processes
Review

Cancer Stem Cell Microenvironment Models with Biomaterial
Scaffolds In Vitro
Ghmkin Hassan 1,2 , Said M. Afify 1,3 , Shiro Kitano 4 , Akimasa Seno 1 , Hiroko Ishii 5 , Yucheng Shang 6 ,
Michiya Matsusaki 6 and Masaharu Seno 1, *
1

2
3

4

5
6

*



Citation: Hassan, G.; Afify, S.M.;
Kitano, S.; Seno, A.; Ishii, H.; Shang,
Y.; Matsusaki, M.; Seno, M. Cancer
Stem Cell Microenvironment Models
with Biomaterial Scaffolds In Vitro.
Processes 2021, 9, 45. https://doi.org/
10.3390/pr9010045

Graduate School of Interdisciplinary Science and Engineering in Health Systems, Okayama University,
Okayama 700-8530, Japan; pthz2c4o@s.okayama-u.ac.jp (G.H.); saidafify@s.okayama-u.ac.jp (S.M.A.);
aseno@okayama-u.ac.jp (A.S.)
Department of Microbiology and Biochemistry, Faculty of Pharmacy, Damascus University, Damascus 10769, Syria
Division of Biochemistry, Chemistry Department, Faculty of Science, Menoufia University,
Shebin El Koum 32511, Egypt
Technical Research Institute, Toppan Printing Co., Ltd., 4-2-3 Takanodaiminami, Sugito-Machi,
Saitama 345-8508, Japan; shiro.kitano@toppan.co.jp
GSP Enterprise, Inc., 1-4-38 12F Minato-Machi, Naniwaku, Osaka 556-0017, Japan; ishii-gsp@tomoikebio.com
Department of Applied Chemistry, Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita
Osaka 565-0871, Japan; y-shang@chem.eng.osaka-u.ac.jp (Y.S.); m-matsus@chem.eng.osaka-u.ac.jp (M.M.)
Correspondence: mseno@okayama-u.ac.jp; Tel.: +81-086-251-8216

Abstract: Defined by its potential for self-renewal, differentiation and tumorigenicity, cancer stem
cells (CSCs) are considered responsible for drug resistance and relapse. To understand the behavior
of CSC, the effects of the microenvironment in each tissue are a matter of great concerns for scientists
in cancer biology. However, there are many complicated obstacles in the mimicking the microenvironment of CSCs even with current advanced technology. In this context, novel biomaterials have
widely been assessed as in vitro platforms for their ability to mimic cancer microenvironment. These
efforts should be successful to identify and characterize various CSCs specific in each type of cancer.
Therefore, extracellular matrix scaffolds made of biomaterial will modulate the interactions and facilitate the investigation of CSC associated with biological phenomena simplifying the complexity of
the microenvironment. In this review, we summarize latest advances in biomaterial scaffolds, which
are exploited to mimic CSC microenvironment, and their chemical and biological requirements with
discussion. The discussion includes the possible effects on both cells in tumors and microenvironment
to propose what the critical factors are in controlling the CSC microenvironment focusing the future
investigation. Our insights on their availability in drug screening will also follow the discussion.
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Cancer stem cells (CSCs) refer to subpopulations of cancer cells that have a high ability
to construct tumors upon experimental implantation in immunodeficient animal models.
CSCs are highly tumorigenic and have self-renewal ability in addition to differentiation
capacity, while the majority of cancer cells as non-CSCs are not tumorigenic in small
numbers [1]. CSCs divide asymmetrically giving CSCs and cancer daughter cells which
eventually resulting in heterogeneous bulk of the tumor [2]. CSCs have been identified
in a wide range of cancers in both hematological malignancies and solid tumors such as
leukemia, lung, pancreas, liver, brain, ovarian, prostate cancers, and so on [3–7]. CSCs are
routinely characterized by CSC markers including both surface and cytoplasmic markers.
Several cell-surface markers—such as CD44, CD133, CD24, and Epcam—have been used
to isolate CSCs [8–10].
The components of the tumor microenvironment (TME), which vary across tumor
types allowing overlaps in some features and cell phenotypes, are generally different
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phenotypes of cells, extracellular matrix, and secreted factors establishing the CSC niche
which plays a vital role in maintaining CSC stemness. Fibroblasts, immune cells, adipocytes,
and endothelial cells as well are typical non-cancer cells in TME affecting tumor growth.
Extracellular vesicles from these cells and cancer cells also play critical roles in cell-to-cell
communication in TME (Figure 1) [11,12]. Low nutrient availability, low oxygen and acidic
pH are the conditions often found in TME which have critical effects on CSC stemness. CSCs
show different status depending on the niche they are residing in. Reciprocal signaling
between CSCs and other cells in TME affects the fate of one another and has considerable
implications for therapeutic targeting of tumor heterogeneity [13]. Therefore, treatments
targeting TME could significantly enhance the effects on conventional treatments. The
emerging concept of CSCs has given some new clues on drug resistance for which CSCs
are currently believed to be responsible leading to relapse. CSCs with their quiescence
exhibit more drug resistance to conventional therapies than non-CSCs do result in cancer
relapse [14]. Invasion and migration of CSCs are also affected by TME cells and physical
features of TME architecture including extracellular matrix [15,16]. CSCs may directly
be responsible for metastasis or differentiate into cancer cell phenotypes that have the
metastatic potential [17–19]. Characterization of the interaction between CSCs and TME
components is particularly important to choose the more effective options for conventional
cancer therapy.
In addition to the difficulties of maintaining CSCs in vitro, their isolation from tumor cell populations with cell-surface markers is another challenge in CSC research. The
traditional two-dimensional (2D) in vitro culture systems limit cells in a single microenvironment while in vivo models are 3D, which is more complex and more similar to the
tumor in a patient. Many efforts have recently been performed to establish the environment in vitro that mimics their TME and niches to model and study cancer cells and CSCs
(Figure 2) [20]. Construction of the three-dimensional (3D) culture systems provides new
prospects for studying TME and CSCs and paving the way for developing more efficient
therapies targeting CSCs according to the context of their niche. Additionally, biomanufacturing methods including biomaterials provide emerging opportunities to investigate
signaling pathways and related phenomena that control progression of cancer and drug
response. The models engineered with biomaterials offer significant platforms for basic
and translational research in cancer [20–22].
In this review, we outline the utility and recent advances of biomaterials to mimic the
CSC microenvironment. Finally, we also describe specific examples of biomaterials and
their applications in capturing figure of cancers and in screening drugs clarifying their
future opportunities as quintessence tools in cancer research.
2. Cancer Stem Cell Niche
‘Niche’ means a comfortable or suitable environment. There should be enough food
and water for living things, and they can live longer in it since they can keep less starving
and stress than those in any other environment. Every living creature has its proper niche
depending on its living style: herbivores need plants and carnivores need other animals.
Cells are not exceptions, having their niches. Every cell in tissue needs its nutrients to
keep its homeostasis. For stem cells, the niche is much more important to maintain their
plastic character than other cells. According to the niche, stem cells decide to self-renew
and differentiate maintaining themselves and regenerating tissues as well [23]. Therefore,
the niche is a specific microenvironment that regulates stem cell fate by providing signals
as secreted factors or cell-to-cell contacts. This applies not only to normal stem cells but
also to CSCs [24]. Stem cells are rare cell populations contained in almost all tissues. Stem
cells reside in a niche that maintains their characters. The niches control stem cell fate
by providing signals to maintain them in a dormant state or promote their proliferation
and differentiation. Normal stem cells divide symmetrically or asymmetrically producing
stem cells/progenitor or differentiated cells. This process is controlled by intracellular and
extracellular signals [25]. The normal stem cell niche is usually a space containing a specific
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number of stem cells controlled by the signals for self-renewal and survival resulting in
a balance between self-renewal and differentiation in order. The distance plays a crucial
role in the balance of stem cell niches. Namely, the daughters of stem cells that move away
from their niches undergo differentiation. Therefore, stem cell place—in addition to their
adhesion to either the basement membrane or supporter cells—are the main controllers
of their fate [26]. On the other hand, CSCs are proposed to be developed from normal
stem cells. Chronic inflammation imbalances the homeostasis of stem cell niche inducing
CSCs and promoting cancer initiation. CSCs hijack normal stem cell niche and turn it into
a TME. According to the tumor development, the CSC niche begins to mature. Comparing
with normal stem cell niche, CSC niche is composed of different phenotypes of cancer cells
and cancer-associated cells. This difference could be based on the CSC’s differentiation
potentials, which have been reported to construct their niche providing a wide range of
cancer cells and cancer-associated cells. CSC niche is connected to the different types of
cells and factors depending on the tissues surrounding CSCs although it has not been
described as a certain location. The bidirectional interactions between CSCs and TME
could provide the heterogeneity of CSC niche maintaining stemness of CSCs [27]. The
intratumoral heterogeneity promotes cancer progression and affects therapeutic efficacy
where the TME contributes to tumor heterogeneity. CSCs are developed in a specific niche
which supports their self-renewal, tumorigenesis, and metastasis abilities (Figure 1).
CSC niche consists of different types of cells including tumor cell and non-cancer
cells—such as cancer associated fibroblast, tumor associated macrophage, endothelial
cells, and other types of immune cells—sometimes as the result of differentiation potential [11,28–30]. These cells secrete various factors acting as communicators, inducing
angiogenesis and recruiting other cells such as stromal cells and immune suppressor cells
which will promote progression, invasion, and metastasis of tumors [31,32]. The physical
features of the CSC niche such as stiffness also profoundly shape the functional status of
CSCs. Remodeling of extracellular matrix can cause a shift of stiffness from one status
to another resulting in the promotion of tumor progression. The mechanical features of
CSC niche affect not only tumor progress but also their metastasis ability controlling the
migration of CSC which is significantly affected by matrix stiffness. The CSC niche could
also act as a protector of CSCs by preventing toxic substances from reaching themselves
and consequently contribute to the drug resistance of CSC. Formerly, all these cells within
the CSC niche are thought to be recruited from the peripheral site of the tumor which had
been reported by different research groups [33–41]. During tumor progression, the CSC fate
in the primary tumor relies crucially on the TME and CSC niche. Recently, however, CSCs
have shown the ability to differentiate into different types of tumor-associated cells—such
as tumor vascular cells [42], cancer-associated fibroblasts [43], and hematopoietic derived
cells [30]—and therefore can create their niches by themselves [30,42–46]. The differentiation potential of CSCs and their abilities to provide their niches are still controversial and
being investigated further very recently. Since the CSC niche could be more complex with
their differentiation potentials, new in vitro models are needed mimicking the CSC niche,
which their differentiation potentials and their interactions with other cells being taken
into consideration.
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3D cell culture can replicate the in vivo microenvironment by mimicking cell–ECM interactions
cell–ECM interactions in 3D, the development of artificial 3D cell culture could be helpful
in 3D, the development of artificial 3D cell culture could be helpful in cancer research.
in cancer research.
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3.3.1. Collagen
Collagen is the most abundant protein in the human body while types I–V are usually
used as biomaterials [56,57]. For example, type I collagen (Col I) is a major constituent of
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3.3.1. Collagen
Collagen is the most abundant protein in the human body while types I–V are usually
used as biomaterials [56,57]. For example, type I collagen (Col I) is a major constituent of
the extracellular matrix (ECM) [58]. Many studies have described the effects of abnormal
expression, proteolysis, and structure on tumor progression [59,60]. In 1988, Klebe constructed a 2D tissue of cell culture using collagen, and first applied the idea of this method
to the 3D culture [61]. Subsequently, this methodology has been expanded to further
applications. Grzesiak et al. investigated suspected integrins that could be responsible for
mediating the malignant phenotype of pancreatic cancer in a 3D tumor microenvironment.
In his study, he used four types of pancreatic cancer cells, adhered them to a Col I scaffold
in a specific manner, and found that integrin-specific adhesion is required for subsequent
cancer cell proliferation [62].
Chen et al. studied the proliferation and differentiation of neural cancer stem cells
(NCSCs) on a 3D porous collagen scaffold with an 80 µm pore size [63]. The NCSCs, grown
on the 3D porous collagen scaffold, significantly enhanced neurite outgrowth due to the
collagen sponge supporting the healing process in the tissue. In tumor growth, especially
in breast cancer, the microenvironment is a dynamic 3D structure with physicochemical
and histopathological properties that are critical for molecular signaling, morphology,
motility, differentiation, and proliferation [64]. For example, breast cancer-derived MCF-7
cells in 3D collagen scaffolds increased the time required for cell proliferation (doubling
time), produced angiogenic growth factors and matrix metalloproteinase (MMPs), and
maintained properties of CSCs [65].
Recently, a novel type of collagen scaffold composites of collagen was devised to
contain either glycosaminoglycan or nanohydroxyapatite. This model was applied for
the evaluation of metastatic behavior of prostate cancer cells and for the screening of the
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candidates of therapeutic drugs. This model demonstrated that the 3D collagen scaffold
helped clarify the pathogenesis of prostate cancer [66]. We recently reported a unique
approach called ‘sedimentary culture’ using a collagen microfiber (CMF) to fabricate largescale engineered tissues. This method may provide a new platform for CSC research [67,68].
3.3.2. Laminin
Laminin (LM) is considered significantly related to metastasis. Different types of LM
receptors were isolated from mammalian cells. For example, Malinoff et al. reported the
discovery of the LM receptor known as 67KD, through which cancer cells bind to the LM
adhering to the collagen matrix resulting in the promotion of metastasis [69,70]. Due to
the binding capabilities and affinity to cells, LM is often used in the construction of 3D
scaffolds to improve the artificial matrices [71]. When used in cell culture as a scaffold, LM
could maintain stemness or support cell differentiation, growth, and migration depending
on the subtypes [72,73].
In order to study the effects of colorectal cancer microenvironment on the invasion, a
collagen-laminin scaffold was employed to obtain a compartmentalized and biomimetic 3D
cancer model consisting of colorectal cancer cells surrounded by a vascular network [74].
The laminin-derived bioactive peptides and agarose matrix were also used as a convenient
biomaterial in cell culture. The LM and other chemical factors have a synergistic effect
on the promotion of cell adhesion. Neuronal cells have been reported to have neurite
outgrowth while endothelial cells formed capillary-like networks when cultured in 3D cell
culture scaffolds containing laminin/agarose materials [75].
In CSC culture, the primary tumor-derived and metastatic tumor-derived cell lines
were also tested on the laminin-coated 3D culture plates. The laminin-coated 3D culture
plates along with xeno-free media were found to be a useful condition promoting cell
viability and maintaining CSC phenotypes of renal cancer stem cells (Figure 3) [76]. Additionally, the culture of glioblastoma cells on a 3D scaffold with seven isoforms of LM in
a 3D model showed elevation of stem cell-related genes accompanied with clonogenicity
enhancement of cells grown on the scaffolds with LM 411, 421, 511, and 521 [77].
3.3.3. Agar
Since human tumor samples or cells are not always tumorigenic in animal models, it
is difficult to evaluate tumor growth in vivo. Therefore, methods to assess cell proliferation
in a semi-solid matrix have conventionally been employed to assess malignancy through
the ability to form colonies on soft agar matrix [78]. This method is considered to mimic the
cancer cell environment in vivo. Nanofiber scaffold is sometimes covered by a layer of soft
agar to mimic the reproduction of spermatogonial stem cells (SSCs) in vivo. These studies
have shown an improvement of the colonization rate of SSCs, and elevation of the SSCs
gene expression as markers of differentiated spermatogonia [79]. When supplemented
in a culture medium, low-molecular-weight agar, so-called LA717, allows cells to form
spheres in a 3D environment keeping the culture medium transparent for microscopic
observation. The cancer spheres generated in this culture medium were available to evoke
high sensitivity to the candidates of anti-cancer drugs, demonstrating more efficacy in the
assessment of drug screening than the conventional methods [80].
3.3.4. Gelatin, Fibrin, Alginate, and Agarose
Although fibrin, alginate, and collagen are known to be hard to fabricate as 3D
structures, a bath of gelatin particles allows them to form a 3D structure. The 3D tissue
model containing gelatin hydrogels with other artificial materials are promising tools for
cancer research in the future. Gelatin, with its good hydration and diffusion properties,
can be mixed with methacrylate (GelMA) to make a 3D biomimetic model simulating
invasion and metastasis of breast cancer. Breast cancer cells cultured on GelMA scaffold
demonstrated the enhancement of both invasiveness in vitro and tumorigenicity in vivo
when injected into the tail vein of mice [81–83].
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The fibrin contributes to the wound healing process as an extracellular matrix protein.
The fibrin is easy to degrade, promotes angiogenesis and has high compatibility, therefore
it is ideal as 3D scaffold material [84–86]. The fibrin 3D hydrogel was found efficient in
isolation and enrichment of colon cancer cell colonies, which were highly tumorigenic and
potent to self-renew with stemness markers upregulated [87]. Fibrin was independently
found to enhance the colony-forming potential of primary kidney tumor cells embedded
in a fibrin matrix. Metastasis of these cells in vivo was reduced when the production of
fibrin was inhibited suggesting the importance of fibrin in the adhesive interactions with
renal cancer cells in cancer progression and metastasis [88].
In the presence of calcium ions, the solution of alginate extracted from brown seaweed
forms a gel that supports cell viability in long-term culture [71,89]. Moreover, alginate
is used as a common bio-ink material in 3D bioprinting and has many applications in
drug screening and regenerative medicine [90–93]. Breast cancer cells cultured in alginate
3D scaffolds have shown more chemoresistance than those cultured in 2D conditions
suggesting that alginate scaffolds have efficiency and possibility as the models for in vitro
drug screening which mimic the in vivo 3D tumor microenvironments [94]. The expression
levels of CSC-markers in alginate 3D porous scaffolds were found higher than those in
2D culture conditions. The increase of metastatic ability and drug resistance was also
observed in these scaffolds indicating that alginate could be a candidate biomaterial as the
3D scaffolds for CSC research (Figure 3) [95,96].
Recently, agarose has been used in cell cultures. In some of its applications, agarose
was used as scaffolds-free systems where 3D systems do not rely on solid gels. Plates coated
with agarose allow cells to make tumorspheres, which could replate in a method called
3D reverts (3DRs). The 3DRs are used to study cytokine expression, and investigation
of invasion, migration, and metastasis of cancer cells [97]. Silica-based materials were
also considered in cell culture due to their unique characters such as the possibility of
being modified providing a wide range of materials that differ by function, porosity,
and wettability. Silica fibers coated with different types of collagen were used to culture
different types of cancer cells in the 3D environment where cells showed enhancement of
invasiveness and proliferation when the fibers were coated with collagen IV. This method
was called “tissueoid cell culture system” and suggested for its advantages of combability
with different cell staining methods [98]. Cell culture vessels were also modified into
hydrophobic fluoro-silica (FS) surface resulting in low adherence and transient aggregation
of breast cancer cells followed by disaggregation. This method was suggested as a tool
for study metastatic events where cancer cells disassociate from the tumor, increase their
mobility and settle in new tissues [99]. Silica and cell culture media were also mixed to make
hydrogels which were tested as a 3D platform to culture different types of mammalian cells
including cancer cells. The cells in these hydrogels stayed viable up to 7 weeks of culturing
and exhibited a variation in the sensitivity towards toxic drugs [100]. Silica-based materials
are now being tested and their applications being wider than before. Although silica-based
materials show many advantages in culturing cancer cells in the 3D environment, they
have still not been evaluated for CSC culture.
3.3.5. Synthetic 3D Structures and 3D Bioprinting Technology
In addition to the natural materials mentioned above, synthetic polymers are often
used in the manufacture of 3D scaffolds. There are many synthetic polymers that have
advantages over natural polymers including physical, chemical, and mechanical features,
which can be adapted for various medical and biological applications. Their advantages are
the low pathogenicity due to the biological inertia and the low production cost [101,102].
Synthetic polymers can also be mixed with natural copolymers to enhance cell affinity [103]. Synthetic polymers for 3D scaffolds include polyethylene glycol (PEG), polycaprolactone (PCL), poly (lactic-co-glycolic acid) (PLGA), poly (2-hydroxyethylmethacrylate)
(pHEMA), poloxamer 407 (Pluronic® F127), and others. PEG gel and its derivatives have
been used in a variety of 3D cell cultures and as scaffolds to study cell migration, angiogen-
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esis and stem cell differentiation characters [104,105]. Different cell lines can be cultured
on a PEG bioactive scaffold after modification of PEG to confer with bioactivity [106–109].
The PEG scaffold has variable elasticity which could affect the morphology of cancer cells.
The PEG scaffold provides good models for understanding the tumor extracellular matrix
environment affecting metastasis [110].
The porous PEG/PLA 3D scaffold can be prepared by using sodium chloride and PEG
as water-soluble porogen. This scaffold can be used to evaluate the viability and adhesive
character of human hepatoma cells where PEG molecular weight has an effect on scaffold
morphology, cell viability, and cell adhesion [111–115].
PCL has good ductility and viscoelasticity, no isomers, and low manufacturing cost.
Modification of PCL is also easy because of its melting point and solubility in benzene,
acetone, chloroform, and other solvents [116]. Therefore, it is widely used as a polymer
to provide a high load-bearing mechanical function for 3D tissue scaffolds [101,117,118].
Generally, the 2D culture systems induce CSC differentiation, which may obstruct the
development of therapeutic strategies targeting CSCs. The PCL 3D scaffold enhanced
triple-negative breast cancer (TNBC) cell proliferation and increased aldehyde dehydrogenase activity when compared with other scaffolds which indicated enrichment of breast
CSCs [117,119–121].
PLGA polymer has been widely used in drug delivery systems (DDS) and tissue
engineering scaffolds. PLGA is approved by the US food and drug administration (FDA)
as biodegradable polymers being subjected to the metabolism in vivo [122–126]. The
hydroxyapatite (HAp) particles could be incorporated into PLGA nanofibers to construct a
biomimetic 3D nanofiber scaffold used to culture breast cancer cells. Cancer cells cultured
on the PLGA/HAp scaffold exhibited higher viability and proliferation ability than PLGA
scaffolds [127].
The pHEMA has a long history as an implanted biomaterial being shaped into a
porous spherical scaffold. pHEMA scaffolds, mimicking the complex microenvironment
in vivo, have been used with endothelial cells, fibroblasts, and cancer cells [128,129]. The
prostate cancer cell line M12 cells were implanted into a pHEMA porous scaffold where
dormant cancer cells became active and formed tumoroids on the scaffold. This discovery
is beneficial for the study of the microenvironment and cancer dormancy [128].
Pluronic® F127 is a kind of poloxamer ABA triblock copolymer with 30 wt % of
hydrophobic polypropylene oxide (PPO) and 70 wt % of hydrophilic polyethylene oxide
(PEO) [130]. Due to the biocompatibility, low toxicity, and ability to form micelles, F127
is widely used as a drug delivery carrier [131]. The blend of F127 with PCL improves
the hydrophilicity of 3D scaffolds. The PCL/F127 scaffold could be used as an attractive
scaffold to mimic the microenvironment of CSCs and enrichment of CSCs [132]. Many
other synthetic polymers are also available for future investigation and synthetic polymer
scaffolds have perspective applications as a 3D scaffold for CSC culture. Finally, the 3D
bioprinting technology provides an additional advantage for mimicking cancer microenvironment by incorporate multiple cell types in a complex 3D architecture and controlling
their organization. The 3D bioprinting can handle cells, biomaterials and extracellular
matrix components as bio-inks to create 3D platforms in a spatially defined manner. This
technology offers the opportunity of high-throughput screening of cancer drugs where
the metabolism and toxicity of these drugs could be evaluated in a better way than other
platforms. Also, these platforms could be automated to run thousands of tests in a short
time. This method was applied to different types of cancers such as glioblastoma, breast,
pancreatic, and ovarian cancers [133]. The glioma stem cells and glioma cells were incorporated within hydrogel microfibers to create 3D printed model to assess drug resistance of
glioblastoma cells. Both invasion potential and drug resistance of cells increased in this 3D
approach and linked to the elevation of the expression of different genes such as matrix
metalloproteinases and vascular endothelial growth factor receptor-2 (VEGFR2) [134]. A
high throughput 3D printing approach was also applied to construct a 3D model for ovarian
cancer that mimicked their microenvironment. This 3D model contained both fibroblasts
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and cancer cells. The cell density and 3D structure were automatically controlled. Cells
maintained their viability during printing and proliferated in this microenvironment. This
model was proposed as a physiologically relevant model of ovarian cancer and as a tool of
high-throughput anti-cancer drug screening [135].
4. Polymeric Biomaterials for In Vitro Drug Testing Applications
For the development of anti-cancer drugs, effective high-throughput methods are
anticipated to save time and screen numerous drug candidates. Recently, many models of
drug screenings have been developed. Since CSCs play essential roles in cancer metastasis
and recurrence, drug screening models for targeting CSC is also been established in order to
find effective drugs and combinations. Drug screening for CSC comprises many difficulties
in terms of technology and cost since CSCs are present as a small subpopulation of tumor
cells and it is difficult to isolate and maintain them in vitro. Therefore, CSC research is
requiring specific culture models for CSC to maintain and mimic their microenvironments
with more efficacy in the drug screening tests [136,137].
The 2D culture is conventionally used in the drug screening application in vitro
where cancer cells are cultured and adhered to the surface of the culture vessels. While
tumor tissue in the patient body has a more complex 3D structure making discrepancy
between in vitro and in vivo results of cancer drug responses. Current cancer treatments
are largely unsuccessful in preventing disease progression, relapse, and overall survival
patients since intra-tumoral heterogeneity is usually neglected in vitro models [76,138].
Patient tumor samples transplanted in animal models known as patient-derived xenograft
(PDX) models allow invaluable assessment of cancer drugs. However, they are expensive,
have high risks of failure and require well-trained experience to make them sufficient as
regular drug screening tests [139]. Consequently, various drug screening models have
been developed by using 3D culture scaffolds in which cancer cells are proliferated in an
environment mimicking in vivo conditions. The features of 3D cell culture models make
themselves suitable for drug discovery. Moreover, traditional tests such as proliferation
and viability could be combined with a variety of 3D assays. Drugs such as doxorubicin
and 5-fluorouracil targeting high proliferated cells could induce higher apoptosis rates in
2D than 3D models, in which dormancy and variable cycle stages exist [20]. Moreover,
drug uptake could significantly differ between those two culture models. The density and
stiffness of osteosarcoma microenvironment, a bone cancer, are largely affecting cancer
progress because of the stiff nature of bones. The dense osteosarcoma spheroid embedded
in 3D hydrogels had more drug resistance than cells dissociated from one another and
embedded in the same matrix [140]. The 3D matrix containing fibronectin, laminin, and
bone granules also altered metabolic activity and responses to doxorubicin of osteosarcoma
cells. These findings reflect the importance of tumor mimetic models to screen and develop
more appropriate treatments for bone cancers [141]. Alginate hydrogels are used to test
hepatotoxicity and drug effects on both liver cancer cells and breast cancer cells at the
same time. This model was inexpensive and shown to be capable to analyze cell viability
and drug toxicity on multiple-cell types [142]. Also, breast cancer cell lines exhibited
drug sensitivity with different IC50 values depending on the culture platform in 2D or
3D models. Cell–cell communications taken into consideration cocultured cancer cells
with other types of “cancer-associated cells” such as fibroblasts drastically altered drug
response as practical since these models should more physiologically be relevant [143]. The
3D chitosan scaffold was also used to evaluate the cytotoxic effects of tamoxifen on breast
cancer cell line MCF-7 cells. Cells were displayed higher resistance in 3D models than in 2D
where a higher concentration of the drug was required in 3D to achieve the same actions
in 2D [144]. The response of glioblastoma cells towards cytotoxic compounds was also
investigated on alginate scaffolds with different stiffness and adhesive characteristics. The
drug sensitivity of glioblastoma cells to toxins was found strongly affected by the scaffold
stiffness and adhesiveness in accordance with the increase of matrix softness [145]. The
hybrid hydrogel of hyaluronic acid-alginate was used to evaluate the effect of 3D matrix on
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prostate cancer cell behavior and their response to anti-cancer drugs. This method revealed
that prostate cancer cells are aggregating and forming spheres in hydrogel and became
more resistant to anti-cancer drugs than those in 2D. These matrices are culture enhancing
the feasibility of the 3D culture replacing in vivo drug evaluation methods [146].
Finally, hydrogel-based matrices can provide valuable tools for drug screening applications where they can give more feasible data compared to 2D cultures. Moreover, these
methods are expected to narrow the gap between in vitro and in vivo results and efficiently
reduce failure rates of cancer drug development especially when used for CSCs.
5. Capturing Cancer Cell Behavior Using Biomaterials
The complexity and dynamic nature of cancer are big challenges for cancer investigation and the development of therapeutic strategies. The evolution of biomaterials in
cancer research help investigate different cancer phenomena such as metastasis, invasion,
tumorigenicity, and so on. Especially, biomaterials have significantly enhanced our understanding of tumor nature by their ability to reflect the mechanical, architectural, and
biological aspects of the cancer microenvironment in 3D. Biomaterials sometimes mimic
the niche surrounding tumors allowing 3D space to investigate the specific effects of the
environment on cancer progression and to test cancer cell behavior [147]. In this context,
the behavior of CSCs in metastasis could be understood by biomaterials mimicking the
extracellular matrix of specific human organs with biocompatibility, mechanical stiffness,
structure, and cell adhesion. Complex interactions between the tumor and its surrounding
adjacent normal cells are crucial for carcinogenesis and metastasis.
Scaffolds consisting of different elements of extracellular matrix (ECM) will provide
variable stiffness and enable the assessment of the influence on the cellular dissemination
and invasion related to metastasis [148]. The alteration of gene expression related to
metastasis and invasion usually links to different phases of cancer aggressiveness and
relapse which is affected by alteration of microenvironment stiffness. Porous hydrogels
affect cancer cell migration and dissemination [149]. Until now, sufficient information of
biomaterials required to construct scaffolds has not been available to study the fate and
potential of CSCs. Recently, many studies are trying to find effective biomaterials that could
be used to study CSC populations to understand their roles in cancer initiation, progresses,
metastasis, and resistance to therapy.
The hypoxic niche enhancing metastasis was established with an engineered biomaterial scaffold. Alginate scaffolds for cancer are being investigated to recapitulate the
microenvironment and metastasis and evaluate drug efficacy. The alginate-based 3D scaffolds combined with matrigel and gelatin are used in vitro as the models to study metastatic
breast cancer cells such as MDA-MB-231 cells. The results from these studies suggested
that scaffolds comprised of 50% alginate and 50% matrigel enhanced the characters of
cancer cells such as morphology, malignancy, and so on [150,151]. On the other hand, the
scaffolds composite of 1% alginate with 7% or 9% gelatin concentrations provided soft
matrices with high cell adhesion, proliferation, and aggregation.
Chitosan-based scaffolds also attracted numerous technologists to study cancer metastasis. On the other hand, chondroitin sulfate is contained in tumor tissue as a component
of the extracellular matrix which was the reason to design chitosan-chondroitin sulfatebased scaffolds that stimulate epithelial-mesenchymal transition (EMT) of prostate cancer
model [152]. Chitosan hydrogel was combined with hydroxyapatite enabled the seeding
of human bone marrow mesenchymal stem cells (MSCs) to generate an in vitro model
mimicking various features of breast cancer metastasis [153]. In this study, coculture of
MSCs and human breast cancer-derived MDA-MB-231 cells in chitosan hydrogels with
10% nanocrystal hydroxyapatite showed that MSCs upregulated the expression of the
metastasis-associated gene, metadherin, within the breast cancer cells. This model provided a more biologically relevant microenvironment for studying metastasis of breast cells
to the bone. Chitosan-chondroitin sulfate 3D platform supported prostate cancer growth
and phenotypic expression with upregulation of metastasis genes, vimentin, MMP-2, and
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N-cadherin by increasing concentration of chondroitin sulfate in scaffold [154]. The CSC
enrichment from different cancer cell lines achieved by 3D porous chitosan-alginate [155].
Also, in another study, tumor cell metastasis was significantly enhanced in chondroitin sulfate-modified alginate hydrogel beads, which lead to the increased expression of
metastasis-related genes like MMPs and enhanced invasion ability in vitro, when compared
with that in alginate. Consequently, chondroitin sulfate-modified alginate hydrogel beads
might be suitable and relevant as the 3D biomimetic scaffold modeling tumor metastasis [156]. The mechanical properties of silk fibroin make it a good choice to develop effective
models to study metastasis. The 3D silk scaffolds were used to study metastasis of prostate
cancer cells and evaluate their functions where mechanical properties of crosslinked silk
scaffolds profoundly influenced the cancer migration rate [157]. The migration of cancer
cells was more in 2% silk fibrin hydrogels than in 3%, where no cell migration was observed.
The variation in the migration rate was explained by the difference in hydrogel stiffness
with different fibrin concentrations. Silk scaffold also showed the ability to support the
growth of cancer cells by 3D monoculture and co-culture in silk scaffold. These methods
significantly altered ECM production and cell morphology stimulated cancer-associated
fibroblast which in turn influenced the metastatic potential [158].
In fact, CSCs not only respond to their microenvironment, but they tune their microenvironment to suit their needs [24]. Hydrogels of biomaterial and other synthetic materials
give novel insights into the CSC metastasis and interactions between cancer-associated
cells and CSCs. Collectively, the ability of biomaterials to create specific microenvironments
made it attractive for cancer research, leading to a critical impact on clinical applications.
6. Conclusions and Future Perspective
Here, we briefly described the concept of CSC niche and tumor microenvironments as
3D platforms. Simultaneously, we summarized the characteristics of biomaterials forming
the 3D matrices to mimic tumor microenvironment and introduced both natural and
synthetic polymers with their applications in the fields of cancer research and therapy.
Although much progress has been achieved in mimicking tumor microenvironments,
where 3D matrices are much more feasible than conventional 2D, still many challenges
need to be explored. For the development of 3D matrices, the dissimilarity between cancer
types is one of the most problematic obstacles that should be addressed in future research.
Since cancers significantly vary regarding their characters of adhesiveness and stiffness,
which make the tumor microenvironments more complicated to be mimicked, optimization
of 3D matrices is required depending on each type of cancer [159]. The differences in
the environmental stiffness in cancer can clearly be distinguished between bone tumors
and brain tumors of which stiffness is critically hard or soft [160,161]. Undoubtedly,
these differences also affect the obligations of the 3D matrix materials to mimic their
microenvironments and to screen drugs for treatment. Meanwhile, the availability of
different biomaterials with a wide range of physicochemical properties will assist the
development of hydrogels with different characters applicable to different types of cancers.
These materials and matrices should be tested in future research to fix the appropriate ones
in each type of cancer.
On the other hand, the heterogeneity also can be found in tumors corresponding
to different cell phenotypes. Tumor bulk contains different populations of cancer cells
with variable stages of plasticity and different types of cancer-associated cells which could
originate from adjacent normal tissue, be recruited from other sides or be differentiated from
CSCs. This heterogeneity plays an essential role in supporting tumor growth at primary
sites and after metastasis. From this point of view, tumor heterogeneity becomes critical
to be represented in models for the purpose of reflecting their counterparts in vivo [162].
This issue has been challenged to develop in vitro models so that biomaterials should
sufficiently become practical in the future. Even though combining all cell types and
phenotypes in these models is still difficult to achieve, hybrid culture systems have been
successful in culturing several types of cells in some types of 3D scaffolds. These hybrid
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systems improved the efficiency of 3D scaffold models. The 3D bioprinting technology is
arising as a promising and attractive tool to overcome the difficulty of mimicking cancer
heterogeneity. By their power of constructing 3D platforms containing a wide range of
cancer cells and cancer-associated cells in controlled structures, this technology could
improve our knowledge about cancer heterogeneity and assist in developing more effective
cancer therapies. This technology also provides a unique tool to design a well-defined
3D cancer microenvironment that could bring new insights into drug development and
screening. The 3D bioprinting approaches, by their capacity of mimicking TME in an
automated method, will provide a more accurate representation of cancer.
On the other hand, the hypothetical ability of CSCs to construct their own microenvironment CSCs with their differentiation potential should be one of the attractive tools to
overcome this challenge. A combination of CSC culture with 3D scaffold could model the
plasticity including their differentiation in specific conditions developing heterogeneity in
an artificial environment. In fact, isolation of CSCs from patient tissues or cancer cell lines
and their maintenance are still considered so difficult that new methods and technologies
are demanded [163]. To answer the purpose, our lab has developed a new method to
develop CSCs from stem cells from normal tissues, induced pluripotent stem cells prepared
from normal cells and embryonic stem cells in a cancerous environment. Currently, we
have successfully been developing models for liver, lung, pancreas, and breast CSCs. Our
models have given some insights on the differentiation potential of CSCs and their interactions with cancer-associated cells including fibroblasts and immune cells [43,164–166]. We
believe that these CSC models with other recent models deriving from normal cells could
provide unique tools for future applications of biomaterial 3D scaffold mimicking tumor
microenvironment. Finally, the applications and usage of biomaterials in cancer research
contribute to expand and bring a new style of investigation to clear the cancer mechanisms
reducing the cost and animal dependency in the first stages of drug development.
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