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Abstract

The application of stem cells in regenerative medicine has recently become a rapidly growing field, holding
promise for combating a number of orthopedic disorders including osteodegenerative ones (osteoporosis and
osteoarthritis). Although the differentiation of stem cells into chondrocytes is now intensively investigated on a
laboratory scale, implementing the laboratory protocols in clinical practice requires a scale-up culture. In order to
apply this technique many aspects of stem cell bioprocessing such as optimal culture conditions for anchorage-
dependent or anchorage-independent cells and the type of culture must be taken into account. The presence of
microcarriers and/or scaffolds for adherent cells is essential, since they provide a three-dimensional
microenvironment indispensable for cell growth. For treatment of osteoarthritis, induced pluripotent stem cells and
mesenchymal stem cells seem to be the best choice. Although, the scale-up culture using stem cells has been
intensively investigated on a laboratory scale, the scale-up culture for clinical application still requires further
technical improvements.In this review stem cell bioprocessing including the use of biomaterials, bioreactors, and
factors affecting this process, as well as scale-up culture of induced Pluripotent and mesenchymal stem cells were
presented and discussed.
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Introduction
Isolated partial-thickness articular cartilage defects show very

limited capacity for self-repair due to the lack of blood vessels, nerves
and lymphatic vessels. However, cartilage lesions extending to
subchondral bone show the potential to heal due to formation of blood
clots from subchondral bone vessels and the release of bone marrow-
derived stem cells. Surface erosion following focal cartilage defects
may lead over the time to osteoarthritis (OA), which is characterized
by cartilage structure breakdown and subchondral bone remodeling
[1]. Both OA and focal injuries result in joint malfunction and pain
that significantly impair the quality of life. Options available for
treating the symptomatic cartilage defects range from the conservative
to the most advanced cell-based therapies. Conservative methods
include pharmacological treatment and physical therapy, and aim at
reducing the symptoms. However, there is no evidence that these
methods improve the joint structure and function [2]. Currently
accessible surgical methods of treating chondral and osteochondral
defects, based on cell and tissue grafting (autologous chondrocyte
implantation (ACI), mosaicplasty, and osteochondral autograft
transplantation (OATS)) have several limitations such as (i) donor site
morbidity, (ii) limited availability of tissue and cells, (iii) graft de-
differentiation, and (iv) cell apoptosis [3]. Moreover, marrow
stimulation techniques, such as microfractures, are suitable only for
small focal lesions and result in the formation of hyaline-like cartilage,
fibrous tissue or bone [4]. Tissue-engineered grafts, generated from
the patients’ own cells and seeded on an appropriate degradable
biomaterial, seem to be a promising tool in cartilage lesion repair and

ultimately OA treatment. Cell-based methods allow one to: (i) culture
the tissue from a small number of cells, (ii) match the specific size and
shape of the tissue, (iii) reinforce the medium with biochemical factors
to enhance graft integration in the site of the lesion [5].

First introduced in the early eighties of the last century, ACI has
been used so far with a combination of periosteal flap or collagen
membranes, applied as a cover for implanted cells [6]. Although the
usefulness of this technique in treating larger cartilage lesions (sized 2
to 10 cm2) has been shown in numerous clinical studies, ACI still has
some limitations, such as:
(i) inadequate number of cells available for harvesting from the
donor’s non-weight-bearing cartilage surface, (ii) inability to preserve
chondrogenic potential of the cell and (iii) failure to maintain cell
differentiation and tissue formation after the implantation [7]. To
overcome these limitations, the stem cell-based approach seems to be a
promising alternative. Over the past several years both mesenchymal
stem cells (MSCs) and pluripotent stem cells (PSCs) have been
checked for their therapeutic potential in numerous tissue engineering
studies, including bone and cartilage. MSCs are multipotent stem cells
primarily isolated from bone marrow. These cells differentiate into
several cell lineages including osteogenic and chondrogenic [8,9].
More recently described induced pluripotent stem cells (iPSCs) have
the potential to differentiate into somatic cells, including chondrocytes
[10-12].

An important point in stem cell-based tissue engineering is
developing and maintaining appropriate cell culture system, which
would mimic the in vivo cell microenvironment. Implementation of
stem cell-based techniques requires the ability to produce a large
number of cells of high purity with well-defined properties. Over the
past 10 years bioreactor systems have been used to obtain uniform cell
culture conditions [13]. This review presents recent advances in stem
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cell bioprocessing using bioreactors and summarizes data from the
literature concerning the parameters of culture conditions that ensure
efficient stem cell expansion and differentiation into chondrocytes.

Stem Cell Bioprocessing

Bioreactors in mammalian cell culture
The principal challenge in an advanced tissue culture technique is

provision of bioreactors used for controlling environmental conditions
in cell culture. There are three main types of bioreactor systems used
for: (i) cells in suspension culture, (ii) anchorage-dependent cells and
(iii) micro-carrier systems [14]. For cells cultured in suspension, the
stirred tank bioreactor, rotary cell culture system (RCCS) and wave
bioreactor are recommended. Adherent cells can be easily cultured in
a microcarrier-based bioreactor, microencapsulation-based bioreactor,
fiber membrane bioreactor or as cells immobilized on 3D scaffolds
(fixed bed, fluidized bed, fibrous bed) [15]. Bioreactors are
predominantly used for cell expansion, differentiation or for both
processes carried on simultaneously. The two-dimensional (2D)
culture of pluripotent stem cells has been successfully used on a
laboratory scale. However, introduction of the third dimension proved
fundamental for large-scale culture [16]. The 3D culture conditions
are similar to those present in a developing tissue. Furthermore,
specific cellular behavior is barely noticed in conventional monolayer
culture [17]. It is worth mentioning that in bone marrow hMSCs
represent only 0.001 to 0.01% of the nucleated cells. Thus, the isolation
of an adequate number of hMSC cells for regeneration of injured
tissues is troublesome. Moreover, these cells have a brief lifespan. In
addition, the 2D monolayer MSC culture is expensive, labor intensive,
time consuming and results in an insufficient number of cells.
Consequently, the development and improvement of large-scale, long-
term 3D culture is critical for its clinical application [18]. It has also
been reported that in contrast to cells cultured in monolayer, the 3D
cell culture shows better proliferative activity, and given appropriate
signals the cells are more prone to alter their shape and function [19].

Biomaterials used in tissue and organ engineering
Types of biomaterials used in tissue and organ engineering include

naturally derived, like collagen, alginate and hyaluronic acid (HA), and
synthetic polymers such as polylactic acid (PLA), polyglycolic acid
(PGA) as well as poly(-lactic-co-glycolic) acid (PLGA).

Collagen derives from ECM and constitutes natural adhesive ligand
promoting cell attachment. Moreover, the U.S. Food and Drug
Administration (FDA) approved collagen products for medical
applications. HA is a versatile, linear polysaccharide that naturally
occurs in cartilage. Alginate is an anionic polysaccharide with
crosslinking properties. Synthetic polyesters such as PGA, PLA and
PLGA are biodegradable, biocompatible and are also approved by
FDA for clinical applications [20].

In bioprocessing many microstructures are used: microcarriers, 3D
cell aggregates, advanced scaffolds obtained from natural, non-animal
polymers such as sponges, and gels made of synthetic materials.
Microcarriers are porous or nonporous structures 170 to 6000μm in
diameter. In order to improve cell attachment and growth, they can be
coated with ECM proteins [21]. Seeding cells onto scaffolds at high
densities enhances tissue formation and cartilage matrix production in
the 3D structures [22]. Nevertheless, the efficient and uniform

distribution of cells at high densities, even on small scaffolds, is a
challenge [23].

Factors affecting bioprocessing
As far as bioprocessing is concerned, the following issues should be

considered: (i) maintaining a uniform cell concentration within the
scaffold during cell seeding (ii) controlling aseptic parameters and (iii)
availability of automated processing steps [24]. Successful
bioprocessing depends upon several important factors. The expansion
and differentiation of stem cells is difficult due to complicated kinetics
of culture. Cells tend to develop unstable subpopulations, due to
parameters, such as oxygen tension, growth factor concentration and
cell-to-cell interactions. So far, however, there are no established stem
cells culture protocols [25].

Cell growth is determined by the dissolved oxygen concentration
(dO2) and pH. In the scale-up cell culture continuous and stable
oxygen supply plays a crucial role because its concentration
significantly decreases with increasing biomass. The changing values
of these two parameters indicate the beginning of apoptosis [26].
Although almost all mammalian cell cultures are conducted at pH 7.4,
in 20% oxygen, 5% CO2, and at 37˚C, the conditions of expansion and
subsequent differentiation of stem cells must be individually selected,
because distinct stem cell cultures require different optimal parameters
[27]. Suspension culture technology ensures obtaining a relatively
homogenous environment, which allows online monitoring and
control of the two parameters as well as the concentration of nutrients
and cytokines [28]. However, the prolonged culture at atmospheric
oxygen concentration may lead to an oxidative stress. The MSCs reveal
more efficient expansion at 2% O2, whereas the human embryonic
stem cells (hESCs) prefer to grow under 20% or even 30% O2 [29,30].
With respect to the chondrogenic differentiation, this process is
favored by hypoxic conditions (2 to 5% O2) [31].

Temperature is another significant parameter. Stem cells are
typically cultured at 37˚C [32]. Nevertheless, it was reported that
MSCs could be more effectively cultured at 32˚C. Moreover, the
growth of MSCs at lower temperatures reduces the oxidative stress and
affects stem cell self-renewal throughout the regulation of p21 and p53
levels [33].

Osmolarity is a function of the osmotic pressure of the medium and
influences stem cell functioning. The extracellular osmolarity of
healthy articular cartilage fluctuates between 350 and 480 mOsm. For
comparison, the osmolarity of standard culture media is similar to its
levels in plasma (280 mOsm). The Nfat5 gene that regulates the
response of cells to osmolarity changes, most likely takes part in
chondrogenic differentiation through the influence on a key
chondrogenic transcription factor Sox9 [34]. The hydrodynamic shear
stress is proportional to impeller diameter, geometry and location, as
well as to the frequency of agitation (rpm) during cell culture in the
bioreactor. The shear stress is also correlated with the presence of
probes and other vessel internals due to disruption of radial flow
patterns [30]. In spite of those disadvantages, agitation is very
important, since it allows for interaction between the cultured cells
with the components of culture medium and keeps the aggregates or
microcarriers in suspension [35]. Study by Liovic et al. [36] showed
that shear in bioreactor culture influences hMSCs differentiation due
to induction of the mitogen activated protein kinase (MAPK)
signaling, mechano-transduction (mechanical forces) as well as the
wnt signaling pathway.
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Another aspect of culture is cells’ tendency to grow in agglomerates.
Unfortunately, necrotic areas may be created in centers of the
structure due to the limited nutrient and oxygen transport [37]. The
transport of dissolved oxygen in a bioreactor takes place in three main
regions: (i) bulk fluid phase of the bioreactor, called global mass
transfer (ii) internal mass transfer, that appears from bulk to the
surface of the aggregates and (iii) external mass transfer, which occurs
among the aggregated cells [24]. In contrast to single cells, the
aggregates or the cells seeded on the microcarriers are affected at lower
agitation frequency, because of inverse relationship between
Kolmogorov eddy size and agitation intensity [30].

Nutrients are indispensable for the appropriate metabolism of stem
cells. The composition of the basal medium is more complex for
pluripotent- than for mesenchymal stem cells. Therefore it is
important to provide suitable ingredients at proper concentrations.
Glucose and glutamine play the most important role in cell nutrition
[38]. The demand for glucose and oxygen varies and depends on the
phase of stem cell growth. The expansion of stem cells depends on
glycolysis, whereas the process of differentiation of stem cells relies on
oxidative phosphorylation. During the reprogramming stage the
metabolic shift from oxidative phosphorylation to glycolysis is
observed [39]. On one hand, it is essential to ensure an adequate
supply of the nutrients for cells, but on the other hand it is crucial to
keep the concentration of metabolic waste products below the toxic
level. It has been proven that as growth-inhibiting metabolites,
ammonia and lactate constitute a serious danger. Ammonia appears as
a product of the oxidative deamination of mainly glutamate and/or
derives from the deamination of glutamine, whereas lactate excretion
is related to anaerobic glycolysis during the early stages of culture [40].

Essential for chondrogenic differentiation are growth factor- and/or
cytokine- supplemented media. The members of TGF-β superfamily
are the most important growth factors in directing chondrogenesis of
stem cells [41]. Numerous different media containing Bone
Morphogenetic Proteins (BMPs), TGF-β1 and/or TGF-β3 were used
successfully in stem cell culture [42-44]. However, for bioreactor-
based chondrocyte expansion and chondrogenic differentiation,
prolonged culturing in TGF-β3 supplemented medium creates a
problem, since at 37˚C, TGF-β3 bioactivity rapidly decreases in both
serum-free and serum-containing media [45].

Scale-up pluripotent stem cell culture
The principal step in the differentiation of embryonic stem cells

(ESCs) is the embryoid bodies (EBs) formation. On a laboratory scale,
the EBs are obtained in hanging drop- or static suspension culture,
encapsulation of the ESC culture, entrapment of the ESC culture or
with the help of low adherence, 96 well plates [46]. On a larger scale,
they are formed in spinner flasks, rotating cell culture system or rotary
orbital culture [47]. Another procedure includes mouse ESC
expansion as aggregates of EBs during long-term culture in suspension
bioreactors [48]. The blastocyst-stage human embryos express E-
cadherin – an adhesion molecule, which mediates mutual attachment
between EBs. The EB encapsulation in size-specified agarose capsules
allows the control of cell-to-cell interactions in scalable culture [49].
Human embryoid bodies (hEBs) can be effectively created from hESC
within the 3D porous alginate scaffolds in a rotating bioreactor system.
Alginate scaffolds resemble ECM and ensure efficient cell seeding.
Their porosity can be controlled during the production process [50].
However, the EB agglomeration might inhibit cell growth and
differentiation; but a hydrogel encapsulation approach eliminates this

impediment and facilitates direct differentiation of ESCs in stirred
suspension culture [51]. Recent reports indicate that mouse embryonic
stem cells (mESCs) can be effectively expanded in both suspension and
in fibrous bed bioreactor (FBB), and their ability to form EBs is
maintained. However, the culture in FBB ensures better cell growth,
with less frequent passaging, and less medium and labor is required
[52]. Another promising result is the successful transfer of single cell-
inoculated suspension culture of hESCs and hiPSCs to a fully
controlled, stirred bioreactor. This procedure includes the usage of a
fully defined serum-free medium and a Rho-associated coiled-coil
kinase (ROCK) inhibitor (RI) resulting in a long-term expansion of
hESCs and hiPSCs, independent of any extracellular matrices or
scaffolds [53]. Shafa and colleagues [54] reported promising results of
reprogramming mouse embryonic fibroblasts (MEFs) in stirred
suspension bioreactors. They proved that this process could be
successfully conducted on a larger scale while maintaining high
expression of pluripotency markers of reprogrammed cells.

It is important to evaluate the translationabilty of scalable or
expanded cells. It was reported that hESC-derived chondrocytes,
cultured in HA-based hydrogel, maintain long-term ability to repair of
critical-sized osteochondral defects in rat, with no evidence of
tumorigenicity [55]. Alfred and co-workers [56] developed serum-free
protocols for the production of murine stem cell-derived osteoblasts
and chondrocytes for large-scale using CultiSpher S microcarriers in
stirred suspension bioreactors. CultiSpher S is a biodegradable
microcarrier that provides suitable environment for stem cell
expansion and differentiation. Moreover, in this study the stem cell
derived-cells did not reveal the tumorigenic risk in a mouse fracture
model. In the other study, the usefulness of murine iPSCs in cartilage-
repair therapies was demonstrated [57]. After initial chondrogenic
differentiation, iPSCs were treated with type II collagen-driven green
fluorescent protein (GFP) and the GFP positive cells were seeded onto
1% agarose, delivered to the defect and chondrogenic differentiation
was successfully performed for 21 days.

Craft et al. [58] demonstrated that the manipulation of appropriate
signal pathways of mouse ESCs, allows obtaining both hypertrophic
and non-hypertrophic chondrocyte populations. In this experiment
chondrocyte populations were able to form cartilage-like tissue in vitro
and support cartilage tissue phenotype within niche of
immunodeficient recipients in vivo. In vitro cartilage tissue
engineering models help to investigate the oncogenic risk and identify
abnormal human iPSCs lines without taking advantage of animal
transplantation experiments [59]. The translationability of pluripotent
stem cells is still an emerging field, therefore further investigations are
necessary. The reprogramming is currently carried out throughout
genetic modifications, including the use of viral vectors. Therefore,
iPSC lines are not in clinical use, because of their tumorigenic
potential and the ethical issues involved.

Scale-up mesenchymal stem cell culture
For clinical applications, efficient and high-yield methods of scale-

up culture for adherent MSCs have been developed. Chen et al. [60]
performed a 6-day experiment with the use of Myelocult medium
containing a combination of supplementary factors and Augst et al.
[61] in a three-week experiment in a rotating bioreactor demonstrated
the ability of hMSCs to undergo chondrogenic differentiation. The
cells were cultured on silk scaffolds characterized by high
biocompatibility, slow degradation and the potential to generate
structure of desired porosity and mechanical properties. Zhang et al.
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[62] demonstrated that culture of MSCs in a Biaxial Rotating (BXR)
bioreactor provides satisfying results. The human fetal mesenchymal
stem cells (hfMSCs) seeded onto macroporous polycaprolactone/tri-
calcium phosphate (PCL-TCP) scaffolds in the BXR bioreactor,
showed better cellular proliferation and osteogenic induction
compared with other bioreactors such as spinner flask bioreactor,
perfusion bioreactor or rotating wall vessel bioreactor [62]. The MSC
proliferation profile was evaluated in a microcarrier-based stirred
bioreactor. It has been shown that Cultispher-S is the most efficient
microcarrier for the MSC expansion. The enhanced cell proliferation
or chondrogenic differentiation can also be achieved by manipulation
of actin organization within the cells. Cytopore-2 promotes
chondrogenesis throughout the disorganization of actin forms [63].
Another example is the xenogeneic-free microcarrier–based bone
marrow MSCs culture [64]. The controlled stirred-tank bioreactor-
base culture was conducted for 7 days. In this experiment the cell
growth under different Airsat and various modes of operation reached
practically the same level. Schirmaier and colleagues [65] achieved
maximum living cell densities in stirred single-use bioreactors under
low-serum conditions on both benchtop and pilot scales. Moreover,
the maximum cell densities were reached 4 to 7 days earlier than those
reported by other research groups [65].

Over the last decade the therapeutic use of MSCs in injuries and
osteodegenerative disorders was intensively investigated. Different
types of MSCs including bone marrow-derived MSCs, adipose-derived
MSCs, umbilical cord blood MSCs and peripheral blood MSCs have
been studied. MSCs were injected into the injured knee of the rat in
order to verify their regenerative properties and it was found that the
GFP positive MSCs contributed to regeneration of the intraarticular
cartilage injuries [66]. Valonen et al. [67] obtained mechanically
functional cartilage grafts from adult mesenchymal stem cells based on
3D-woven poly(ε-caprolactone) (PCL) scaffold. It was shown that
production of tissue engineered cartilage constructs in the oscillating
bioreactor was faster in comparison with the static dishes, while the
features characteristic for articular cartilage, such as an expression of
collagen II, was maintained. Polycaprolactone- tricalcium phosphate
(PCL-TP) as a composite scaffold was also investigated in animal
models [68,69]. In the investigation of cartilaginous repair, an ex vivo
model of cartilage defect was also examined. For this purpose, the
addition of chondrogenic cytokines and transfection of growth factors
genes to MSCs was studied. It is worth mentioning that cartilage
regeneration in osteochondral and chondral defects with the use of
MSCs transfected with the TGF-β-gene was more effective in contrast
to non-transfected MSCs. This phenomenon might be caused by
diffusion of TGF-β3 molecules form the transfected cells to the
medium [70]. Swine bone marrow-derived mesenchymal stem cells
were successfully differentiated into chondrocytes, and then were
seeded onto a three dimensional PGA-derived scaffold to construct
cartilage. This two-step procedure resulted in the formation of the
mature cartilage that was implanted subcutaneously into nude mice.
The use of this procedure facilitates stable chondrogenesis in vivo [71].
The investigations of Thorpe et al. [72] revealed the importance of
oxygen tension in cartilaginous tissue engineering of MSCs seeded
onto hydrogels. The control of the depth of developing constructs and
oxygen level was achieved by application of dynamic compression and
confinement of constructs, the principal parameter being the depth of
the constructs. The latest achievement in the translational field is the
creation of the functional human cartilage from MSCs. It was achieved
by imitation of the mesenchymal condensation occurring during
chondrogenesis. The creation of condensed mesenchymal cell bodies

and their fusion into homogenous aggregates gives rise to well-
differentiated cartilage. Its functionality was confirmed in a cartilage
defect model [73].

Currently Orth et al. [74] collected and reviewed literature (17
publications) concerning the use of stem cell-based therapy of knee
injuries. Patients were subjected to surgery, or in some cases joint
injection, and mostly BMSCs or PBMSCs, were implanted. The
number of cases ranged from 1 to 70 and the time of observation from
several months to 6 years. In almost all cases clinical improvement was
observed and either hyaline-like of fibrocartilaginous cartilage was
obtained. In treatment of OA, mostly BMCs or ASCs were used.
Patients overcome knee injection and in one of the cases surgical
procedure. The results were described in 9 publications and the
number of patients ranged from 1 to 25 and the time of observation
ranged from 3 to 24 months. Similarly to the treatment of injuries, OA
therapy using stem cells result in clinical improvement. In one of the
publication hyaline-like tissue was observed. This clearly indicates that
in the nearest future treatment of articular knee injuries, but also OA
therapy by surgical means, will be dominated by the use of stem cells.

Mesenchymal stem cells obtained from dental pulp (dental pulp
stems cells, DPSCs) seem to be an interesting alternative, since their
multipotency is comparable with the differentiation abilities of bone
marrow mesenchymal stem cells. Moreover, DPSCs demonstrate
better proliferation rate and availability represented by greater cell
number [75]. Nevertheless, there are only few clinical trials
investigating human tissue regeneration [76].

Good Manufacturing Practice (GMP)
European law requires cell-based medical components to be

produced in accordance with the Good Manufacturing Practice
(GMP) [77]. More precisely, products in compliance with GMP should
include the highest standards of sterility, quality control, and
documentation, following a standard operating procedure (SOP), at
each phase of production from cell isolation to freezing and storage
[78,79]. The human pluripotent stem cell-derived products must be
developed under well-defined conditions, ensuring the maintenance of
pluripotency and/or differentiation of the original stem cells [80].

Another significant point is establishing the animal-free culture
system. The use of animal-derived research-grade products might
constitute a risk of infecting the cells with animal pathogens or might
cause rejection the product after transplantation. Especially, the
nonhuman sialic acid Neu5Gc molecules secreted by feeder cells may
contribute to the rejection [81]. Human bone marrow- and adipose-
derived MSCs were effectively expanded in serum-free and xeno-free
culture medium (SFM-XF), and their capacity to differentiate into
adipogenic, chondrogenic or osteogenic lineages was preserved [82].
Animal-free hESC pluripotency can be maintained by their
encapsulation in calcium alginate hydrogels and their growth in basic
medium is retained [83]. Ohmine et al. [84] investigated the
generation of iPSCs from mobilized hematopoietic progenitor cells
(HPCs) and immobilized peripheral blood mononuclear cells
(PBMCs) under the GMP-compliant process. The protocol established
by this research group offers a promising procedure for future clinical
application. It has also been reported, that the derivation of hiPSCs
from adult dermal fibroblasts according to the demands of GMP can
be attained. For this purpose, chemically defined, feeder was used and
the exogenous DNA-free protocol was established [85].
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The products used for medical purposes must meet two basic
conditions: (i) derivation of cells and cell products under GMP
instructions and (ii) manipulation of cells or cell products according to
GMP requirements [86]. Obtaining iPSCs and iPSC-derived products
according to GMP standards will be possible in the near future, but
this requires further investigations.

Conclusions
Implementation of the laboratory results into a manufacturing

process is one of the most challenging steps in a large-scale production
of cell-based therapeutics. Stem cell bioprocessing is a very promising
field of research; therefore, it is rapidly expanding. Unfortunately,
achievements on the laboratory scale do not guarantee
implementation of identical protocols on a larger scale, to say nothing
of their application in clinical medicine. Stem cell cultures on the
benchtop and on a larger scale are not easily comparable, because the
culture conditions and stem cell behavior are dissimilar. Moreover,
cell-based medical products must be created in accordance with GMP
at each stage of production. This requires very restrictive standards
and compliance with high quality. The main problem is that
application of bioprocesses on a clinical scale, according to the GMP
standards, considerably raises the costs.

The expansion and differentiation of stem cells in an integrated
bioreactor seems to be very tempting approach. In particular, the
production of mature chondrocytes or chondroprogenitor cells from
stem cells on a large scale would reveal unlimited treatment options in
cell-based therapy of musculoskeletal diseases. The iPSCs, because of
their self-renewal and pluripotency, are believed to be the best
candidates for chondrocyte production on a clinical scale. However,
many issues must still be taken into consideration, such as: the safety
of reprogrammed cells, their efficient expansion and the effective
chondrogenic differentiation. All of these steps should be scalable, and
should meet GMP demands, but will require further efforts, which no
doubt will advance research in this field.
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