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SUMMARY

Stem cells have shown great potential for in vitro tissue engineering, regenerative medicine, cell therapy and pharmaceu-
tical applications. All these applications, especially in clinical trials, will require guided production of high-quality cells.
Traditional culture techniques and applications have been performed for the majority of primary and established cell
lines and standardized for various analyses. Still, these culture conditions are unable to mimic dynamic and specialized
three-dimensional microenvironment of the stem cells’ niche from in vivo conditions. In an attempt to provide biomi-
metic microenvironments for stem cells in vitro growth, three-dimensional culture techniques have been developed.
In our study advantages of newly developed porous scaffolds as the most promising in vitro imitation of niche that
provides physical support, enables cell growth, regeneration and neovascularization, while they are replaced in time
with newly created tissue was explained. Furthermore, dynamic cultivation techniques have been described, as new way
of cell culturing that will be the main subject of our future research. In that manner, by developing an optimal dynamic
culturing method, high-quality new cells and tissues would be possible to obtain, for any future clinical application.
Keywords: stem cells; culture technique; scaffolds; ALBO-OS; bioreactor

INTRODUCTION

Stem cells (SCs) have the ability to self-renew and differ-
entiate into mature types of cells that develop all organs
and tissues in human body. There are two major catego-
ries of SCs defined by their origin and potency - embry-
onic stem cells, and adult, mesenchymal stem cells [1].
Embryonic stem cells (ESCs) are pluripotent, capable of
unlimited self-renewal and differentiation into any type
of cell in the body. Mesenchymal stem cells (MSCs) are
isolated from adult sources such as bone marrow, adi-
pose, and dental tissue. MSCs are multipotent cells that
can differentiate into a limited number of cell types. Also,
self-renewal and differentiation potential is dependent on
the tissue they are isolated from, and age of a donor. The
advantages are accessibility and less ethical concerns for
their usage [2, 3]. SCs have shown great potential for in vi-
tro tissue engineering, regenerative medicine, cell therapy
and pharmaceutical applications. All these applications,
especially in clinical trials, will require a guided produc-
tion of high-quality cells [4].

TRADITIONAL CULTURE TECHNIQUES
SCs are propagated as a monolayer in two-dimensional

(2-D) plastic culture plates. 2-D culture techniques and
applications have been practiced for the majority of pri-

mary and established cell lines and standardized for vari-
ous analyses, from isolation and characterization of cells,
to the studies of diseases development and drug testing
[5]. To grow cells on plastic culture dishes, ESCs have to
be seeded on precoated surface to aid in attachment. 2-D
expansion of ESCs has been improved by applying de-
fined and xenogenic-free culture media and attachment
substrates. However, uniform expansion of ESCs is still
difficult to achieve as 2-D culture methods for propaga-
tion of ESCs are challenging, expensive and require high
level of expertise [5, 6]. Differentiation of ESCs has been
achieved by using specific induction media into ectoder-
mal, mesodermal, and endodermal lineages. An important
advantage of monolayer culture is controlled differentia-
tion of human ESCs that allows uniform treatment for dif-
ferentiation of cells. However, differentiation in monolayer
culture often results in mixed populations of differenti-
ated cells [4, 5,7].

Unlike embryonal, MSCs have natural ability to ad-
here to plastic and glass surfaces. Xenogenic substrates are
not necessitated for attachment, although they are usually
cultured in the media containing animal serum. Use of
animal-derived media can potentially transmit pathogens
and limit reproducibility between cultures. Recently, xe-
nogenic-free media has become available for cultivation
of MSCs [8]. Expansion of MSCs in monolayer has its
limitations. Monolayer culture needs routine passaging
to maintain self-renewal and potency of cells, which is

Address for correspondence: Dijana TRISIC, Faculty of Dental Medicine, Clinic for Pediatric and Preventive Dentistry,

Rankeova 4, 11000 Belgrade, Serbia; dijanatri@yahoo.com



38

Trisi¢ D. et al. Stem cells in tissue engineering — dynamic cultivation requirement

highly inefficient for large-scale expansion of cells. Main-
tenance of uniform distribution, growth, and harvesting
processes is needed and consequently, heterogeneity is
minimized and cell yield is high. Phenotypic changes oc-
cur in MSCs while culturing in monolayers, and cells’ fate
and differentiation potential are altered after numerous
passages [9]. Despite the limitations, 2-D culture has been
used for differentiation of MSCs into many specialized
cells, including chondrocytes, osteocytes, adipocytes, car-
diomyocytes, smooth muscle cells, and hepatocytes, by us-
ing cell-specific differentiation media [10, 11]. Assessment
of differentiation stages is commonly done by specific
transcriptional gene expression and extracellular matrix
(ECM) depositions. The main downside of monolayer
differentiation is a lack of providing functionally com-
petent cells. They often differentiate into precursor-like
cells, suggesting the possibility to re-differentiate during
extended culturing [4]. Prior to clinical application, modi-
fication of differentiation protocols should be made. Over-
all, 2-D culture conditions are unable to mimic dynamic
and specialized three-dimensional (3-D) microenviron-
ment of the SC niche from in vivo conditions.

THREE-DIMENSIONAL CULTURE TECHNIQUES

In an attempt to provide biomimetic microenvironments
for stem cells in vitro growth, 3-D culture techniques have
been developed. These methods have a common goal to
mimic the ECM composition and stiffness of SC niche in
vitro. Challenge lies in protocol optimization depending
on cell type and the aim of analysis [4]. Therefore, the
uniform expansion of SCs without loss of genetic stabil-
ity or differentiation potential has to remain regardless
of applied technique.

Static three-dimensional culture
1. Spheroids

Formation of spheroids that consist of cell aggregates
and allow cell interactions in the absence of additional
substrates is one of the simplest 3-D culturing method. A
wide range of adherent cell types have the ability to form
spheroids by spontaneous cell aggregation when they are
seeded in low-adhesion culture plates in suspension cul-
ture, in a form of a hanging drop, or in rotating culture [7,
12]. MSCs are successfully maintained and expanded by
spheroid method where they exhibited increased clonal
growth and multipotency, and activation of pluripotency
genes. However, as in monolayer cultivation, long-term
culture of MSCs in spheroids spontaneously led to dif-
ferentiation [12]. In comparison with monolayer culture,
MSCs grown in 3-D spheroids have shown increased
chondrogenic and osteogenic differentiation in vitro. In
particular, chondrogenic differentiation of MSCs has been
shown as more effective in high-density cell culture meth-
ods utilizing pellet culture or spheroids, in comparison
to 2-D culture. Still, this method is not applicable for cell
expansion due to the inability to control aggregate size,

leading to agglomeration, apoptosis, and inhibition of cell
proliferation [13]. Depending on tissue that cells are iso-
lated from, spheroids could consist of heterogeneous pop-
ulation of cells, with different proliferative capacity. Even
more important drawback is limited diffusion of oxygen
and nutrients in the center of the spheroid, which gradu-
ally leads to a hypoxic environment, and at the end, forma-
tion of necrotic center. Due to these drawbacks, spheroids
have been more successfully employed in study of 3-D cell
structures, cell differentiation and cancer biology rather
than homogenous cell proliferation and production of
high-quality uniform cell cultures [13, 14].

2. Scaffolds

Various natural and synthetic biocompatible and bio-
degradable materials have been used to mimic the bio-
chemical and biophysical properties of SC niches that
stimulates cell proliferation and/or differentiation. Natu-
ral biomaterials (agarose, fibronectin, hyaluronic acid, chi-
tosan) in vitro often transduce biological signals to cells
[15]. As a result, biomaterials can aid in cell maintenance
and differentiation. However, problems such as variabil-
ity and the potential of xenogenic media components to
cause disease limit their use [15, 16]. Synthetic polymers
(polyethylene glycol, poly-1-lysine, poly-lactic acid, poly-
glycolic acid, and poly-dl-lactic acid-co-glycolic acid)
are the group of artificially made scaffolds with differ-
ent mechanical properties (pore size, elasticity, adhesion,
tensile strength) [17-22]. Biodegradable, porous scaffolds
represent the most promising in vitro imitation of SC
niche that provides physical support, enables cell growth,
regeneration and neovascularization, while they were
replaced in time with new bone [23, 24, 25]. Innovative
scaffold construction that consists of ceramic part mim-
icking bone structure, and thin polymer layer above that
contribute its’ better mechanical properties and biocom-
patibility, showed to be very promising biomaterial for
bone tissue engineering (Figure 1) [21, 25, 26]. Scaffolds
are commonly used as carriers that mimic ECM, promote
expansion, migration, and differentiation of SC. For SC
culturing, scaffolds can be prefabricated, afterward, cells
are seeded onto the scaffold, and allowed to migrate and
proliferate [20, 27, 28]. Scaffolds can incorporate growth
factors and cytokines, and provide mechanical stimula-
tion for SC differentiation. On the other side, there are
scaffolds with self-assemble encapsulating cells that are
incorporated in biomaterial at the time of its fabrication.
Due to these advantages, prefabricated scaffolds are com-
monly used for seeding SCs prior to their differentiation
and usage in tissue engineering [28]. We recently reported
successful application of composite scaffold, combination
of calcium hydroxyapatite and poly (lactic-co-glycolic)
acid, named ALBO-0S, as a bone substitute [21,25]. Scaf-
fold with very high porosity and nanotopology showed
to be very suitable for cell adhesion and proliferation
(Figure 2), providing larger surface area, allowed better
adhesion and provided more area for differentiation of
MSCs [24]. Furthermore, it has been shown the formation
of new mineralized matrix, osteoconductive and certain



Figure 1. Micro CT volume reconstruction of ALBO-OS carrier;
porous biomaterial has ideal micro- and nano-porosity, trabecular
thickness, cylindrical shape of the pores, pore diameter and con-
nectivity of bone scaffold model

Slika 1. Mikro CT zapreminska rekonstrukcija ALBO-OS nosaca,
poroznog biomaterijala idealne mikro i nanoporoznosti, debljine
trabekula, pora cilindri¢cnog oblika, dijametra i medusobne pove-
zanosti modela kostanog zamenika

osteoinductive effect (Figure 3). Compressive strength of
ALBO-0S showed to be a good mechanical support dur-
ing the whole period of its transformation into new bone
(21,24, 25].

It has been shown that scaffold mechanical properties
stimulate differentiation of MSCs into various lineages.
Softer substrates induced MSC differentiation into neural
and beta islet cells, chondrocytes and adipocytes. On the
other hand, increase in substrate stiffness supported MSC
differentiation into myoblasts and osteoblasts. Compres-
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Figure 2. Stem cells from apical papilla (SCAP), from 5" passage,
after 5 days of cell culture seeded on ALBO-OS carrier. Yellow arrow
points tight contact of scaffold and confluent SCAP; blue arrow
points scaffold particles released in growth medium during cultur-
ing covering SCAP.

Inverted microscope, 100x

Slika 2. Mati¢ne Celije poreklom iz apikalne papile (SCAP), iz pete
pasaze, posle pet dana gajenja celija na ALBO-OS nosacu. Zuta
strelica pokazuje na bliski kontakt nosaca i gusto naseljenih SCAP;
plava strelica pokazuje sitne delove nosaca oslobodene u hranljivom
medijumu koje prekrivaju SCAP.

Invertni mikroskop, 100x

sive forces mimicking joint action via mechanotransduc-
tive scaffold increased chondrogenic gene expression in
MSCs [27, 28]. Since the composition and mechanical
properties of biomaterials guide MSCs differentiation into
specific cell lineages, it is important to be optimised and
easily producible. Cell-cell and cell-ECM interactions in
static 3-D culture during maintenance and expansion of

medium as a control (C). White arrows point on numerous calcium deposits in the red colored complex of newly deposited mineralized
extracellular matrix, suggesting significant osteoinductive potential of ALBO-OS. In control no mineralization was observed except some

spontaneous mineralized nodules.
Inverted microscope, 40x (A), 100x (B, C).

Slika 3. Bojenje SCAP Alizarin crvenim nakon 21 dana gajenja celija na ALBO-OS nosac¢u u hranljivom medijumu (A i B), i samih SCAP
gajenih u hranljivom medijumu kao kontrolna grupa (C). Bele strelice pokazuju na brojne kalcijumske nakupine obojene crvenom bojom
u kompleksu novostvorenog mineralizovanog vancelijskog matriksa, ukazujuci na znacajan osteoinduktivni potencijal ALBO-OS nosaca.
U kontroli mineralizacija nije uocena, osim pojedinacnih spontano mineralizovanih ¢vorica.

Invertni mikroskop, 40x (A), 100x (B, C).
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MSCs can provide insight on basic cell biology processes
and mechanisms. The main challenge of 3-D static cultiva-
tion remains extensive cell expansion in individual scaffold
constructs. By increasing in size of scaffold, cell growth in
the center could be compromised in a similar way as in
spheroids. Flow of oxygen, nutrients, and waste in whole
scaffold space might be limited [4]. Methods that could
provide 3-D cell growth and expansion without nutritional
drawbacks are the subject of current investigations.

Dynamic three-dimensional culture

Bioreactors are used to enable, monitor, and control bio-
logical processes. In tissue engineering, they enable cul-
turing high densities of cells, allow cell growth and prolif-
eration, and minimise variability observed in traditional
culturing. The new way of cell culturing requires defined
and well-regulated conditions regarding temperature,
oxygen and nutrients concentration, pH, as well as me-
tabolites removal. Various types of 3-D culture techniques
provide effective cell proliferation and differentiation [29].
There are differences in techniques used to develop bio-
reactor systems that affect their application.

Several bioreactor designs have been developed during
recent years that can be used for expansion and guided
differentiation from a single cell to tissue culture. Spin-
ner flasks are one of the simplest and most convenient
bioreactor systems. They operate by using local hydrody-
namic forces that create shear stress on cells. In the center
of the system is cell/scaffold assemble, while magnetic
bar provides a constant flow of medium around scaffold.
The system is placed in an incubator with controlled con-
ditions. The degree of shear stress is defined by stirring
speed. The downsides represent possibility of dense layer
formation of cells on surface that could compromise nu-
trition of cells in the center, and unequal shear stress, with
the highest level at the bottom of the flask [30]. Rotating
bioreactors were designed for improved control of shear
stress by horizontal rotation and simulation of micro-
gravity. In this way limitations regarding the equal flow
of nutrients and waste products are reduced [31]. The
awareness of limitations of diffusion systems based on
rotation led to development of perfusion bioreactors. Flow
perfusion systems allow constant exchange of nutrients
and waste, providing better control of culture parameters.
They enable transport of nutrients and oxygen through
the entire scaffold, while media must be changed at reg-
ular intervals [32]. Lastly, mechanical force bioreactors
have been developed to mimic tissue physiology, by using
direct mechanical strain such as compressive and tensile
forces. Mechanical stimulation could be in the form of
bending, stretching, contraction and compression. It has
been shown that direct mechanical stimulation induced
proliferation, osteogenic differentiation, and formation
of ECM. A drawback could be diffusional limitations in
larger constructs [33].

Future prospective research should include culturing of
MSCs on porous scaffolds as promising tool for cells ex-
pansion and differentiation, in dynamic constructions, as
tlow perfusion systems, that would provide homogenous

culturing conditions. In that manner, high-quality new
cells and tissues would be possible to obtain regardless
of scaffold size, which represents qualitative foundation
for any clinical research.

CONCLUSION

Biomedical applications of stem cells require production
of high number of uniform cells that nowadays well ex-
ceed millions of cells produced by traditional culturing
techniques. Recent studies have shown that transplanta-
tion of higher cell concentration had better outcome. Bil-
lions to trillions of cells will be required in clinical trials
involving cell therapy. Advancements in the developing
xenogenic-free media, culturing techniques and devices
are of great importance. Large scale of cell culturing de-
mands collaboration between biomedical researchers
and engineers, to develop an optimal dynamic culturing
method that will provide therapeutic use of stem cells.
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KRATAK SADRZA)

Maticne Celije su pokazale veliki potencijal za primenu u tkivnom inzenjerstvu u in vitro uslovima, regenerativnoj medicini, le¢enju
mati¢nim ¢elijama i farmaceutskoj primeni. Sve ove grane, posebno primena u klini¢kim istrazivanjima, zahtevace kontrolisano
stvaranje visokokvalitetnih celija. Tradicionalnim tehnikama izolovana je vecina primarnih Celijskih kultura i celijskih linija, i vre-
menom su one postale standardne tehnike za razlicite Celijske analize. Ipak, ovi uslovi gajenja nisu u moguénosti da imitiraju
dinamicne, trodimenzionalne uslove mikrosredine nise mati¢nih celija iz in vivo uslova. U pokusaju da se obezbede navedeni uslovi
i uin vitro uzgajanju Celija, razvile su se trodimenzionalne tehnike gajenja celija. U ovom preglednom radu opisujemo prednosti
novorazvijenih poroznih nosaca celija, kao kljucnih cinilaca u imitaciji ¢elijske niSe koji obezbeduju mehanicku potporu, omogucuju
rast Celija, regeneraciju i razvoj novih krvnih sudova, dok vremenom bivaju razgradeni i zamenjeni novostvorenim tkivom. Dalje,
tehnike dinami¢nog gajenja Celija su opisane kao vid novog nacina gajenja cCelijskih kultura koji predstavlja i pravac nasih budu¢ih
istrazivanja. U tom smislu, razvijajuci optimalan, dinamicki model gajenja celija, bice moguce obezbediti nove ¢elije i tkiva visokog

kvaliteta za sva dalja klinicka istrazivanja.
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uvoD

Mati¢ne ¢elije (MC) imaju sposobnost samoobnavljanja i usme-
ravanja u pravcu zrelih tipova celija koje grade sva tkiva i organe
ljudskog organizma. Postoje dve osnovne grupe MC definisane
po poreklu i potentnosti — embrionalne mati¢ne Celije i zrele,
mezenhimalne mati¢ne Celije [1]. Embrionalne mati¢ne ¢eli-
je (EMC) jesu pluripotentne, sa sposobnos¢u neogranicenog
samoobnavljanja i usmeravanja u pravcu svih tipova Celija
prisutnih u organizmu. Mezenhimalne mati¢ne ¢elije (MMC)
izolovane su iz zrelih tipova tkiva, kao $to su kostana srz, ma-
sno tkivo i tkiva usne duplje. MMC su multipotentne Celije koje
mogu biti usmerene u ogranicen broj Celijskih tipova. Takode,
sposobnost samoobnavljanja i usmeravanja zavise od vrste tkiva
iz kojih su izolovane i starosti davaoca tkiva. Prednosti MMC su
laka dostupnost i to $to njihova primena povla¢i manje etickih
pitanja [2, 3]. MC su pokazale veliki potencijal za primenu u
tkivnom inZenjerstvu u in vitro uslovima, regenerativnoj medi-
cini, le¢enju mati¢nim ¢elijama i farmaceutskoj primeni. Sve ove
grane, posebno primena u klinickim istrazivanjima, zahtevace
kontrolisano stvaranje visokokvalitetnih ¢elija [4].

TRADICIONALNE TEHNIKE GAJENJA CELIJA

MC se uzgajaju u vidu jednog sloja ¢elija, u dve dimenzije (2-D),
na plasticnim podlogama ploca i boca namenjenih uzgajanju
¢elija. Gajenje Celija u 2-D uslovima primenjeno je na vecini
primarnih Celijskih kultura i ¢elijskih linija, i standardizova-
no za razlicite analize, od izolacije i karakterizacije ¢elija do
istraZivanja razvoja oboljenja i testiranja lekova [5]. Da bi se
uzgajale na plasti¢nim podlogama, EMC se moraju zasejati na
prethodno pripremljene povrsine kako bi se olaksalo vezivanje
¢elija za podlogu. Gajenje EMC u 2-D uslovima pobolj$ano je
primenom odredenih hranljivih medijuma bez prisustva pro-
teina zivotinjskog porekla i dodataka za poboljsanje vezivanja

¢elija za podlogu. Medutim, ujedna¢eno umnozavanje EMC se
i dalje tesko postize u 2-D uslovima usled zahtevnih, skupih
metoda, koje zahtevaju veliki stepen stru¢nosti [5, 6]. Primenom
posebnih indukcionih medijuma EMC su usmerene ka ektoder-
malnoj, mezodermalnoj i endodermalnoj lozi. Vazna prednost
gajenja EMC u jednom sloju jeste kontrolisano usmeravanje
celija koje omogucuje podjednaku izloZenost ¢elija medijumu.
Ipak, ovakvo usmeravanje cesto za rezultat ima mesovitu popu-
laciju zrelih éelija [4, 5,7].

Za razliku od embrionalnih, MMC poseduju prirodnu spo-
sobnost da se lepe za plasti¢nu i staklenu podlogu. Proteini Zivo-
tinjskog porekla nisu potrebni za podsticanje lepljenja celija za
podlogu, ali se ¢elije uglavnom uzgajaju u medijumu koji u sebi
sadrzi serum Zzivotinjskog porekla. Primena takvih medijuma
moze biti potencijalni izvor prenosivih patogena i ograniciti
ponovljivost ogleda. U skorije vreme razvijeni su i medijumi
za uzgajanje MMC bez prisustva proteina Zivotinjskog porekla,
$to predstavlja neophodan uslov za buducu klini¢ku primenu
MMC [8]. Pri gajenju MMC u 2-D uslovima javljaju se odredena
ogranicenja. Celije gajene u jednom sloju zahtevaju redovno
presadivanje kako bi se zadrzala potentnost i sposobnost sa-
moobnavljanja, §to je veoma neisplativo u sluc¢aju uzgajanja
velikog broja ¢elija. Neophodno je odrzavati podjednake uslove
rasporedenosti, rasta i prikupljanja celija, posledi¢no umanjiti
mogucnost heteregenosti u kulturi i obezbediti visok prinos
Celija. Tokom uzgajanja javljaju se fenotipske promene i ¢elije
gube potencijal rasta i usmeravanja nakon odredenog broja
pasaza [9]. Uprkos ograni¢enjima, izlaganjem Celija posebnim
medijumima u 2-D uslovima, MMC su usmerene ka razlicitim
tipovima specijalizovanih ¢elija, uklju¢ujuci hondrocite, osteo-
cite, adipocite, kardiomiocite, glatke misi¢ne celije i hepatocite
[10, 11]. Procena stadijuma diferentovanosti Celija se najcesce
utvrduje veli¢inom ispoljavanja gena specifi¢nih za odredeni
tip zrelih ¢elija i kvalitativnim bojenjem depozita vancelijskog
matriksa (VCM). Osnovni nedostatak usmeravanja ¢elija u 2-D
uslovima jeste izostanak stvaranja funkcionalno aktivnih celija.



One cesto diferentuju u prekursorne celije, te postoji mogu¢-
nost da tokom vremena dediferentuju [4]. Pre klini¢ke primene
neophodno je izvrsiti izmene u protokolima za usmeravanje
¢elija. Uopsteno, 2-D uslovi gajenja Celija nisu u mogucnosti da
imitiraju dinami¢nu i specijalizovanu trodimenzionalnu (3-D)
mikrosredinu nise u kojoj rastu MC u in vivo uslovima.

TRODIMENZIONALNE TEHNIKE GAJENJA CELIJA

U pokusaju stvaranja mikrosredine u kojoj se imitiraju bioloski
uslovi rasta MC u in vitro uslovima, razvijene su 3-D tehnike
gajenja Celija. Zajednicki cilj ovih metoda jeste imitacija sastava
VCM i rigidnosti ni$e u in vitro uslovima. Izazov predstavlja
optimizacija protokola zavisno od tipa ¢elija i cilja analize [4].
Stoga, ravnomerno umnozavanje MC bez gubitka geneticke
stabilnosti ili potencijala za usmeravanje ka specijalizovanim
¢elijama se mora ocuvati nezavisno od primenjene tehnike.

Stati¢na trodimenzionalna kultura
1. Sfere

Sfere su jedan od osnovnih 3-D metoda gajenja Celija i pred-
stavljaju nakupine ¢elija u kojima je omogucena meducelijska
interakcija u odsustvu drugih faktora. Veliki broj razli¢itih ti-
pova Celija ima sposobnost spontane agregacije kada se zaseju
u suspenziji u plo¢ama za gajenje Celija sa niskim stepenom
adhezije, u obliku visece kapi ili u rotacionim bocama [7, 12].
MMC se uspesno odrzavaju i gaje u sferama, ispoljavajuci po-
vecanje klonalnog rasta i multipotentnosti i aktivaciju gena
odgovornih za pluripotentnost. Medutim, kao i pri gajenju u
2-D uslovima, dugotrajno odrzanje MMC u sferama spontano
dovodi do njihovog sazrevanja [12]. Osteogena i hondrogena
diferencijacija je uspe$nija kod MMC gajenih u 3-D sferama,
u poredenju sa 2-D uslovima diferencijacije. Hondrogena di-
ferencijacija se pokazala posebno efikasnom kada su se Celije
gajile u vidu velike nakupine ¢elija ili u vidu sfera, u poredenju
sa gajenjem Celija u jednom sloju. Ipak, ovaj metod nije primen-
ljiv za umnozavanje celija usled nemogu¢nosti kontrole veli¢ine
stvorene nakupine celija, $to dovodi do prerastanja, odumiranja
i zaustavljanja Celijskog umnozavanja [13]. Zavisno od tkiva iz
kojeg su ¢elije izolovane, sfere se mogu sastojati od heterogene
populacije ¢elija, sa razli¢itim potencijalom umnozavanja. Jos
vazniji nedostatak jeste ogranicen protok kiseonika i hranlji-
vih materija u sredistu sfere, $to postepeno vodi u sredinu sa
snizenim nivoom kiseonika i, na kraju, stvaranja nekroti¢nog
centra. Zbog navedenih nedostataka, sfere se viSe primenjuju
pri izu¢avanju samih 3-D celijskih kultura, usmeravanja ka zre-
lim ¢elijama i biologije tumora, pre nego za umnozavanje celija
homogene populacije i stvaranja visokokvalitetnih i uniformnih
Celijskih kultura [13, 14].

2. Nosadi

Razli¢iti prirodni i vestacki biokompatibilni i biorazgradivi
materijali se primenjuju za imitaciju biohemijskih i biofizi¢kih
svojstava MC niSe koja podsti¢e umnozavanje i/ili usmeravanje
Celije. Prirodni biomatrijali (agaroza, fibronektin, hijaluronska
kiselina, citosan) u in vitro uslovima ¢esto prenose bioloske si-
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gnale Celijama [15]. Kao rezultat, biomaterijali mogu podstai
odrzanje Celija i usmeravanje. Medutim, problem kao $to je
raznolikost i mogu¢nost prenosa odredenih bolesti preko ma-
terijala Zivotinjskog porekla ograni¢avaju njihovu primenu [15,
16]. Sintetski polimeri (polietilen glikol, polilizin, polilakti¢éna
kiselina, poliglikolna kiselina, polilaktid-koglikolna kiselina)
predstavljaju grupu vestacki napravljenih nosaca razlicitih me-
hanickih svojstava (veli¢ina pora, elasti¢nost, adhezija, zatezna
¢vrstoca) [17-22]. Biorazgradivi, porozni nosaci elija predstav-
ljaju klju¢ne ¢inioce u imitaciji ¢elijske nise koji obezbeduju
mehanicku potporu, omogucuju rast Celija, regeneraciju i ra-
zvoj novih krvnih sudova, dok vremenom bivaju razgradeni i
zamenjeni novostvorenim tkivom [23, 24, 25]. Inovativni nosa¢
napravljen od keramickog dela koji imitira ko$tanu strukturu i
tankog sloja polimera preko, koji doprinosi boljim mehanickim
svojstvima i biokompatibilnosti, pokazao se kao veoma dobar
biomaterijal namenjen primeni u ko$tanoj regeneraciji (Slika
1) [21, 25, 26]. Nosadi se Eesto primenjuju za imitaciju VCM,
podsti¢u umnoZavanje, migraciju i sazrevanje MC. Mogu biti
napravljeni od biomaterijala, nakon cega se Celije zasejavaju,
migriraju i zatim se umnozavaju u samom nosacu [20, 27,
28]. Takvi nosaci u sebi mogu sadrzati faktore rasta i citoki-
ne i obezbediti mehani¢ku stimulaciju za usmeravanje MC.
S druge strane, u nosace se mogu ugraditi inkapsulirane Celije
u vreme njihovog pravljenja. Napravljeni nosaci se ¢esto prime-
njuju za zasejavanje MC pre njihovog usmeravanja i primene
u tkivnom inZenjerstvu [28]. Nedavno smo objavili uspe$nu
primenu kompozitnog nosaca, koji predstavlja kombinaciju
kalcijum-hidroksiapatita i polilaktid-koglikolne kiseline, pod
imenom ALBO-O0S, kao kostanog zamenika [21, 25]. Nosa¢ ve-
like mikro i nanoporoznosti pokazao se kao veoma pogodan za
¢elijsku adheziju i umnozavanje (Slika 2), obezbeduju¢i veliku
povrsinu, bolju adheziju i veéi prostor za usmeravanje MMC
[24]. Nadalje, pokazano je stvaranje novog mineralizovanog ma-
triksa, osteokonduktivno i odredeno osteoinduktivno dejstvo
na Celije (Slika 3). U in vivo uslovima se pokazalo da ALBO-0S
ima zadovoljavajucu zateznu ¢vrstocu i pruza dobru mehanicku
potporu tokom ¢itavog perioda stvaranja nove kosti [21,24, 25].

Pokazano je da mehanicka svojstva nosaca podsti¢u usme-
ravanje MMC ka razlicitim ¢elijskim tipovima. Meksi supstrati
podsti¢u MMC da diferentuju ka neuralnim i beta ¢elijama,
hondrocitima i adipocitima. S druge strane, povecanje rigid-
nosti podsti¢e usmeravanje ka mioblastima i osteoblastima. Stu-
dija u kojoj je nosac prenosio mehanicki stres na MMC silama
pritiska koje imitiraju pokret zgloba pokazala je uticaj nosaca na
povecanje ispoljavanja gena odgovornih za hondrogenu diferen-
cijaciju [27,28]. Posto sastav i mehanic¢ka svojstva biomaterijala
vode MMC da diferentuju u posebne ¢elijske tipove, vazno je
da budu dobro definisani i da se mogu jednostavno proizvesti.
Interakcija izmedu Celija i ¢elija i VCM u stati¢noj 3-D kulturi
tokom odrZanja i umnozavanja MMC moze omoguciti uvid u
osnovnu biologiju ¢elijskih procesa i mehanizama. Glavni iza-
zov stati¢ne 3-D kulture ostaje umnoZzavanje velikog broja celija
u individualnom nosacu. Kako se nosa¢ uvecava, rast ¢elija u
njegovom centru moze biti ugrozen na sli¢an nacin, kao $to
je to sluc¢aj u sferama. Protok kiseonika, hranljivih materija i
produkata metabolizma u ¢itavom prostoru nosac¢a moze biti
ograni¢en [4]. Metode koje mogu omoguc¢iti rast Celija u 3-D
uslovima bez nutritivnih nedostataka predstavljaju predmet
trenutnih istrazivanja.
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Dinamiéna trodimenzionalna kultura

Bioreaktori omogucuju odvijanje, nadzor i kontrolu bioloskih
procesa. U tkivnom inZenjerstvu omogucavaju uzgajanje velike
gustine Celija, rast i umnozavanje Celija i umanjuju raznolikost
prisutnu u stati¢cnim uslovima uzgajanja celija. Novi nacin uzgaja-
nja Celija traZi definisane i dobro kontrolisane uslove temperature,
koncentracije kiseonika i hranljivih materija, pH sredine, kao i
uklanjanje produkata metabolizma. Razlic¢ite vrste 3-D tehnika
uzgajanja Celija obezbeduju dobro umnozavanje i usmeravanje
MC ka zrelim ¢elijama [29]. Razli¢ite tehnike koje su primenjene
u razvoju sistema bioreaktora odreduju njihovu namenu.

U proteklih nekoliko godina razvijeno je vise tipova biore-
aktora namenjenih umnozavanju i vodenoj diferencijaciji od
pojedinacne Celije do uzgajanja tkiva. Rotirajuce boce za gaje-
nje ¢elija su najjednostavniji i najprakti¢niji sistem bioreaktora.
Lokalne hidrodinamske sile predstavljaju osnovu sistema i na
Celije deluju silama smicanja. U sredi$tu sistema se nalazi nosac
sa Celijama, dok magnetna mesalica omogucuje stalni protok
medijuma oko nosaca. Sistem je smesten u inkubatoru sa kon-
trolisanim uslovima sredine. Vrednost sila smicanja definisana
je brzinom mesanja medijuma. Nedostaci ove metode sadrzani
su u mogucnosti stvaranja gustog sloja ¢elija na povrsini, koje
mogu ugroziti ishranu ¢elija u dubljim strukturama nosaca,
kao i stvaranja nejednakih sila smicanja, uz najvece vrednosti
na dnu boce u kojoj se Celije gaje [30]. Iz potrebe za boljom
kontrolom sila smicanja osmisljeni su rotirajuci bioreaktori sa
horizontalnom rotacijom i simulacijom mikrogravitacije. Na
ovaj nacin ogranicenja vezana za jednak protok hranljivih ma-
terija i produkata metabolizma su smanjena [31]. Kada su se
uvideli nedostaci vezani za sisteme zasnovane na rotaciji, doslo
je do razvoja bioreaktora sa perfuzijom. Sistemi sa perfuzijom
omogucuju stalnu razmenu hranljivih materija i produkata me-

tabolizma, $to omogucuje bolju kontrolu parametara za gajenje
¢elija. Prenos hranljivih materija i kiseonika se odvija kroz ¢itav
nosac, dok se medijum u sistemu menja u redovnim intervalima
[32]. Na kraju, bioreaktori sa dejstvom mehanickih sila su osmi-
$ljeni kako bi se imitirala fiziologija tkiva, primenjuju¢i direktne
mehanicke sile zatezanja i pritiska. Mehanicka stimulacija moze
biti u vidu savijanja, istezanja, skupljanja i pritiska. Pokazano je
da direktna mehanicka stimulacija podsti¢e umnozavanje celija,
njihovu osteogenu diferencijaciju i stvaranje mineralizovanog
VCM. Potencijalni nedostatak moZe predstavljati ogranicenje u
protoku medijuma kod vecih nosada [33].

Buduca prospektivna istrazivanja bi trebalo da ukljuce gaje-
nje MMC na poroznim nosacima kao najpogodnijim struktu-
rama za umnozavanje i usmeravanje Celija u dinami¢nim siste-
mima, kao $to je bioreaktor sa perfuzijom, kako bi se omogucili
homogeni uslovi gajenja. U tom smislu, bi¢e omogucen razvoj
visokokvalitetnih novih ¢elija i tkiva nezavisno od veli¢ine no-
saca, $to predstavlja kvalitetnu osnovu za sva buduca klinicka
istrazivanja.

ZAKLJUCAK

Primena mati¢nih ¢elija u biomedicini zahteva gajenje velikog
broja uniformnih ¢elija, koji premasuje milione ¢elija koje je
danas moguce gajiti tradicionalnim tehnikama. Nedavne stu-
dije su pokazale da transplantacija velikog broja celija daje bolji
ishod lecenja. Klinicke studije koje ¢e ukljuciti celijsku terapiju
¢e zahtevati milijarde i trilione novih ¢elija. Napredak u pri-
meni medijuma bez proteina zivotinjskog porekla, tehnikama
uzgajanja i opremi su od velike vaznosti. Gajenje velikog broja
Celija zahteva saradnju istrazivaca iz oblasti biomedicine i inze-
njerstva, kako bi se razvio optimalni dinamic¢ni metod gajenja
Celija koji ¢e omoguciti sprovodenje Celijske terapije.



