen, P. Biocompatibility of hydrogel-based scaffolds for
tissue engineering applications. Biotechnol. Adv. 2017, 35, 530-544. [CrossRef]

Chhibber, T.; Shinde, R.B.; Lahooti, B.; Bagchi, S. Hydrogels in Tissue Engineering. In Intelligent Hydrogels in Diagnostics and
Therapeutics; CRC Press: Boca Raton, FL, USA, 2020.

Khetan, S.; Guvendiren, M.; Legant, W.R.; Cohen, D.M.; Chen, C.S.; Burdick, ].A. Degradation-mediated cellular traction directs
stem cell fate in covalently crosslinked three-dimensional hydrogels. Nat. Mater. 2013, 12, 458-465. [CrossRef]

Lee, ].-H.; Kim, H.-W. Emerging properties of hydrogels in tissue engineering. J. Tissue Eng. 2018, 9, 2041731418768285. [CrossRef]
Chaudhuri, O.; Gu, L.; Darnell, M.; Klumpers, D.; Bencherif, S.A.; Weaver, ].C.; Huebsch, N.; Mooney, D.J. Substrate stress
relaxation regulates cell spreading. Nat. Commun. 2015, 6, 6364. [CrossRef] [PubMed]

Chaudhuri, O.; Gu, L.; Klumpers, D.; Darnell, M.; Bencherif, S.A.; Weaver, J.C.; Huebsch, N.; Lee, H.-P.; Lippens, E,;
Duda, G.N,; et al. Hydrogels with tunable stress relaxation regulate stem cell fate and activity. Nat. Mater. 2016, 15, 326-334.
[CrossRef] [PubMed]

Lee, H.-P; Gu, L.; Mooney, D.J.; Levenston, M.E.; Chaudhuri, O. Mechanical confinement regulates cartilage matrix formation by
chondrocytes. Nat. Mater. 2017, 16, 1243-1251. [CrossRef] [PubMed]


http://doi.org/10.1021/mp5002119
http://doi.org/10.1016/j.biomaterials.2011.08.045
http://doi.org/10.1002/jbm.a.35899
http://doi.org/10.1007/s13233-019-7072-x
http://doi.org/10.1039/C6TB00896H
http://www.ncbi.nlm.nih.gov/pubmed/32263400
http://doi.org/10.1016/j.ijbiomac.2020.10.095
http://www.ncbi.nlm.nih.gov/pubmed/33098901
http://doi.org/10.1016/j.actbio.2016.01.027
http://www.ncbi.nlm.nih.gov/pubmed/26805429
http://doi.org/10.1021/acs.analchem.0c03458
http://www.ncbi.nlm.nih.gov/pubmed/32962346
http://doi.org/10.3390/jfb6010016
http://www.ncbi.nlm.nih.gov/pubmed/25590431
http://doi.org/10.1098/rsif.2014.0817
http://doi.org/10.3390/gels5010014
http://doi.org/10.1016/j.jconrel.2009.11.003
http://doi.org/10.1039/C7MH00016B
http://doi.org/10.3390/polym3031215
http://doi.org/10.1016/j.biomaterials.2004.04.024
http://www.ncbi.nlm.nih.gov/pubmed/15475050
http://doi.org/10.1155/2021/5102014
http://doi.org/10.1016/j.supflu.2012.02.026
http://doi.org/10.1021/bm1010195
http://www.ncbi.nlm.nih.gov/pubmed/21133404
http://doi.org/10.1016/j.biomaterials.2011.10.067
http://doi.org/10.3390/bioengineering8080113
http://www.ncbi.nlm.nih.gov/pubmed/34436116
http://doi.org/10.1016/j.biotechadv.2017.05.006
http://doi.org/10.1038/nmat3586
http://doi.org/10.1177/2041731418768285
http://doi.org/10.1038/ncomms7365
http://www.ncbi.nlm.nih.gov/pubmed/25695512
http://doi.org/10.1038/nmat4489
http://www.ncbi.nlm.nih.gov/pubmed/26618884
http://doi.org/10.1038/nmat4993
http://www.ncbi.nlm.nih.gov/pubmed/28967913

Int. J. Mol. Sci. 2022, 23, 3265 40 of 42

174.

175.

176.

177.

178.

179.
180.

181.

182.

183.

184.
185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Breuls, R.G.M.; Jiya, T.U.; Smit, T.H. Scaffold stiffness influences cell behavior: Opportunities for skeletal tissue engineering. Open
Orthop. ]. 2008, 2, 103-109. [CrossRef] [PubMed]

Maisani, M.; Ziane, S.; Ehret, C.; Levesque, L.; Siadous, R.; Le Meins, J.-F,; Chevallier, P.; Barthélémy, P.; De Oliveira, H.;
Amédée, ].; et al. A new composite hydrogel combining the biological properties of collagen with the mechanical properties of a
supramolecular scaffold for bone tissue engineering. J.Tissue Eng. Regener. Med. 2018, 12, e1489-e1500. [CrossRef]

Dragan, E.S. Design and applications of interpenetrating polymer network hydrogels. A review. Chem. Eng. . 2014, 243, 572-590.
[CrossRef]

Mckenzie, A J.; Hicks, S.R.; Svec, K.V.; Naughton, H.; Edmunds, Z.L.; Howe, A.K. The mechanical microenvironment regulates
ovarian cancer cell morphology, migration, and spheroid disaggregation. Sci. Rep. 2018, 8, 7228. [CrossRef]

Rivero, R.E.; Capella, V,; Liaudat, A.C.; Bosch, P.; Barbero, C.A.; Rodr, N. Mechanical and physicochemical behavior of a 3D
hydrogel scaffold during cell growth and proliferation. RSC Adv. 2020, 10, 5827-5837. [CrossRef]

Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474-5491. [CrossRef]
Krogh, A. The rate of diffusion of gases through animal tissues, with some remarks on the coefficient of invasion. J. Physiol. 1919,
52,391-408. [CrossRef]

Yanagawa, F; Sugiura, S.; Kanamori, T. Hydrogel microfabrication technology toward three dimensional tissue engineering.
Regener. Ther. 2016, 3, 45-57. [CrossRef] [PubMed]

Puppi, D.; Federica, C.; Piras, A.; Chiellini, E. Polymeric materials for bone and cartilage repair. Prog. Polymer Sci. 2010, 35,
403-440. [CrossRef]

Nireesha, G.R.; Divya, L.; Sowmya, C.; Venkateshan, N.; Niranjan Babu, M.; Lavakumar, V. Lyophilization/Freeze Drying—An
Review. Int. ]. Novel Trends Pharm. Sci. 2013, 3, 87-98.

Ozbakur, Y.; Jonas, A.; Kiraz, A.; Erkey, C. Aerogels for Optofluidic Waveguides. Micromachines 2017, 8, 98. [CrossRef]
Soorbaghi, F.P; Isanejad, M.; Salatin, S.; Ghorbani, M.; Jafari, S.; Derakhshankhah, H. Bioaerogels: Synthesis approaches, cellular
uptake, and the biomedical applications. Biomed. Pharmacother. 2019, 111, 964-975. [CrossRef] [PubMed]

Prasad, A.; Sankar, M.R.; Katiyar, V. State of Art on Solvent Casting Particulate Leaching Method for Orthopedic ScaffoldsFabrica-
tion. Mater. Today Proc. 2017, 4, 898-907. [CrossRef]

Hutmacher, D.W.; Woodfield, T.B.F.; Dalton, P.D. Chapter 10—Scaffold Design and Fabrication. In Tissue Engineering, 2nd ed.;
Blitterswijk, C.A.V., De Boer, J., Eds.; Academic Press: Cambridge, MA, USA, 2014; pp. 311-346.

Lee, K.-W.D.; Chan, PK.; Feng, X.-S. Morphology development and characterization of the phase-separated structure resulting
from the thermal-induced phase separation phenomenon in polymer solutions under a temperature gradient. Chem. Eng. Sci.
2004, 59, 1491-1504. [CrossRef]

Xue, J.; Wu, T,; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev.
2019, 119, 5298-5415. [CrossRef]

Mota, C.; Puppi, D.; Chiellini, F.; Chiellini, E. Additive manufacturing techniques for the production of tissue engineering
constructs. J. Tissue Eng. Regenera. Med. 2015, 9, 174-190. [CrossRef] [PubMed]

Puppi, D.; Chiellini, F. Biodegradable Polymers for Biomedical Additive Manufacturing. Appl. Mater. Today 2020, 20, 100700.
[CrossRef]

Kim, M.].; Chi, B.H.; Yoo, J.].; Ju, YM.; Whang, Y.M.; Chang, I.H. Structure establishment of three-dimensional (3D) cell culture
printing model for bladder cancer. PLoS ONE 2019, 14, e0223689. [CrossRef] [PubMed]

Gebeyehu, A.; Surapaneni, S.K.; Huang, ].; Mondal, A.; Wang, V.Z.; Haruna, N.F; Bagde, A.; Arthur, P,; Kutlehria, S.; Patel, N.; et al.
Polysaccharide hydrogel based 3D printed tumor models for chemotherapeutic drug screening. Sci. Rep. 2021, 11, 372. [CrossRef]
[PubMed]

Puppi, D.; Migone, C.; Morelli, A ; Bartoli, C.; Gazzarri, M.; Pasini, D.; Chiellini, F. Microstructured chitosan/poly(y-glutamic
acid) polyelectrolyte complex hydrogels by computer-aided wet-spinning for biomedical three-dimensional scaffolds. J. Bioact.
Compat. Polym. 2016, 31, 531-549. [CrossRef]

Nii, T.; Makino, K.; Tabata, Y. Three-Dimensional Culture System of Cancer Cells Combined with Biomaterials for Drug Screening.
Cancers 2020, 12, 2754. [CrossRef] [PubMed]

Keane, T.J.; Badylak, S.F. Biomaterials for tissue engineering applications. Semin. Pediatr. Surg. 2014, 23, 112-118. [CrossRef]
[PubMed]

Kletzmayr, A.; Clement Frey, F.; Zimmermann, M.; Eberli, D.; Millan, C. An Automatable Hydrogel Culture Platform for
Evaluating Efficacy of Antibody-Based Therapeutics in Overcoming Chemoresistance. Biotechnol. J. 2020, 15, 1900439. [CrossRef]
[PubMed]

Ul-Islam, M.; Subhan, F,; Islam, S.U.; Khan, S.; Shah, N.; Manan, S.; Ullah, M.W.; Yang, G. Development of three-dimensional
bacterial cellulose/chitosan scaffolds: Analysis of cell-scaffold interaction for potential application in the diagnosis of ovarian
cancer. Int. |. Biol. Macromol. 2019, 137, 1050-1059. [CrossRef] [PubMed]

Xu, G.; Yin, F; Wu, H.; Hu, X,; Zheng, L.; Zhao, J. In vitro ovarian cancer model based on three-dimensional agarose hydrogel.
J. Tissue Eng. 2014, 5, 2041731413520438. [CrossRef]

Shin, S.; Ikram, M.; Subhan, F; Kang, H.Y;; Lim, Y,; Lee, R;; Jin, S.; Jeong, Y.H.; Kwak, J.-Y.;; Na, Y.-].; et al. Alginate-marine
collagen—agarose composite hydrogels as matrices for biomimetic 3D cell spheroid formation. RSC Adv. 2016, 6, 46952-46965.
[CrossRef]


http://doi.org/10.2174/1874325000802010103
http://www.ncbi.nlm.nih.gov/pubmed/19478934
http://doi.org/10.1002/term.2569
http://doi.org/10.1016/j.cej.2014.01.065
http://doi.org/10.1038/s41598-018-25589-0
http://doi.org/10.1039/C9RA08162C
http://doi.org/10.1016/j.biomaterials.2005.02.002
http://doi.org/10.1113/jphysiol.1919.sp001838
http://doi.org/10.1016/j.reth.2016.02.007
http://www.ncbi.nlm.nih.gov/pubmed/31245472
http://doi.org/10.1016/j.progpolymsci.2010.01.006
http://doi.org/10.3390/mi8040098
http://doi.org/10.1016/j.biopha.2019.01.014
http://www.ncbi.nlm.nih.gov/pubmed/30841476
http://doi.org/10.1016/j.matpr.2017.01.101
http://doi.org/10.1016/j.ces.2003.12.025
http://doi.org/10.1021/acs.chemrev.8b00593
http://doi.org/10.1002/term.1635
http://www.ncbi.nlm.nih.gov/pubmed/23172792
http://doi.org/10.1016/j.apmt.2020.100700
http://doi.org/10.1371/journal.pone.0223689
http://www.ncbi.nlm.nih.gov/pubmed/31639124
http://doi.org/10.1038/s41598-020-79325-8
http://www.ncbi.nlm.nih.gov/pubmed/33431915
http://doi.org/10.1177/0883911516631355
http://doi.org/10.3390/cancers12102754
http://www.ncbi.nlm.nih.gov/pubmed/32987868
http://doi.org/10.1053/j.sempedsurg.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/24994524
http://doi.org/10.1002/biot.201900439
http://www.ncbi.nlm.nih.gov/pubmed/32028540
http://doi.org/10.1016/j.ijbiomac.2019.07.050
http://www.ncbi.nlm.nih.gov/pubmed/31295500
http://doi.org/10.1177/2041731413520438
http://doi.org/10.1039/C6RA01937D

Int. J. Mol. Sci. 2022, 23, 3265 41 of 42

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.
211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.
223.

224.

225.

226.
227.

228.
229.
230.

Zhou, N.; Ma, X.; Bernaerts, K.V;; Ren, P.; Hu, W.; Zhang, T. Expansion of Ovarian Cancer Stem-like Cells in Poly(ethylene
glycol)-Cross-Linked Poly(methyl vinyl ether-alt-maleic acid) and Alginate Double-Network Hydrogels. ACS Biomater. Sci. Eng.
2020, 6, 3310-3326. [CrossRef]

Liu, M.; Zhang, X.; Long, C.; Xu, H.; Cheng, X.; Chang, J.; Zhang, C.; Zhang, C.; Wang, X. Collagen-based three-dimensional
culture microenvironment promotes epithelial to mesenchymal transition and drug resistance of human ovarian cancer: In vitro.
RSC Adv. 2018, 8, 8910-8919. [CrossRef]

Paradiso, F,; Fitzgerald, J.; Yao, S.; Barry, F.; Taraballi, F.; Gonzalez, D.; Conlan, R.S.; Francis, L. Marine Collagen Substrates for 2D
and 3D Ovarian Cancer Cell Systems. Front. Bioeng. Biotechnol. 2019, 7, 343. [CrossRef] [PubMed]

Kaemmerer, E.; Melchels, EP.W.; Holzapfel, B.M.; Meckel, T.; Hutmacher, D.W.; Loessner, D. Gelatine methacrylamide-based
hydrogels: An alternative three-dimensional cancer cell culture system. Acta Biomater. 2014, 10, 2551-2562. [CrossRef] [PubMed]
Yang, Z.; Zhao, X. A 3D model of ovarian cancer cell lines on peptide nanofiber scaffold to explore the cell-scaffold interaction
and chemotherapeutic resistance of anticancer drugs. Int. J. Nanomed. 2011, 6, 303-310. [CrossRef] [PubMed]

Song, H.; Cai, G.-H.; Liang, J.; Ao, D.-S.; Wang, H.; Yang, Z.-H. Three-dimensional culture and clinical drug responses of a
highly metastatic human ovarian cancer HO-8910PM cells in nanofibrous microenvironments of three hydrogel biomaterials.
J. Nanobiotechnol. 2020, 18, 90. [CrossRef] [PubMed]

Zhang, T.; Chen, ].; Zhang, Q.; Dou, J.; Gu, N. Poly(ethylene glycol)-cross linked poly(methyl vinyl ether-co-maleic acid)hydrogels
for three-dimensional human ovarian cancer cell culture. Coll. Surf. A Physicochem. Eng. Asp. 2013, 422, 81-89. [CrossRef]
Loessner, D.; Stok, K.S.; Lutolf, M.P,; Hutmacher, D.W.; Clements, ].A.; Rizzi, S.C. Bioengineered 3D platform to explore cell-ECM
interactions and drug resistance of epithelial ovarian cancer cells. Biomaterials 2010, 31, 8494-8506. [CrossRef]

Hedegaard, C.L.; Redondo-Gémez, C.; Tan, B.Y.; Ng, K.W.; Loessner, D.; Mata, A. Peptide-protein coassembling matrices as a
biomimetic 3D model of ovarian cancer. Sci. Adv. 2020, 6, eabb3298. [CrossRef]

Ravi, K.; Majeti, N.V. A review of chitin and chitosan applications. React. Funct. Polym. 2000, 46, 1-27. [CrossRef]

Puppi, D.; Federica, C.; Dash, M.; Chiellini, E. Biodegradable Polymers for Biomedical Applications. In Biodegradable Polymers:
Processing, Degradation & Applications; CRC press: Boca Raton, FL, USA, 2011; pp. 545-560.

Lankalapalli, S.; Kolapalli, V.R.M. Polyelectrolyte Complexes: A Review of their Applicability in Drug Delivery Technology.
Indian J. Pharm. Sci. 2009, 71, 481-487. [CrossRef]

Hyun, H.; Park, M.H,; Jo, G.; Kim, S.Y.; Chun, H.J.; Yang, D.H. Photo-Cured Glycol Chitosan Hydrogel for Ovarian Cancer Drug
Delivery. Mar. Drugs 2019, 17, 41. [CrossRef] [PubMed]

Kabir, SM.F; Sikdar, P.P.; Haque, B.; Bhuiyan, M.A.R; Ali, A.; Islam, M.N. Cellulose-based hydrogel materials: Chemistry,
properties and their prospective applications. Prog. Biomater. 2018, 7, 153-174. [CrossRef]

Sannino, A.; Demitri, C.; Madaghiele, M. Biodegradable Cellulose-based Hydrogels: Design and Applications. Materials 2009, 2,
353-373. [CrossRef]

Ummartyotin, S.; Manuspiya, H. A critical review on cellulose: From fundamental to an approach on sensor technology. Renew.
Sustain. Energy Rev. 2015, 41, 402—412. [CrossRef]

Picheth, G.F,; Pirich, C.L.; Sierakowski, M.R.; Woehl, M.A.; Sakakibara, C.N.; de Souza, C.E; Martin, A.A.; da Silva, R.;
de Freitas, R.A. Bacterial cellulose in biomedical applications: A review. Int. J. Biol. Macromol. 2017, 104, 97-106. [CrossRef]
[PubMed]

Czaja, W.K.; Young, D.].; Kawecki, M.; Brown, R.M. The Future Prospects of Microbial Cellulose in Biomedical Applications.
Biomacromolecules 2007, 8, 1-12. [CrossRef] [PubMed]

Kalia, S.; Dufresne, A.; Cherian, B.; Kaith, B.S.; Avérous, L.; Njuguna, J.; Nassiopoulos, E. Cellulose-Based Bio- and Nanocompos-
ites: A Review. Int. . Polym. Sci. 2011, 2011, 1-35. [CrossRef]

Zainal, S.H.; Mohd, N.H.; Suhaili, N.; Anuar, FH.; Lazim, A.M.; Othaman, R. Preparation of cellulose-based hydrogel: A review.
J. Mater. Res. Technol. 2021, 10, 935-952. [CrossRef]

Picaud, L.; Thibault, B.; Mery, E.; Ouali, M.; Martinez, A.; Delord, ]J.-P.; Couderc, B.; Ferron, G. Evaluation of the effects of
hyaluronic acid-carboxymethyl cellulose barrier on ovarian tumor progression. J. Ovarian Res. 2014, 7, 1-12. [CrossRef]

Lee, K.Y.; Mooney, D.]J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106-126. [CrossRef]
Szekalska, M.; Pucitowska, A.; Szymarnska, E.; Ciosek, P.; Winnicka, K. Alginate: Current Use and Future Perspectives in
Pharmaceutical and Biomedical Applications. Int. |. Polym. Sci. 2016, 2016, 1-17. [CrossRef]

Pawar, S.N.; Edgar, KJ. Alginate derivatization: A review of chemistry, properties and applications. Biomaterials 2012, 33,
3279-3305. [CrossRef] [PubMed]

Mancini, M.; Moresi, M.; Rancini, R. Mechanical Properties of Alginate Gels: Empirical Characterisation. J. Food Eng. 1999, 39,
369-378. [CrossRef]

Augst, A.D.; Kong, H.J.; Mooney, D.J. Alginate Hydrogels as Biomaterials. Macromol. Biosci. 2006, 6, 623-633. [CrossRef]

King, S.M.; Quartuccio, S.; Hilliard, T.S.; Inoue, K.; Burdette, J.E. Alginate hydrogels for three-dimensional organ culture of
ovaries and oviducts. J. Vis. Exp. 2011, 52, 2804. [CrossRef] [PubMed]

Serwer, P. Agarose gels: Properties and use for electrophoresis. Electrophoresis 1983, 4, 375-382. [CrossRef]

Armisén, R. Agar and agarose biotechnological applications. Hydrobiologia 1991, 221, 157-166. [CrossRef]

Zucca, P; Fernandez-Lafuente, R.; Sanjust, E. Agarose and Its Derivatives as Supports for Enzyme Immobilization. Molecules
2016, 21, 1577. [CrossRef] [PubMed]


http://doi.org/10.1021/acsbiomaterials.9b01967
http://doi.org/10.1039/C7RA13742G
http://doi.org/10.3389/fbioe.2019.00343
http://www.ncbi.nlm.nih.gov/pubmed/31921795
http://doi.org/10.1016/j.actbio.2014.02.035
http://www.ncbi.nlm.nih.gov/pubmed/24590158
http://doi.org/10.2147/IJN.S15279
http://www.ncbi.nlm.nih.gov/pubmed/21383855
http://doi.org/10.1186/s12951-020-00646-x
http://www.ncbi.nlm.nih.gov/pubmed/32527266
http://doi.org/10.1016/j.colsurfa.2013.01.030
http://doi.org/10.1016/j.biomaterials.2010.07.064
http://doi.org/10.1126/sciadv.abb3298
http://doi.org/10.1016/S1381-5148(00)00038-9
http://doi.org/10.4103/0250-474X.58165
http://doi.org/10.3390/md17010041
http://www.ncbi.nlm.nih.gov/pubmed/30634553
http://doi.org/10.1007/s40204-018-0095-0
http://doi.org/10.3390/ma2020353
http://doi.org/10.1016/j.rser.2014.08.050
http://doi.org/10.1016/j.ijbiomac.2017.05.171
http://www.ncbi.nlm.nih.gov/pubmed/28587970
http://doi.org/10.1021/bm060620d
http://www.ncbi.nlm.nih.gov/pubmed/17206781
http://doi.org/10.1155/2011/837875
http://doi.org/10.1016/j.jmrt.2020.12.012
http://doi.org/10.1186/1757-2215-7-40
http://doi.org/10.1016/j.progpolymsci.2011.06.003
http://doi.org/10.1155/2016/7697031
http://doi.org/10.1016/j.biomaterials.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22281421
http://doi.org/10.1016/S0260-8774(99)00022-9
http://doi.org/10.1002/mabi.200600069
http://doi.org/10.3791/2804
http://www.ncbi.nlm.nih.gov/pubmed/21712801
http://doi.org/10.1002/elps.1150040602
http://doi.org/10.1007/BF00028372
http://doi.org/10.3390/molecules21111577
http://www.ncbi.nlm.nih.gov/pubmed/27869778

Int. J. Mol. Sci. 2022, 23, 3265 42 of 42

231.

232.

233.

234.

235.

236.

237.

238.
239.

240.
241.

242.

243.

244.

245.

246.
247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

Zarrintaj, P.; Manouchehri, S.; Ahmadi, Z.; Saeb, M.R.; Urbanska, A.M.; Kaplan, D.L.; Mozafari, M. Agarose-based biomaterials
for tissue engineering. Carbohydr. Polym. 2018, 187, 66-84. [CrossRef]

Salati, M.A.; Khazai, ].; Tahmuri, A.M.; Samadi, A.; Taghizadeh, A.; Taghizadeh, M.; Zarrintaj, P.; Ramsey, ].D.; Habibzadeh, S.;
Seidi, E; et al. Agarose-Based Biomaterials: Opportunities and Challenges in Cartilage Tissue Engineering. Polymers 2020,
12, 1150. [CrossRef]

Gheorghita Puscaselu, R.; Lobiuc, A.; Dimian, M.; Covasa, M. Alginate: From Food Industry to Biomedical Applications and
Management of Metabolic Disorders. Polymers 2020, 12, 2417. [CrossRef]

Kyffin, J.A.; Cox, C.R.; Leedale, J.; Colley, H.E.; Murdoch, C.; Mistry, P.; Webb, S.D.; Sharma, P. Preparation of Primary Rat
Hepatocyte Spheroids Utilizing the Liquid-Overlay Technique. Curr. Protoc. Toxicol. 2019, 81, e87. [CrossRef] [PubMed]

Zhang, T.; Zhao, G.; Yang, C.; Dong, P.; Watari, H.; Zeng, L.; Pfeffer, L.M.; Yue, ]J. Lentiviral vector mediated-ASAP1 expression
promotes epithelial to mesenchymal transition in ovarian cancer cells. Oncol. Lett. 2018, 15, 4432-4438. [CrossRef] [PubMed]
Masiakos, P.T.; MacLaughlin, D.T.; Maheswaran, S.; Teixeira, J.; Fuller, A.E, Jr.; Shah, P.C.; Kehas, D.J.; Kenneally, M.K,;
Dombkowski, D.M.; Ha, T.U,; et al. Human Ovarian Cancer, Cell Lines, and Primary Ascites Cells Express the Human Mullerian
Inhibiting Substance (MIS) Type II Receptor, Bind, and Are Responsive to MIS1. Clin. Cancer Res. 1999, 5, 3488-3499.

Klimek, K.; Ginalska, G. Proteins and Peptides as Important Modifiers of the Polymer Scaffolds for Tissue Engineering
Applications—A Review. Polymers 2020, 12, 844. [CrossRef] [PubMed]

Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Annu. Rev. Biochem. 2009, 78, 929-958. [CrossRef] [PubMed]
Gelse, K.; Poschl, E.; Aigner, T. Collagens—structure, function, and biosynthesis. Adv. Drug Deliv. Rev. 2003, 55, 1531-1546.
[CrossRef] [PubMed]

Lee, C.H.; Singla, A ; Lee, Y. Biomedical applications of collagen. Int. J. Pharm. 2001, 221, 1-22. [CrossRef]

Zhao, Z.; Vizetto-Duarte, C.; Moay, Z.K.; Setyawati, M.I.; Rakshit, M.; Kathawala, M.H.; Ng, K.W. Composite Hydrogels in
Three-Dimensional in vitro Models. Front. Bioeng. Biotechnol. 2020, 8, 611. [CrossRef] [PubMed]

Felician, FF,; Xia, C.; Qi, W.; Xu, H. Collagen from Marine Biological Sources and Medical Applications. Chem. Biodivers. 2018,
15, €1700557. [CrossRef]

Mariod, A.A.; Fadul, H.F. Review: Gelatin, source, extraction and industrial applications. ACTA Sci. Pol. Technol. Aliment. 2013,
12,135-147.

Djagny, K.B.; Wang, Z.; Xu, S. Gelatin: A Valuable Protein for Food and Pharmaceutical Industries: Review. Crit. Rev. Food Sci.
Nutr. 2001, 41, 481-492. [CrossRef] [PubMed]

Jaipan, P.; Nguyen, A.; Narayan, R.J. Gelatin-based hydrogels for biomedical applications. MRS Commun. 2017, 7, 416-426.
[CrossRef]

Hellio, D.; Djabourov, M. Physically and Chemically Crosslinked Gelatin Gels. Macromol. Symp. 2006, 241, 23-27. [CrossRef]
Petros, S.; Tesfaye, T.; Ayele, M. A Review on Gelatin Based Hydrogels for Medical Textile Applications. J. Eng. 2020, 2020, 1-12.
[CrossRef]

Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, properties, and
biomedical applications of gelatin methacryloyl (GeIMA) hydrogels. Biomaterials 2015, 73, 254-271. [CrossRef] [PubMed]
Blanco-fernandez, B.; Gaspar, V.M.; Engel, E.; Mano, ]J.F. Proteinaceous Hydrogels for Bioengineering Advanced 3D Tumor
Models. Adv. Sci. 2021, 8, 2003129. [CrossRef]

Arosio, P; Owczarz, M.; Wu, H,; Butté, A.; Morbidelli, M. End-to-end self-assembly of RADA 16-I nanofibrils in aqueous solutions.
Biophys. |. 2012, 102, 1617-1626. [CrossRef] [PubMed]

Gelain, F.; Horii, A.; Zhang, S. Designer Self-Assembling Peptide Scaffolds for 3-D Tissue Cell Cultures and Regenerative Medicine.
Macromol. Biosci. 2007, 7, 544-551. [CrossRef]

Koutsopoulos, S. Self-assembling peptide nanofiber hydrogels in tissue engineering and regenerative medicine: Progress, design
guidelines, and applications. J. Biomed Mater. Res. Part A 2016, 104, 1002-1016. [CrossRef]

Guo, J.; Leung, KK.G.; Su, H.; Yuan, Q.; Wang, L.; Chu, T.-H.; Zhang, W.; Pu, ] K.S.; Ng, G.K.P; Wong, WM.; et al. Self-assembling
peptide nanofiber scaffold promotes the reconstruction of acutely injured brain. Nanomed. Nanotechnol. Biol. Med. 2009, 5, 345-351.
[CrossRef] [PubMed]

Hutanu, D.; Frishberg, M.D.; Guo, L.; Darie, C.C. Recent Applications of Polyethylene Glycols (PEGs) and PEG Derivatives.
Mod. Chem. Appl. 2014, 2, 1-6. [CrossRef]

D’souza, A.A.; Shegokar, R. Polyethylene glycol (PEG): A versatile polymer for pharmaceutical applications. Exp. Opin. Drug
Deliv. 2016, 13, 1257-1275. [CrossRef] [PubMed]

Hoang Thi, T.T.; Pilkington, E.H.; Nguyen, D.H.; Lee, ].S.; Park, K.D.; Truong, N.P. The Importance of Poly(ethylene glycol)
Alternatives for Overcoming PEG Immunogenicity in Drug Delivery and Bioconjugation. Polymers 2020, 12, 298. [CrossRef]
[PubMed]

Kong, X.-B.; Tang, Q.-Y.; Chen, X.-Y.; Tu, Y,; Sun, S.-Z.; Sun, Z.-L. Polyethylene glycol as a promising synthetic material for repair
of spinal cord injury. Neural Regen. Res. 2017, 12, 1003-1008. [CrossRef]

Gibas, I; Janik, H. Review: Synthetic Polymer Hydrogels for Biomedical Applications. Chem. Chem. Technol. 2010, 4, 297-304.
[CrossRef]

Turecek, PL.; Bossard, M.].; Schoetens, F.; Ivens, . A. PEGylation of Biopharmaceuticals: A Review of Chemistry and Nonclinical
Safety Information of Approved Drugs. J. Pharma. Sci. 2016, 105, 460—475. [CrossRef]


http://doi.org/10.1016/j.carbpol.2018.01.060
http://doi.org/10.3390/polym12051150
http://doi.org/10.3390/polym12102417
http://doi.org/10.1002/cptx.87
http://www.ncbi.nlm.nih.gov/pubmed/31529797
http://doi.org/10.3892/ol.2018.7834
http://www.ncbi.nlm.nih.gov/pubmed/29541211
http://doi.org/10.3390/polym12040844
http://www.ncbi.nlm.nih.gov/pubmed/32268607
http://doi.org/10.1146/annurev.biochem.77.032207.120833
http://www.ncbi.nlm.nih.gov/pubmed/19344236
http://doi.org/10.1016/j.addr.2003.08.002
http://www.ncbi.nlm.nih.gov/pubmed/14623400
http://doi.org/10.1016/S0378-5173(01)00691-3
http://doi.org/10.3389/fbioe.2020.00611
http://www.ncbi.nlm.nih.gov/pubmed/32656197
http://doi.org/10.1002/cbdv.201700557
http://doi.org/10.1080/20014091091904
http://www.ncbi.nlm.nih.gov/pubmed/11592686
http://doi.org/10.1557/mrc.2017.92
http://doi.org/10.1002/masy.200650904
http://doi.org/10.1155/2020/8866582
http://doi.org/10.1016/j.biomaterials.2015.08.045
http://www.ncbi.nlm.nih.gov/pubmed/26414409
http://doi.org/10.1002/advs.202003129
http://doi.org/10.1016/j.bpj.2012.03.012
http://www.ncbi.nlm.nih.gov/pubmed/22500762
http://doi.org/10.1002/mabi.200700033
http://doi.org/10.1002/jbm.a.35638
http://doi.org/10.1016/j.nano.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19268273
http://doi.org/10.4172/2329-6798.1000132
http://doi.org/10.1080/17425247.2016.1182485
http://www.ncbi.nlm.nih.gov/pubmed/27116988
http://doi.org/10.3390/polym12020298
http://www.ncbi.nlm.nih.gov/pubmed/32024289
http://doi.org/10.4103/1673-5374.208597
http://doi.org/10.23939/chcht04.04.297
http://doi.org/10.1016/j.xphs.2015.11.015

	Introduction 
	Ovarian Tumor Microenvironment 
	In Vitro 2D Tumor Cell Culture 
	In Vitro 3D Tumor Cell Culture 
	Scaffold-Free 3D Cell Culture 
	Scaffold-Based 3D Cell Culture 

	Hydrogel-Based Cell Culture 
	Network Formation 
	Properties 
	Fabrication 

	Polymers for 3D Ovarian Cancer (OC) Modeling 
	Polysaccharides 
	Chitosan 
	Cellulose 
	Alginate 
	Agarose 

	Proteins 
	Collagen 
	Gelatin 

	Synthetic Polymers 
	RADA16-I 
	Poly(Ethylene Glycol) (PEG) 


	Conclusions and Future Perspectives 
	References

