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Summary

Cell cultures, which are used to study and explain the
activities of the microenvironment of living organisms
at the cellular level, have been developed using vari-
ous models and have made significant contributions
over time. Due to the insufficient polarity, division,
and extracellular matrix (ECM) development of cells
in two-dimensional (2D) culture media resulting into
limited vital activities such as the representation of cell
morphology, niche environment, differentiation, prolif-
eration, drug metabolism, viability, matrix production,
gene and protein expression, transition to the three-
dimensional (3D) culture model has been increased.

Introduction

Cell cultures have been used for more than a century to
study the mechanisms underlying cellular behaviors such as
growth, differentiation, migration, and proliferation under
the influence of biochemical and biomechanical microenvi-
ronments in living organisms. These models have been de-
veloped under the laboratory environment to study biologi-
cal mechanisms and processes by optimizing them to specific
standards. These so-called in vitro models are also crucial for
understanding the formation and functioning of tissues and
organs, as well as ongoing in vivo processes [1]. Cell cultures
are common in vitro tools used to enhance our understand-
ing of cell biology, tissue morphology, disease mechanisms,
drug action, protein production, and tissue engineering.
Much of the research on cancer biology is based on in vit-
ro experiments with two-dimensional cell cultures. In two-
dimensional culture media, cells are unsuitable for artificial
tissue production as they cannot fully express their charac-
teristics. The main reason for this is that in 2D cultures, the
cell membrane only partially interacts with the ECM such

In this review, we discuss the importance of 3D culture
systems and present an outline of the properties of bio-
materials used to construct 3D scaffolds and their inter-
actions with cells.
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that its other part interacts with the culture medium. In fact,
2D cultures have many limitations, such as the disruption of
interactions between the cellular and extracellular environ-
ments, changes in cell morphology and polarity, and type of
division. These drawbacks have led to the development of
three-dimensional culture techniques to create models that
can better mimic in vivo conditions [2]. Although 2D cell
cultures are still commonly used in research, recent studies
are trending towards 3D culture applications due to their
similarity to biochemical and biomechanical microenvi-
ronments [3, 4]. The use of 3D cell cultures has reportedly
yielded more effective results in terms of morphology, the
niche environment, differentiation, proliferation, drug me-
tabolism, viability, matrix production, gene and protein ex-
pression, similarities to the in vivo environment, responses
to stimuli, and general cellular activities [4, 5, 6]. Cells cul-
tured in a 3D environment show a morphology similar to
that of in vivo cells as they have similar polarization (7).
Due to the limitations of 2D cell culture systems, there is an
increased transition to 3D culture systems. 3D culture sys-
tems are promising in view of their significant contribution
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to many advances achieved in the development of new drug
therapies, cancer treatment, personalized treatment mode-
ling using stem cells, and tissue engineering. It is foreseen
that 3D cell culture systems will significantly contribute to
human health through technological developments and bio-
material optimization.

Basic Components of 3D Cell Culture Media

Biocompatible and biodegradable biomaterials, living cells,
and bioactive molecules constitute the main factors in a
three-dimensional cell culture environment [8]. To date, two
basic approaches, "top-down" and "bottom-up”, have been
used for biofabrication in the cell culture environment. The
“"top-down" approach uses conventional tissue engineering
techniques, such that cells are seeded on tissue scaffolds with
biocompatible and biodegradable properties, and are expect-
ed to proliferate in the scaffold and synthesize their own ex-
tracellular matrices. This approach can be used to produce
thin avascular tissues such as skin tissue, bladder, and carti-
lage. However, due to limited vascularization and diffusion
within biomimetic scaffolds, complex tissues with high cell
density and metabolic demand, such as those of the kidney
and liver, cannot be produced using this approach. As for the
"bottom-up" approach, microscale tissue blocks are fabricat-
ed in specific microstructures and then combined to form
larger complex tissue structures. When applying this ap-
proach, fabrication techniques such as microgel fabrication,
self-assembling cell aggregates (cell spheroids), and cell sheet
engineering can be used to fabricate tissue blocks [9, 10].
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Figure 1. Shematic illustration of the Bottom-up and
Top-down approach for tissue engineering

Establishing Integrity and Homeostasis
in 3D Tissues

In conventional 2D cell cultures, adhesion occurs after cells
are seeded into a glass or polystyrene Petri dish. This provides
cells with basic mechanical support. In 2D cell culture models,
cells have homogeneous access to molecules, such as nutrients
and growth factors, in the medium [11]. Thus, under uniform
conditions, cells show similar growth and reproductive activ-
ity [12]. However, because the two-dimensional cell culture
environment does not reflect the in vivo microenvironment,
various vital cellular events do not occur in this setting. It has
been reported that the in vivo structural properties disap-
pear due to the loss of polarization of the cells as well as very
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limited formation of the extracellular matrix. Polarization and
extracellular matrix formation in cells are primary factors in
the generation of 3D tissue structure [13].

In three-dimensional biomaterials, integrity and homeosta-
sis are established by polarization, cell-cell interactions, and
cell-matrix interactions. Extracellular matrices and molecular
growth factors are combined to ensure cell proliferation. Fur-
thermore, the niche environment is created that regulates tis-
sue and organ development. Thus, cell survival and differenti-
ation are optimized [14, 15, 16, 17]. The cells in live body have
a three-dimensional microenvironmental structure. Cells
maintain their vital activities depending on the interactions
in this complex structure. These include polarization, cell-cell
interactions, and cell-matrix interactions. The polarization re-
sulting from these interactions maintains integrity and home-
ostasis of 3D tissues. Cell-cell and cell-matrix interactions are
also critical for the continuity of the 3D structure and respons-
es given to external stimuli [18].

In 3D cell cultures, cells show a polarization similar to that
of in vivo conditions. Several changes have been reported to
be observed by transplanting stem cells into the extracellular
matrix, such as improvements in the apical-basal polarization,
lumen formation, and proliferation, as well as numerous alter-
ations at the gene and protein levels [19]. The good design of
the 3D cell culture microenvironment is crucial to cell prolif-
eration, migration, matrix synthesis, and terminal differenti-
ation. Today, various 3D cell culture models are mostly used
for gene and protein expression, genotoxic and cytotoxic re-
search, and various R&D studies [12].

Interaction Between the Biomaterial Surface
and Proteins

In 3D cell cultures, biomaterials first interact with water.
Proteins of low molecular weight and high surface affinity
contained in the biological fluid and synthesized by stem
cells adhere to the surface of the biomaterial (The Vroman
effect). They are later replaced by proteins with a larger mo-
lecular weight. It has been reported that this process, which
involves transition from a nanometric to a micrometric size,
can take from a few minutes to several hours [20, 21]. After
the ECM proteins (laminin, fibronectin, collagen) reach the
material surface, stem cells attach to the surface via integrin
proteins. This phase, which occurs at a micrometric scale,
can last up to several hours [22, 23, 24]. Once they have
gained function, cells integrate with tissue. This phase of
transition from the micrometric to the macrometric dimen-
sion can last from a few minutes to several hours [25]. The
subunits of integrins (a, B3, y) differ according to the type of
ECM proteins. The major integrins involved in the interac-
tions of stem cells with ECM proteins are alpha5betal for fi-
bronectin, alpha2betal for collagen, and alphaébetalgamal
for laminin. These interactions can be detected with the aid
of a SEM (scanning electron microscope) and AFM (atomic
force microscope). As a result of these interactions, intra-
cellular signaling complexes are activated in stem cells [26].
Such interactions between ECM receptors and ligands ini-
tiate signal transduction cascades, resulting in a variety of
cellular events that are important for repair and regenera-
tion, including changes in cellular adhesion and migration
and altered rates of proliferation and apoptosis. The presence
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or extent of such changes may affect the balance of repair and
regeneration responses, favoring one outcome over the other.
Therefore, interventions that alter ECM signaling events may
alter this balance to promote tissue regeneration and reduce
scarring [27].

In tissue engineering applications, the choice of biomateri-
als for fabricating tissue scaffolds is of paramount impor-
tance. These materials serve as a model template for tissue
regeneration and allow cells to adhere, transport, proliferate,
and differentiate. The interaction between the biomateri-
al surface and proteins varies with the pH of the medium,
temperature, ionic forces, and the presence of denatured
substances. Electrostatic attraction, hydrogen bonds, hydro-
phobic interactions, and the pore structure of the surface
play a role in the adsorption of proteins on the surface. In
this context, the topography and chemical composition of
the biomaterials are also crucial [23, 24]. Many of the bioma-
terials selected for the construction of tissue scaffolds lacking
the surface properties required for cell-material interaction
necessitates surface modifications. Surface modification is
a method in which the properties of the surface are altered
so that the selected material can serve as a suitable tissue
scaffold. When modifying the surface, the bulk properties
of the material remain the same, while the properties of the
surface that comes into contact with the cells are changed.
It has been reported that surface modification also allows
for the binding of enzymes, drugs, antibodies, or other bi-
ologically active species to the surface by creating different
functional chemical groups on the surface of the biomaterial.
Surface modification techniques can be classified as physi-
cal, chemical, biological, and radiation methods [28]. When
assessing the adhesion and proliferation of human fibroblast
cells for different functional groups, it was determined that
surfaces with amine (-NH2) and carboxylic acid (-COOH)
groups yielded the highest rates of cell adhesion and pro-
liferation. Lower cell adhesion and reduced spreading were
observed on surfaces with methyl (-CH3), polyethylene gly-
col (-PEG), and hydroxyl (-OH) groups [29]. Microgroove
surfaces, where extracellular matrix production and alkaline
phosphatase activity are more intense than flat surfaces, have
been shown to have considerable control over cellular be-
havior [30].

Biomaterials

Biomaterials are synthetic or natural nonliving materials used
to restore or support the functions of tissues and organs in the
living body [31]. The 1982 statement published by the Nation-
al Institutes of Health Consensus Development Conference
states, "Biomaterials are materials intended to be implant-
ed in the body to correct and restore a missing or damaged
function of the body and are defined as a composition of one
or more non-pharmaceutical substances, whether natural or
synthetic, in solid or sometimes liquid form, used in medical
devices or biological systems" [32]. Biomaterials are widely
used in fields such as medicine, pharmacy, bioengineering,
and biotechnology. Biomaterials gain functionality by per-
forming the same function in the relevant region of tissues
and organs, which have degenerated as a result of trauma or
injury. It is important that these materials meet the biological,
physical, and mechanical properties of the tissue and organ
for which they are used and adapt to the particular microen-

vironment. Therefore, it is important that the interactions at
the cellular level are well understood and the biomaterials are
carefully selected [33, 34].

Types of Tissue Scaffolds/Biomaterials for
Tissue Engineering

Tissue scaffolds can be produced both naturally and synthet-
ically using various methods and materials. In order for the
relevant polymer to be used safely in tissue engineering stud-
ies, it should meet certain criteria. It is important that the
biomaterial is bioinert. The interactions of bioinert materials
with tissue are in the form of mechanical bonds. These bonds
enable bioinert materials to adhere to cells without altering
them [35]. Ideally, the biomaterial of tissue scaffolds should
be biocompatible and biodegradable so that no immuno-
logical response is triggered after transplantation and the
material is degraded in the body within the targeted time. It
should be of a highly porous structure to allow for cell inter-
action and nutrient transfer. After the cells are seeded on the
biomaterial, they must attach to specific functional groups
to which they will bind. Thus, the biomaterial must have
the appropriate surface chemistry to support the adhesion,
survival, proliferation, and migration of the cells. The three-
dimensional structure must be re-processable and mechani-
cally durable. The degradation of biopolymers to monomers
and the mechanical durability of the biopolymer until the
cells produce their own extracellular matrix are both crucial.
If these criteria are not fulfilled, severe complications may
occur in the living being to which the grown tissue is trans-
planted. Synthetic polymers such as PGA, PLA, PLGA and
natural polymers such as alginate, chitosan and collagen are
widely used in the engineering of tissues such as cartilage,
bone, skin, and connective tissue [36].

Scaffolds Used in Cartilage Treatment

To date, porous fibrous and hydrogel scaffolds have been
used in studies for the treatment of cartilage. Oryan et al.
evaluated the capacity of polylactic acid/polycaprolactone/
hydroxyapatite (PLA/PCL/HA) composite scaffolds seed-
ed with mesenchymal stem cells (MSCs) for regenerative
bone treatment. It was observed that porous scaffolds were
suitable and useful for the proliferation, osteogenesis and
angiogenesis capabilities of mesenchymal stem cells. It has
been reported that PLA/PCL/HA composite scaffolds seed-
ed with mesenchymal stem cells increase the level of bone
healing, and thus, are a potential candidate for treatment
comparable to autograft repair [37]. In a systematic study
of multi-substitute organic/inorganic scaffolding by Ressler
et al. using freeze-gel casting, CaP (calcium phosphate) and
chitosan-based highly porous composite scaffolds, substitut-
ed with Sr**, Mg*, Zn*, and SeO,* ions, were constructed.
It was observed that the components in the scaffold were
very well bound to each other and displayed a highly porous
structure with homogeneously distributed CaP particles.
The scaffold showed high stability during the degradation
process (28 days). The study results showed that ionic sub-
stitutions had a beneficial effect on cells and tissues. Scaf-
folds with multi-substituted CaP increased the expression
of osteogenesis-related markers and phosphate residues,
when compared to scaffolds with unsubstituted CaP [38].
Mesenchymal stem cells isolated from canine adipose tissue
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have been differentiated to bone tissue by being seeded on a
three-dimensional bio-scaffold constructed with biomateri-
als containing 3-TCP and -TCP/collagen [39]. In a study by
Chandramohan et al. a biocomposite scaffold was construct-
ed by mixing chitosan (CS), a natural polymer, and poly-
caprolactone (PCL), a synthetic polymer, to test its suitability
for bone tissue engineering applications. Mesenchymal stem
cells were seeded and grown in the resulting conditioned
scaffold. The scaffold was coated with divalent zinc ions to
impart osteogenic properties. The physico-chemical char-
acterization of the scaffold was performed with XRD, SEM,
and FTIR studies, and described as yielding positive results.
Biological characterization showed that the scaffolds were
compatible with MSCs and promoted osteoblast differentia-
tion at both cellular and molecular levels. Increased calcium
deposition in the cells was determined by alizarin red stain-
ing and ALP activity at cellular level. At molecular level, both
the expression of osteoblast markers such as type 1 collagen
and Runx2 mRNAs, and the level of the secretory proteins
osteocalcin (OC) and osteonectin (ON) were determined to
increase in the presence of tissue scaffolds. This study sug-
gested that MSCs could be grown under standard in vitro
conditions as well as in an in vivo-like environment, when
seeded on a CS/PCL/Zn scaffold. It has been reported that
CS/PCL/Zn scaffolds can serve as a potential biomaterial for
bone tissue engineering applications [40]. In a study by Cao
et al. it was aimed to support cartilage regeneration using
the co-culture of bone marrow mesenchymal stem cells and
costal chondrocytes (CChon). In this study, the researchers
produced a biphasic scaffold consisting of a cell-encapsulat-
ed biodegradable gelatin methacrylate (GelMA) hydrogel
in the upper layer and a macroporous poly(e-caprolactone)
(PCL) scaffold filled with cell-encapsulated Ge]MA hydrogel
in the lower layer. PCL/GelMA biphasic scaffolds integrated
with co-culture models have been reported to show excellent
cartilage regenerative ability when implanted into the rat os-
teochondral defect model. In vitro and in vivo results have
demonstrated that PCL/GelMA biphasic scaffolds integrated
with the co-culture of BMSCs (bone marrow mesenchymal
cells) and chondrocytes are promising for cartilage regener-
ation, and offer a novel approach to solving the fundamental
problems of clinical cartilage repair [41]. Liu et al. designed
a hybrid hydrogel scaffold mimicking the microenvironment
of the osteochondral niches to overcome the challenge of in-
tegrated repair of osteochondral tissue. The results achieved
with this three-dimensional (3D) cell culture also proved
that the survival rate of the cells in the hybrid hydrogels
doped with nHAP and dispersion was the highest. RT-qPCR
analysis showed that genes related to osteoblasts and chon-
drocytes were expressed by bone mesenchymal stem cells
after being cultured in nHAP-doped hydrogel scaffolds. It is
considered that PHGD @nHAP hydrogel based on modified
y-PGA and HA mimicking the ECM of osteo-chondrocytes
is a good candidate for tissue engineering scaffolds intended
for integrated osteochondral repair [42].

Conclusions and Future
Perspectives

Both 2D and 3D cell culture techniques are necessary for ad-
vancing research. Due to the limitations of 2D cell culture
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systems, there is an increased transition to 3D culture sys-
tems. The current understanding of ECM and its role in
numerous cell functions and behaviors has given research-
ers an increasing interest in 3D cell culture. 3D cell culture
has shown that it has the potential to completely change the
way in which new drug treatments are tested, model diseas-
es, stem cells and organ transplantation. As 3D cell culture
becomes more widespread, techniques will be better under-
stood and more advanced methods will emerge. Research-
ers currently working on it to test new therapies via 2D cell
culture models should seriously consider 3D cell culture op-
tions. The benefits of co-culturing cells in 3D are superior
to those of 2D cell cultures. As tissue engineering evolves,
disease diagnosis and regenerative treatments will improve.
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bunomarepuansl B TpeXMepHON KIeTOYHOMN KyNbType:
pereHepaumnsa KOCTU U xpsLlen

Mexmer Ounmmusdupan 2, Bonkan TexuH ?, AsymaH Esen *

! IHCTUTYT CTBONIOBBIX KIeTOK, MeXXIUCIUIIIMHAPHBII OT/le/l CTBOTIOBBIX KIIETOK M pereHepaTBHON MeAVLIMHbI,

Yuusepcuter AHKapsel, AHKapa, Typousa

2 QaKynbTeT MENULIMHBL, OTAE MeULIMHCKOI 61onorun, YausepcuteT CenbaxyK, Koubs, Typrms
* Otgen ¢pusnonorun, lllkoma menguiyast [fonbxane, Typeuknit yHMBEepCUTET HAayK O 30pOBbe, AHKapa, Typuys
* BerepunapHblit pakynbreT, OTHeN TUCTOIOINU U SMOPUOIOTUY, YHUBepcuTeT AHKaphl, AHKapa, Typuus

Pe3slome

KierouHble KynbTypbl, IpUMeHseMble NI M3Y4eHUA U
OLICHKM aKTVIBHOCTY MMKPOOKDY)XEHMA B XXVBBIX Op-
raHM3Max Ha KJIETOYHOM YPOBHE, ObUIM paspaboTaHbl
Ha OCHOBE Pa3/IMYHBIX MOJeIIeil ¥ CO BpeMeHeM BHeC/ N
3HAYNMTENIbHBIN BKIAfl B MICCIEROBaHNA. B ¢BA3M ¢ Hepo-
CTaTOYHOJ MOJApMU3anuet, npomdepanyueil u pasBu-
TVIeM BHEKJICTOYHOI'O MAaTpPUKCa KJIE€TOK B JIBYMEPHBIX
(2D) xynbpTypax, BegyLUuX K OTPaHNYEHNIO TaKUX IIpU-
XKVI3HEHHBIX KIeTOYHBIX (PYHKIINII, KaK X MOP(OIOTHA,
HUIIeBask POIb B MUKPOOKPY>KeHM, AuddepeHunpos-
Ka, npormdepanus, MeTabonM3M IIpernapaToB, >KU3He-
CIIOCOOHOCTD, IIPOFYKINST MATPYKCA, SKCIIPECCHS TEHOB
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U O€/IKOB, IOBBICWICA MHTepec K TpexMepHbIM (3D)
KY/IbTYpalTbHBIM MOJAENAM. B aHHOI 0630pHOII cTaThe
MBI 00CY>KZIaeM BaXXHOCTb TPEXMEPHBIX KY/IbTYP KIIETOK
¥ laeM oOlliee IIpefCTaB/IeHNe O CBOJICTBAX OMoMaTepH-
aJI0B, IPMMEHsEMbIX [/IsI KOHCTpynpoBaHus 3D-Hecy-
VX CTPYKTYP ¥ ¥X B3aMMOJENCTBIUI C K/IETKAMIL.

Kniouesble (10Ba

brnomarepmarnsl, KOCTb, XpAILl, pereHepanns, KJIeTOYHasa
KY/IbTYpa, BHEK/IETOYHbIN MaTPUKC, CTBOJIOBBIE KIIETKM.
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