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Due to the considerable environmental impact and the controversial animal welfare
associated with industrial meat production, combined with the ever-increasing global
population and demand for meat products, sustainable production alternatives are
indispensable. In 2013, the world’s first laboratory grown hamburger made from cultured
muscle cells was developed. However, coming at a price of $300.000, and being
produced manually, substantial effort is still required to reach sustainable large-scale
production. One of the main challenges is scalability. Microcarriers (MCs), offering a
large surface/volume ratio, are the most promising candidates for upscaling muscle cell
culture. However, although many MCs have been developed for cell lines and stem cells
typically used in the medical field, none have been specifically developed for muscle
stem cells and meat production. This paper aims to discuss the MCs’ design criteria
for skeletal muscle cell proliferation and subsequently for meat production based on
three scenarios: (1) MCs are serving only as a temporary substrate for cell attachment
and proliferation and therefore they need to be separated from the cells at some stage
of the bioprocess, (2) MCs serve as a temporary substrate for cell proliferation but
are degraded or dissolved during the bioprocess, and (3) MCs are embedded in the
final product and therefore need to be edible. The particularities of each of these three
bioprocesses will be discussed from the perspective of MCs as well as the feasibility of
a one-step bioprocess. Each scenario presents advantages and drawbacks, which are
discussed in detail, nevertheless the third scenario appears to be the most promising
one for a production process. Indeed, using an edible material can limit or completely
eliminate dissociation/degradation/separation steps and even promote organoleptic
qualities when embedded in the final product. Edible microcarriers could also be used
as a temporary substrate similarly to scenarios 1 and 2, which would limit the risk of
non-edible residues.

Keywords: cultivated meat, clean meat, bovine myoblasts, satellite cells, bioprocessing, microbeads,
cell expansion

INTRODUCTION

The livestock sector is responsible for 18% of greenhouse gas emissions, 8% of human water
consumption and contributes to water, air and soil pollution (1). Taking into account the predicted
global population increase for 2050 (2) and the ever increasing meat consumption (3), sustainable
alternatives are urgently needed. Since the first laboratory grown hamburger in 2013, research
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on cultured meat has taken off all around the world. Its
potential to reduce the environmental impact and eliminate the
controversial treatment of animals (4) associated with industrial
meat production has attracted a vast interest. Different life cycle
analyses for cultured meat production have been theorized.
MatticKs et al. (5) study presents significant differences between
different types of meat. For instance, pork and poultry produced
by cellular agriculture technology would lead to higher global
warming potential, whereas beef would lead to a lower impact (5).
Other long-term, worst case scenario models predict an initially
greater peak warming due to cattle as opposed to cultured meat,
but a higher warming effect of cultured meat in the long run,
due to the different way that CO, and CHy gases accumulate
in the atmosphere. However, these studies use current methods
of energy production in their models not taking into account
potential energy decarbonization for the next 1,000 years (6).
Smetana’s et al. (7) study also shows a direct link between
environmental impact and method of energy production, as
cultured meat processing is highly energy dependent (7). It is
therefore possible that innovation in the energy field will result
in decarbonization of energy and thus lead to a more sustainable
process than the one expected by the less optimistic models.
Cultured meat also has the possibility to improve consumer
health and nutrition by tailoring product composition (8) and
to reduce zoonotic contamination by working under controlled
atmosphere, compared to poor handling and hygiene in animal
farming (9, 10). However, mainly due to the astronomical
production costs, substantial effort is still required to reach
sustainable and cost-effective large-scale production.

Several methods of producing cultured meat have been
proposed and different cell types have been considered, including
embryonic stem cells (ESCs), induced pluripotent stem cells
(IPSCs), mesenchymal stem cells (MSCs) and satellite cells
(SCs) (8, 11-13), The latter, also called bovine muscle stem
cells, seem the most straight-forward, suitable candidates for
this purpose. They are mononuclear cells which can be found
between the basal membrane and the sarcolemma of nearby
muscle fibers in mammalian’s skeletal muscles (14). They are
involved in skeletal muscle regeneration and have the ability
to proliferate while keeping their stemness and, when specific
signaling pathways are activated, they can differentiate into

muscle cells. As opposed to IPSCs, MSCs, and ESCs which can
differentiate into different lineages, SCs can only differentiate into
myocytes, thus facilitating the whole bioprocess.

The production of cultured meat from SCs is a simple concept
which can be briefly described in four steps: (1) satellite cell
isolation (2) expansion, (3) differentiation, and (4) assembly of
muscle fibers (Figure 1).

Methods and protocols for the identification and isolation
of SCs, have already been widely described and only a few
milligrams of muscle are now required to isolate a sufficient
amount of cells to start a culture (15, 16).

Once SCs are isolated, they need to be expanded in-vitro
to achieve large cell numbers. SCs are adherent cells, meaning
that they need a surface, mimicking an extracellular matrix,
for attachment. Flat plastic surfaces coated with a hydrogel
are commonly used in satellite cell culture (15, 17). When the
required amount of cells is achieved, the differentiation process is
initiated. During this step, cells fuse to form myotubes and start
expressing proteins characteristic to functional myocytes.

Cell culture with current conventional planar culture systems,
presents significant limitations related to their low surface to
volume ratio, the lack of pH, gas and metabolite concentration
control and is therefore not scalable (18, 19). As a consequence,
it is only possible to produce up to 10'! cells with these methods
(20). Large-scale production requires generation of a significantly
higher amount of cells (10'2-10'3 cells corresponding to 10-
100kg of meat) while using limited space, time, amount of
resources and requiring minimal handling (21). This review aims
to discuss the possibility of upscaling cultured meat production
with the use of microcarriers, taking into consideration
the specific requirements of satellite cells and the specific
requirements deriving from the fact that the product needs to be
suitable for consumption. The feasibility of a one-step bioprocess
will also be discussed.

SCALABILITY OF SC CULTURE THROUGH
THE USE OF MCs

To address the issue of scalability, three techniques are commonly
used for the culture of adherent mammalian cells: (1) culture

Isolation

Biopsy

—

Differentiation

Expansion Assembly

FIGURE 1 | Main steps required for production of cultured meat from an animal biopsy. A muscle biopsy is performed on a living animal. Satellite cells (SCs) are then
isolated and subsequently expanded. When a sufficient quantity of cells is obtained, differentiation of SCs is induced. This includes cell fusion and myotube formation.
The formed myotubes start producing proteins to form functional myocytes which can be then assembled with known food processing methods (mixing, molding) to
form cultured meat (lllustrations have been taken from Servier Medical Art licensed under a Creative Commons Attribution 3.0 Unported License).
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in aggregates, (2) culture in fixed bed reactors, and (3) culture
on microcarriers (MCs). Culture in aggregates consists in the
formation of clumps of cells that grow in 3D and serve as anchors
for their neighbors (21), whereas MCs are beads composed of
various materials, porosities and topographies which provide
a surface for anchorage-dependent cells to adhere to McKee
and Chaudhry (22). Although very high achieved cell densities
have been reported with aggregates (23-25) and in theory, a
3D environment closer to the native environment of the cells is
provided, this technique offers little control of aggregates size,
resulting in nutrients’ and O, gradients inside the aggregates and
necrotic cores (22, 26). There are a few reports referring to the
aggregate culture of myogenic cells (27-29). However, these were
performed with the purpose of sustaining their in vitro culture
rather than for cell proliferation (doubling times of > 150h)
and were undertaken in static conditions. In addition, Aguanno
et al. (30) showed that C2C12 cells cultured in suspension form
aggregates that produce extracellular matrix and express markers
of quiescent satellite cells, which does not meet the requirement
for proliferation (30).

MCs, offering a large surface/volume ratio, are the
most promising candidates for upscaling. The suspended
microcarriers in the medium offer a 3D culture environment,
but the cells still grow on a 2D surface, albeit that the strong
curvature of bead surface does affect cell attachment and growth
(31-33). Still, the translation from the traditional monolayer
culture to a suspension culture is smoother, since the micro-
environment of the cells essentially remains the same. They also
allow for flexibility in terms of the type of vessel that can be
used for scaling-up. Depending on their buoyancy and density,
they can be used in stirred-tank, fluidized bed, packed bed
and aerated reactors which are commonly used for scaling-up
chemical processes and have also been successfully applied
to bioprocesses. Microcarrier based bioprocesses also have
the advantage of being easier to control and monitor, when
compared to fixed bed bioreactor cultures (e.g., hollow fiber or
multi-plate), resulting in quality and consistency of the products,
as well as cost reduction (34). Lastly, a significant advantage of
MC based cultures is that the growth surface provided to the
cells can be increased by simply adding new MCs to the culture,
as it has been established that cells are able to migrate from bead
to bead and populate newly added microcarriers (35-39). This
phenomenon, commonly referred to as “bead to bead transfer,”
can be explained by two main mechanisms: cells detaching from
a confluent MC and reattaching onto other MCs, or cells forming
bridges between MCs upon collision (40). It has been shown that
successively transferring a small proportion of near-confluent
MCs (10-25%) into a new vessel loaded with fresh MCs leads to a
decrease of lag phase and an increase of the overall yield (35, 38).
Even if using MCs can lead to the formation of cell-loaded MCs
aggregates that can inhibit proliferation, adding fresh MCs in
combination with adapted agitation have been shown to reduce
MCs aggregation (41-43). Although different techniques, such
as intermittent stirring, have been implemented to enhance cell
transfer and limit clumping of MCs, no robust method for SCs
has been reported so far. Since satellite cells do not produce that
much ECM as MSCs, which are the cells typically to be reported

to be cultured on microcarriers, aggregation of microcarriers is
not expected to be a major issue when culturing satellite cells on
microcarriers. In our hands, aggregation of microcarriers was less
of a problem in the case of satellite cells than has been reported
for MSCs (unpublished observations) and indeed, Verbruggen
et al., only report aggregation occurring in a microcarrier based
culture of satellite cells, when the cell density reaches confluence;
when new surface area is introduced to the culture by new
microcarrier addition, aggregation abates (39).

Since the first introduction of the MC concept for the culture
of adherent cells in 1967 (44), many MCs have been developed
and commercialized. Many of them have been discontinued for
various reasons, an up to date list with the currently commercially
available ones is presented on Supplementary Table 1. MCs have
been mostly used for the expansion of cells producing molecules
of interest (e.g., monoclonal antibodies, vaccines, proteins) (45)
but usually not with the purpose of using the cells as the final
product. However, with the latest progress in the field of cell
and gene therapy, many efforts (46-51) have been invested in
developing MCs for the culture of human stem cells for cell
therapies. However, none have been specifically developed for
myoblast expansion or meat production.

Microcarriers to be used for meat production should comply
with food regulations while also offering an optimal topography
and surface chemistry for the target cell type, in this case bovine
myoblasts. Ideally, they should also be animal-free to serve the
purpose of eliminating the use of animal products throughout the
production of cultured meat.

MCs could also serve as nutrient carriers. Essential and/or
unstable growth factors, amino acids and nutrients could be
loaded and controllably-released from the MC’s core, to meet
SCs’ nutrients demand. This would help reduce the number
of medium exchange steps and thus the risk of cell loss or
contamination. Perez et al., have succeeded in loading sol-gel
derived bioactive glass MCs with basic fibroblast growth factor
(FGF-2) and cytochrome c¢ protein, which were sustainably
released over a period of several weeks. Mesenchymal stem cells
adhered and proliferated to significantly higher levels on the
FGF-2 loaded microcarriers when compared to the control (52).
Micro-encapsulation and sustained release of bioactive molecules
is a field vastly researched for food applications (53, 54) and
the same principles can apply for microcarrier based cell culture
for meat production. Temperature and pH cues can also be
applied to control the in vitro release kinetics from loaded
microcarriers (55, 56).

BASIC REQUIREMENTS FOR SC
ADHESION AND PROLIFERATION ON MCs

Like most mammalian cells SCs are anchorage dependent,
hence, cell attachment onto MCs’ surfaces is a prerequisite. Cell
attachment is a crucial parameter which influences the whole
process as a low attachment efficiency will lead to a low expansion
yield (57). Cell attachment involves interaction between several
cell adhesion molecules (CAMs) and substrates on the surface of
the microcarrier (Figure 2) (58).
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The integrin family is the main surface receptor family
regulating cell adherence (19). They are heterodimeric
glycoproteins composed of « and B subunits, each with
numerous isoforms (59) and, depending on the subunits
expressed, integrins bind to different proteins; for instance
a1B1 has a specific affinity to collagen, asf8; to fibronectin
and ayfB3 to vitronectin (60). SCs express on their basal
surface different integrins, including o7, integrins that bind
specifically to laminin (61). In order to enhance cell attachment
and proliferation, many efforts have been dedicated to the
modification of MCs properties and seeding optimization. Four
main strategies are shown in Figure 3.

Coating of the MC surface with extracellular matrix (ECM)
proteins, such as collagen, laminin, fibronectin or vitronectin

) cen

FA proteins
Cell attachment P
@  Actin

Integrins

Spreading

FA formation

Mechano-
transduction

\@a}ﬁﬂm}ﬁf ;

FIGURE 2 | Main steps and molecules involved in cell adhesion to matrix. Cell
surface receptors (mostly integrins) interact with specific molecules of the
matrix, leading to attachment and spreading of the cell. Attachment is then
enhanced through the interaction of focal adhesion (FA) proteins and integrins.
Finally, a rearrangement of the cytoskeleton occurs which leads to spreading
of the cell over the surface (56) (lllustrations from Goldmann et al. have been
recreated with Servier Medical Art, licensed under a Creative Commons
Attribution 3.0 Unported License).

(62) is a widely applied method for the enhancement of cell
attachment on MCs. These proteins contain a specific amino
acid sequence, so called RGD (for Arginine-Glycine-Aspartate),
which is one of the main domains responsible for cell adhesion
(19, 63). Using ECM proteins not only has the advantage of
enhancing cell attachment, but also provides a more in-vivo like
environment, resulting in the maintenance of cell functionality
and differentiation capacity (19). Wilshut et al. compared
attachment, proliferation and differentiation of porcine SCs on
several adhesion proteins including Matrigel, gelatin, collagen-1,
fibronectin and laminin. Fibronectin and laminin were shown to
be more effective in enhancing cell attachment, while laminin and
Matrigel provided optimal proliferation and differentiation (64).
Dodson et al. performed a similar work with ovine SCs on gelatin,
collagen-1, collagen-4, fibronectin, laminin, poly-L-lysine and
poly-D-lysine. Best attachment was obtained with fibronectin,
whereas optimal proliferation and differentiation were obtained
with gelatin (65). Laminin has also been shown to promote cell
migration (66) and myoblast proliferation (67). Besides, it has
been shown that in vivo, the SCs are in contact with the basal
membrane of skeletal muscle cells which consists of type IV
collagen, laminin, entactin, fibronectin and glycosaminoglycans,
such as perlecan (68). Taking into consideration these results
and the fact that SCs express laminin (61) and fibronectin
receptors (69), the use of laminin or fibronectin as a coating
would be promising for enhancing cell attachment as well
as proliferation and differentiation. Likewise, the use of other
proteins containing the RGD peptide are also promising. Instead
of protein coated MCs, conditioning of uncoated microcarriers
in a protein containing medium before inoculation can also be
effective through adsorption of the protein molecules on the MCs
surface (70, 71).

Modification of the MC’s surface properties, such as surface
charge and hydrophilicity can be achieved by incorporating
chemical groups, e.g., amino groups (-NH;) or carboxyl groups
(-COOH) (19). How surface charge and hydrophilicity influence
cell behavior has not been studied in depth, but there is empirical
consensus that these factors significantly affect cell attachment
and behavior (72). The surface of mammalian cells is known
to be negatively charged (73), and therefore, modifications
leading to a positively charged surface seem promising. Indeed,
Chen et al. (62) observed a lower attachment efficiency of
hESCs onto negatively charged compared to positively charged

Chemical Coatng

modification

* Hydrophilicity
*Charge

* ECM proteins
* Recombinant proteins
* Synthetic (chemicals)

FIGURE 3 | Main variables affecting cell attachment and growth onto MCs.
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MCs. Similarly, a better attachment on positively compared to
negatively charged surfaces was observed by Schneider et al., Lee
et al. for a variety of cell types (74-76). Satellite cells have also
been shown to successfully attach and grow on positively charged
Cytodex 1 microcarriers (39).

Regarding  hydrophilicity/hydrophobicity, it is well-
established that slightly hydrophilic surfaces lead to better
cell attachment (76-79) than hydrophobic (>90°) and
superhydrophobic (>150° contact angle) surfaces that have
been shown to inhibit mammalian cell adhesion (80). This
is mainly due to the fact that hydrophilic surfaces allow for
better protein adsorption (81, 82). A super hydrophilic surface
of <10° contact angle has also been reported to support
CHO cell attachment, however since protein adsorption to
superhydrophilic surfaces is very low, the cell attachment in
this case can happen only if the cells can directly adhere to
the surface chemical groups (83, 84). It becomes clear that,
when evaluating the surface chemistry for cell attachment,
cell-surface, protein-surface as well as protein-cell interactions
should be carefully investigated. For example, Papenburg et al.
have observed a better proliferation of C2C12 cells on a more
hydrophilic surface, however neither direct correlation between
surface wettability and total protein adsorbed nor between total
protein adsorbed and cell attachment has been reported. More
specifically, cell attachment might be indirectly affected by the
wettability through a specific protein ratio adsorbed as well as the
conformation of the adsorbed protein. Surfaces presenting both
hydrophilic and hydrophobic domains might be preferable for
adsorbing different groups of proteins, whereas a mono-phase
surface might select a specific kind of protein (85). The degree
of adsorption should also be carefully controlled as a weak
protein adsorption could result in a lack of binding sites for cell
interaction and a strong protein adsorption might affect their
conformation. As a general conclusion, it has been shown that
surfaces with a moderate hydrophilicity lead to optimal protein
adsorption in terms of amount and conformation, and thus
optimal attachment and proliferation (84). There is no reason
to suspect that satellite cells would behave very differently from
other mammalian cells in this context, and therefore, the use of
a positively charged with moderately hydrophilic MC surface
should favor satellite cell adhesion.

Modification of the physical properties of MCs, such as shape,
size, stiffness, elasticity, topography and roughness can also be
tuned to enhance satellite cell attachment and proliferation. The
definition of an optimal range of these physical properties for
this specific cell type is challenging. Stiftness, for instance, is
a critical parameter for adherent cell as it can influence cell
adhesion (86), protein expression, cytoskeleton modification (87)
as well as cell viability (88). Gilbert et al. observed higher
engraftment efficiency of SCs when cultured on a poly-ethylene
glycol (PEG) gel of muscle-like stiffness (~12 kPa) compared
to tissue culture plastic (89). Boonen et al. also observed
higher growth rates and sustained proliferation of primary
myoblasts on a surface with an elastic modulus of 21 kPa
when compared to softer (3 kPa) or stiffer (80 kPa) surfaces
(90). It has also been reported that increasing the stiffness
from 0.5 to 2 kPa leads to activation/proliferation of mouse

myoblasts, whereas at 18 kPa differentiation was induced (91).
These findings are in accordance with reported results of 11.5
=+ 1.3 kPa stiffness reported for undifferentiated C2C12 cells by
Collinsworth et al. (92) and therefore, results from the literature
suggest that MCs with a muscle-like stiffness of 2-12 kPa could
be beneficial for satellite cell expansion. In order to achieve a
desired stiffness, tunable hydrogels have been developed (71)
which can offer solutions for controlling satellite cell attachment
and proliferation.

Surface topography is another important parameter that
affects attachment, proliferation and differentiation of muscle
cells. C2C12 cells cultured on a micropatterned surface including
pillars showed better cell attachment whereas proliferation and
spreading were higher on non-patterned surfaces (85). Better
proliferation of C2C12 cells on a randomly oriented nanofibers
was observed than on aligned ones, nevertheless, a better fusion
and alignment of myoblasts was observed on the latter (93).
There is consensus that nanofibrous surfaces, by mimicking the
extracellular matrix (ECM), are promoting cell attachment and
proliferation (94). In addition to topography, curvature should
also be carefully defined since it has been shown to affect the
speed (32) as well as the direction and the persistence of hMSCs
migration (33). Although other studies have also reported effects
of curvature on several cell types including fibroblasts (31, 95),
osteoblastic cells (96, 97) and MSCs (31-33), there is a lack of
information regarding satellite cells, thus further investigation
is still needed. With the increasing development of tools for
the fabrication of micro-curved surfaces, more systematic and
precise studies should be possible (98).

The size of MCs has also been shown to affect cell behavior.
Schmidt et al. reported better cell attachment on larger MCs
(1,500 and 3,000 m) compared to smaller MCs (500 m). In
contrast, a higher growth rate was observed on smaller MCs
due to increase in shear stress on the larger ones (99, 100).
Nevertheless, the MC diameter should not be <100pum as
most adherent-dependent cells fail to develop their normal
morphology and multiply well on sharply curved surfaces
(62, 101). It is worth noting here that the development
and tailoring of MCs properties for a specific cell type can
be very challenging, as traditional material characterization
methods used for stiffness, elasticity, topography and roughness
measurements are difficult to translate from planar systems to
spherical microparticles (19, 100).

Lastly, optimization of the seeding conditions (inoculum
and operating parameters) is another way of improving cell
attachment (19). The inoculum can be either in the form or
single cells or cell clumps, but a few groups have reported
that the use of cell clumps leads to heterogeneous distribution
of cells onto MCs, resulting in variability in attachment yields
(102, 103). There are also discrepancies in the literature (104-
107) regarding the optimal cell number per MC to be seeded,
that might be traced back to differences in cell types, similar
to differences in optimal seeding density on planar systems. On
planar culture systems, myoblasts have been cultured at different
seeding densities, ranging from 100 to 10,000 cells/cm?, with
the latter leading to higher growth rate (108). It has to be
noted that MCs are often seeded at a slightly higher density
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than on planar systems, to account for potential losses due to
non-attachment (71).

Operational parameters during inoculation also affect cell
attachment. The use of dynamic conditions showed positive
effect on cell attachment and distribution by increasing cell-
MCs contacts (19, 48). However, the seeding density as well
as initial MC concentration should be carefully assessed, as
cell growth can be negatively affected due to particle collisions
(109) and nutrient concentration gradients cause by diffusion
limitations (110). Implementing intermittent stirring has also
been reported as an efficient strategy and has been widely used
for the expansion of stem cells (111-114). Lastly, the bioreactor
should also be designed in such a way that shear stress is limited
and mixing maximized.

For large scale production, the efficiency of the microcarrier
culture, measured as volumetric productivity is an important
parameter that needs to be taken into consideration. As
microcarriers come in different sizes, shapes and materials, they
provide different surface areas per weight and swelling properties.
This results in different values of maximum surface area per
mL of medium that can be reached with a given MC, defining
the maximum volumetric productivity, which is the ultimate
efficiency parameter to be carefully considered when up-scaling.

SCENARIO SPECIFIC CONSIDERATIONS

Potential attributes of MCs to be used for meat production are
reviewed below and are divided based on three different scenarios
(Figure 4): (1) MCs are serving only as a temporary substrate

for cell attachment and proliferation and therefore they need to
be separated from the cells at some stage of the bioprocess, (2)
MCs serve as a temporary substrate for cell proliferation but are
degraded or dissolved during the bioprocess, and (3) MCs are
embedded in the final product and therefore need to be edible.

Scenario 1: Temporary Microcarriers for
SC Proliferation

When microcarriers are used for as temporary substrates for SCs
expansion, they need to be removed at the end of the process.
There are two important prerequisites in this case: MCs need
to (1) provide a high detachment yield (2) and also be easy to
separate from the cells.

Dissociation

The dissociation of SCs from microcarriers has been shown
to be challenging (39, 115). Strategies based on chemical,
mechanical and thermal principles have been developed to detach
other cell types from MCs while maintaining cell viability,
proliferation and differentiation capacity. Chemical detachment
consists of enzymatic and non-enzymatic dissociation of cells.
The enzymatic detachment is based on proteases, which have
the ability to split bonds between amino acids involved in
cell attachment, also a very commonly dissociation process
used in planar cultures. Proteases are generally used in
combination with chelating agents for Ca?" that reduce the
ionic strength required for cell binding. The specifics of this
protocol are highly dependent on the microcarriers, cells
and enzymes used (116, 117). To achieve an animal-free
production process, animal-derived proteases can be replaced
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Requirements (attachment, growth, differentiation)

5 |

2
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©
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FIGURE 4 | Process requirements and variables for MC based bioprocesses in three scenarios: (1) MCs are serving as a temporary substrate for cell attachment and
proliferation and therefore they need to be separated from the cells at some stage of the bioprocess, (2) MCs serve as a temporary substrate for cell proliferation but
are degraded or dissolved during the bioprocess, and (3) MCs are embedded in the final product and therefore need to be edible.
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by recombinant enzymes which have already been proven to
efficiently recover cells with high viability while maintaining
proliferation and differentiation capacities (118, 119). However,
the use of proteases may also lead to proteome (120) and
chromatin structure modification (121) which could impact cell
stability and subsequent differentiation. For this reason, non-
enzymatic techniques have also been researched. Non-enzymatic
dissociation agents, such as dextransulphate, N-acetyl-L-cysteine
and dithiothreitol, are mimicking enzyme activity that cleaves or
degrades MCs coating, if present and have been successfully used
for cell detachment from microcarriers.

Mechanical forces are also being used for the detachment of
cells from MCs. Katayama et al. showed that pipetting can lead
to detachment of epidermal basal cells from Cytodex 3 without
the need of trypsin. Rafiq et al., also demonstrated the efficiency
of combining the use of trypsin-EDTA with high agitation for the
detachment of hMSCs cultured on P102-L MCs (71). Following
this, Nienow et al. developed a detailed dissociation protocol
based on the Kolmogorovs microscale of turbulence which
dictates that to avoid cell damage during dissociation, the size
of the biological entity (either the MC size when the cells are
attached or the cell size when the cells have detached) has to be
smaller than the Kolmogorov scale (\K) (122). With this method,
they successfully detached hMSCs from two types of MCs using
different bioreactors, medium and enzymes (123). Spier et al. on
the other hand, have demonstrated successful detachment and
a 90% cell recovery using a vessel with a vibrating plate, which
facilitates cell detachment (124). If those techniques would be
applicable to SCs is unknown.

The thermal responsivity that certain materials exhibit has
also been used to optimize cell detachment from MCs. Thermo-
responsive materials have the ability to undergo a discontinuous
phase transition and/or morphological modification in response
to a variation of temperature (125). By decreasing temperature
below the low critical solution temperature (LCST) of the
material, the MCs surface becomes very hydrophilic (contact
angle < 10) leading to cell detachment (126, 127). Many
thermo-responsive materials have been used in 2D culture
of cells including pluronic (128), an elastin-like polypeptide
(129, 130), methylcellulose (50, 126, 131), xyloglucan (132)
and hydroxybutyl chitosan (133-136). However, due to its
quick phase transition and its LCST at around 32°C, Poly(N-
isopropylacrylamide) (PNIPAAm) has retained the most
attention so far for temperature induced cell detachment from
beads (49, 137-140). Although some researchers report that this
detachment method can be time-consuming or less efficient
than enzymatic methods (49), better cell viability and ECM
protein secretion, as well as better reattachment (141) have
been observed.

MCs could also be developed to be fully (core and shell)
thermo-responsive. For example, below its LCST (32°C),
PNIPAAm is soluble in water and can undergo a gel transition
phase above its LCT (126), thus it is theoretically possible to
release cells from MCs by collapsing the PNIPAAm gel into a
liquid solution.

In a similar way to thermo-responsive polymers, the unique
properties of pH, photo or electric current responsive polymers

can be harnessed to create smart microcarriers for cell
detachment from MCs, however, research on those materials is
still at early stages and sometimes difficult to combine with cell
culture, thus MCs with such responsivity have not been reported
yet (142).

Mechanical and thermal techniques present the advantage that
they do not require the use of any dissociation agents which
could potentially complicate regulatory requirements. Moreover,
chemical techniques require several washing steps before and
after dissociation which leads to higher processing times and
extensive manipulation of the culture. Usually, a combination
of two or even three of the above-mentioned techniques results
in lower processing times and tends to limit the side-effects of
each of these methods. However, still more in—depth research
is required to determine the hydrodynamic conditions in which
satellite cells can be detached from MCs without being damaged,
as well as to define an optimal combination of techniques for
their dissociation.

Lastly, liquid/liquid systems where the cells grow in the
interface of the two continuous phases has been demonstrated
and present the advantage of facile cell recovery after culture.
Several groups (143, 144) showed that mammalian cells can
grow in the interface of a fluorocarbon liquid and growth
medium. The formation of the two-phase system is based
on mutual insolubility and density difference between the
phases. Perfluorocarbons have also been successfully shaped in
microbeads in stirred-tank bioreactor systems. After the culture
period, the cells can be collected from the liquid interface, by
inducing coalescence of the emulsion droplets, by removing the
proteins that accumulate on their surface, or by centrifugation,
thus avoiding the use of proteolytic enzymes. Additionally,
fluorocarbon fluids can be oxygenated, allowing for better oxygen
transfer in high cell density cultures (145). However, the stirring
speeds required to initially prevent the perfluorocarbon particles
from coalescing and to resuspend them after sedimentation
(needed to replace medium for example) might be prohibitive for
some stem cell types.

Separation

Once cells have been detached from MCs, they then need to be
separated from them. Although many cell/medium separation
systems have been developed, only a few are meant to specifically
separate cell/MC suspensions. Commercial separation systems
are usually based on one of the following four principles:
filtration, centrifugation, inertia and magnetism. Dead-end
filtration systems have been widely used at small scale, for
example nylon filters with mesh sizes of 40-100 wm (111, 146,
147) and have also been developed for relatively larger scale (up
to 200 liters): However, as dead-end filtration is generally limited
by clogging of filters as the scale increases, more sophisticated
systems have prevailed at large scale application. Tangential
flow and alternate tangential flow filtration and as well as
continuous centrifugal separators are the most used systems,
currently. Recently, Moloudi et al. developed an inertia-based
device for cells/MCs separation. However, with a filtration rate of
30 ml/min, more efforts are still required to reach an industrially
relevant scale (148). Since all of these systems are based on MC
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size, specific gravity and shape, MCs need to be able to retain their
physical properties (integrity, shape, size, density) throughout the
culture period.

To overcome issues related to MCs heterogeneity or potential
loss of integrity during culture, magnetism can also be used as a
separation method. This requires the incorporation of magnetic
particles (made from iron, nickel, cobalt or their alloys) into the
MCs core. After dissociation of the cells from the surface of the
MCs, the introduction of a magnetic field separates the MCs from
the cells. This type of microcarriers have not yet been extensively
studied and their application has only been reported at a small
scale (50 mL culture) (149), however they do seem promising
in increasing control over medium exchanges and cell recovery
yields, as the challenge of efficiently separating MCs from cells
still remains. At present, usually high cell loss percentages are
reported by the end of the process, ranging from 15 to 25%
(150). On top of that, the risk of foreign material remaining
in the retrieved cell pellet and ending up in the food product
is high, as commonly, commercial MCs present quite a high
variability in size and densities and it is possible that they lose
their integrity during the bioprocess, rendering size exclusion
methods unsuitable.

The use of a liquid/liquid system or thermally induced
collapsing MCs offers significant advantages regarding
separation, as it simplifies cell recovery and purification,
which can be achieved through repeated washing and
centrifugation steps.

When MCs can be completely separated from cells, they
will serve as food contact materials, still requiring them to be
sufficiently inert so as to not affect consumer health or food
quality. Complete separation of non-edible, stable MCs could
lead to re-cycle or re-use strategies resulting in reduced waste
material and production costs.

Scenario 2: Non-edible, Degradable

Microcarriers

MCs can also serve as a temporary substrate for cell proliferation
but instead of being separated at the end of the process they
can be degraded at a prior stage. In this case, the dissociation
step can be replaced by a microcarrier degradation step to
obtain the single cell suspension. Degradation refers to a
chemical process that affects chemical composition as well as
physical parameters including chain conformation, molecular
weight, chain flexibility and cross-linking of a polymer (151).
Since the first dextran-based MC, diverse degradable materials
have been used for MC production, including polystyrene,
cellulose, collagen, gelatin, alginate, chitosan, poly (lactic-co-
glycolic acid) (PLGA), polylactide (PLA), or poly(e-caprolactone)
(PCL). Polymers used for their production can be either from
natural or synthetic origin, and depending on their properties,
they can be degraded in several ways. Degradation can be
classified in five categories, based on the factors inducing the
process: thermal, chemical, mechanical, photo and biological
degradation (151). Bio-chemical and thermal degradation of
polymers have been largely investigated in tissue engineering and
drug delivery systems, whereas mechanical or photo degradation

compatible with cell culture have not yet been reported in
the literature.

In the context of cell recovery, degradation of MCs needs
to be carefully controlled. The method should be selected in
order to be robust, quick (<few hours) and prevent any damage
or interaction of the SCs with the degradation products. In
addition, MCs’ physical properties should remain stable during
the expansion phase, as premature degradation of the material
will affect proliferation, gene and protein expression of cells as
well as the overall control of the bioprocess (152).

SCs have been successfully cultured in many biodegradable
hydrogels including alginate (59, 153), fibrin (154, 155), PEG
(91, 156), collagen (157) and polyacrylamide (158), however,
none of these studies were focused on developing a fast stimulus-
degradable material. Usually, a degradation rate matching the
tissue skeletal muscle regeneration rate (4-6 weeks) is aimed for
(159). Nevertheless, MCs composed of these materials, or of their
combinations, could be proven suitable temporary substrates
for relatively short duration, large-scale expansion of SCs and
stimulus-induced degradation. Accelerated degradation can be
achieved with the use of concentrated enzymatic solutions, pH
and temperature shifts, with or without concomitant application
of mechanical forces (151, 160).

Up to date, only one MC now commercialized by Corning,
has been developed with the purpose of being totally and rapidly
degraded for cell harvesting (161). It is made of crosslinked
polygalacturonic acid (PGA) and can be easily dissolved within
10-20 min using an EDTA solution, which destabilizes the
PGA crosslinking in combination with pectinase that digests
the polymer. Many other polymers including dextran, cellulose,
collagen, pectin or gelatin could be theoretically enzymatically
digested in a similar way. For instance, the dextran-based MC
Cytodex 1 has not been specifically developed to be degradable,
however Lindskog et al. have reported complete dissolution of
Cytodex 1 MCs using dextranase while maintaining high cell
viability (161). Similarly, the degradation of alginate, which is
generally slow in vivo, can be accelerated by the use of non-
enzymatic chemicals, such as citrate or phosphate. Specifically
Voo et al. have shown complete in vitro dissolution of 2% and
6% w/v alginate beads in 0.1 M phosphate-buffer solution (pH
7.4) at 37°C after 80 and 240 min, respectively (162). Thermo-
and pH responsive degradable beads have also been developed
in the context of drug delivery (163, 164). Steinhilber et al. have
developed pH-degradable beads, composed of polyglycerol and
PEG, which are stable for 2 weeks at 37°C, pH 7.4 and 5% CO;
and can be easily degraded in the course of 3 days by lowering the
pH to 6.0 while releasing encapsulated NIH3T3 cells with high
viability (165).

Of course, the stimuli applied for MC degradation should be
compatible with SCs culture requirements, to retain cell function.
For instance, Ren et al. reported a dextranase extracted from the
marine bacterium Catenovulum sp. which presents satisfactory
activity (above 80%) at a temperature range of 30-50°C and
at a pH ranging from 7.0 to 8.5 (166). Commercially available
dextranases, usually fungi derived, are mostly active at acidic pH
(5.0-6.0) and higher temperatures (50°C), thus less compatible
with cell culture.
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Thermal and photo degradation, are also likely to be less suited
for cell culture. The high temperatures required to thermally
degrade polymers, as well as ultraviolet radiation that is needed
to induce photolytic, photo-oxidative and thermo-oxidative
reactions (167), resulting in photo-degradation, are also known
to cause protein and DNA denaturation and damage (especially
UVC: 200-280 nm and UVB: 280-320 nm) (168).

Mechanical forces can be used in combination with
chemical degradation (enzymatic or non-enzymatic) to
facilitate/accelerate the degradation process and reduce the
concentration of enzymes. Increased stirring speeds, shaking
or fluidization could serve as such. However, the shear stresses
exerted on the cells should be meticulously investigated in order
to ensure that cell viability and integrity are maintained.

Opverall, results in the literature suggest that there is a variety
of materials suitable for degradable MC production, which can
be tuned to be stable for the expansion phase and can be in situ
degraded when a certain stimulus is applied, to allow for the
further processing of cells in the differentiation step.

Slowly degrading materials compatible with SC culture could
also be used. MCs made of materials that have been developed
with the purpose of being bio-chemically degraded in vivo in the
context of skeletal tissue engineering and drug delivery systems
become more relevant in this case (169-172). For instance, Zhou
et al. have developed an alginate-fibrin microbead that starts
to degrade and release cells 4 days after injection in a calcium
phosphate cement scaffold (173).

PLGA and chitosan are also interesting candidates as
their degradation rates can be controlled by adjusting the
ratio of lactic to glycolic acids and de-acetylation degree,
respectively (46, 174). Almeida et al. have developed a
curcumin-loaded dual pH and thermo responsive MC. They
used pectin, a bio-compatible, biodegradable and non-toxic
polysaccharide with pH-responsive properties in combination
with PNIPAAm (163). Similarly, Isilkan et al. have developed
a pH and thermo-responsive chitosan coated pectin-graft-
poly(N,N-diethyl acrylamide) MC (164).

The use of degradable MCs eliminates the need for separation,
simplifying the process and resulting in increased cell recovery.
Thus, the cell suspension can be washed and used directly for
downstream processing. However, it has to be noted that when
using degradable MCs, cells are usually released as a sheet/cell-
clump, therefore proteolytic enzymes may be additionally
needed to promote dissociation into single-cell suspension (161).
Depending on the downstream processing of the SCs, however,
a single-cell suspension may not be necessarily required and
aggregates may be permitted.

Scenario 3: Edible Microcarriers
Embedded in the Final Product

MCs can also be composed of edible materials and be embedded
in the final product. As opposed to the previous cases where
MCs are considered as a food contact material, in this scenario
they should comply with regulations for use as a food ingredient
or additive. Indeed, besides supporting cell growth, an edible
MC would also be part of the final product and might affect

the sensory attributes of the meat product, such as taste, color
or texture.

Edible polymers that can be used as substrates for cell
expansion are classified into four categories: polysaccharides
(e.g., starch, alginate, carrageenan, chitosan, cellulose,
carboxymethylcellulose, pectin), polypeptides (e.g.,
collagen, gelatin, gluten), lipids (e.g., paraffin, shellac), and
composites/synthetics (e.g., PGA, PEG) (175). They have been
widely used in the food industry as stabilizers, thickeners,
coatings and emulsifiers. Cellulose, chitosan and alginate could
be good candidates for large-scale expansion of SCs, as they are
the most abundant natural polymers and are known for their
biocompatibility and biodegradability (176, 177). However, in
order to enhance attachment of SCs, incorporation of RGD-
containing proteins is required (178), which have not yet received
approval for use in food. One patent describing an edible and
animal-free MC for engineered meat, proposes the use of pectin
coupled with cardosin A, an RGD-containing polypeptide (179).
Thus, the use of polypeptides as collagen or gelatin could be
more suitable as the tripeptide motif is already naturally present.
Using lipid-based MCs could also be an interesting way to bring
fatty flavors to the product.

In order to eliminate or limit the effect of the MCs on the
sensory profile of the meat, the cells can still be detached and
separated from the edible MCs, however, a higher threshold for
MCs being present in the recovered cells can be set, allowing for
better harvesting yields. Less stringent separation methods, such
as separation through sedimentation or centrifugation become
more relevant in this context. Edible MCs with controllable
degradation properties can also be used and be partially
degraded, remaining in the cell harvest for further processing.
It should be noted here though, that it is unknown whether
remnants of partially degraded MCs could interfere with the
differentiation process and would impede the ability of the cells
to remodel their environment and fuse into myotubes if seeded
in the differentiation scaffold.

The dissociation step can be omitted completely if the MCs are
edible. In such case, the edible polymer to be used as cell substrate
during the proliferation stage, can also be designed to enhance
or introduce desired properties, such as texture, taste or color.
For instance, the texture of the final product could be regulated
through MCs stiffness. A microcarrier incorporating a hydrogel
with specific water retention capacity at high temperatures could
be used to enhance juiciness of the cooked product. Additives for
a smoked or herb flavor as well as beneficial polyunsaturated fatty
acids can also be incorporated through microcarriers. The color
of the final product could also be adjusted through the addition
of natural food colorings. However, when using MCs that will
remain present throughout the process, care should be taken so
that their presence doesn’t interfere with further processing steps.

Regardless of which polymer is used for MC production, it is
essential that its production and processing are well-controlled
and comply with food standards regulations. From cross-
linking to surface modification of MCs, diverse physical and
chemical techniques are used, each one presenting advantages
and drawbacks. For instance, physical cross-linking of polymers
lead to lower toxicity of the cross-linked material when compared
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to chemical methods (180). However, toxic compounds are
commonly used in many stages of food production and
processing, such as the use of pesticides in agriculture, or the
use of solvents for oil extraction and the manufacture of food
additives. For all edible products, though, including cultured
meat, toxicity is based on remaining concentrations in the final
product, thus it should be carefully analyzed to meet food grade
standards and be safe for human consumption.

Summarizing, edible MCs could be either used as temporary
substrate which is either separated or degraded during the
process or purposefully used as part of the product that
could bring additional sensorial properties. Natural polymers,
physically cross-linked seem to be more promising for cultured
meat applications as they maintain a better biocompatibility
and low toxicity compared to synthetic chemically cross-linked
polymers (181).

IS A ONE-STEP PROLIFERATION/
DIFFERENTIATION BIOPROCESS
FEASIBLE?

In the vast majority of the literature, microcarriers are used
for the expansion phase of cell culture, as achieving high cell
numbers and specific cell productivity are the ultimate goals
for the production of an advanced medicinal product. However,
for meat production, the differentiation of SCs into myotubes
and subsequently into myofibers is an integral part of the
process, which usually happens in a subsequent, separate step.
The differentiation phase demands very distinct conditions in
terms of nutrients and physical environment. The idea of a
simplified bioprocess though, where the same culture system can
be used for both phases is very attractive, as it would minimize
capital investment in equipment, processing times and cell
manipulation. The necessary nutrients can be provided through
a switch from a “proliferation medium” to a “differentiation
medium,” but providing the physical environment that the
cells need in order to differentiate is more challenging. The
substrate requirements for the proliferation and differentiation
phases are typically different in terms of surface chemistry and
topography (88, 91, 93). Stiftness requirements on the other
hand shouldn’t be difficult to combine for the proliferation and
differentiation phase. Although softer substrates are known to
retain SC stemness better than stiffer ones which are known to
promote differentiation (89), observations on optimal stiffness
for proliferation and differentiation often overlap. For example,
Engler et al. has shown that culturing mouse myoblasts on a
polyacrylamide gel of muscle-like stiffness (~11 kPa) led to better
myotube maturity (182), while Boonen et al. have demonstrated
better proliferation on a 21 kPa substrate (88). A muscle-like
stiffness therefore, in the range of 11-21 kPa could apply for both
phases in the presence of other cues.

Torgan et al. have attempted to grow and differentiate
SCs on MCs in a stirred-tank bioreactor hypothesizing that
simulated microgravity environment would affect the myogenic
differentiation. They reported that SCs cultured onto MCs in a
microgravity bioreactor expressed less myogenin transcription
factor as well as myosin and tropomyosin compared to SCs

cultured in a “normal” gravity bioreactor suggesting that
mechanical forces affect SCs differentiation (183).

Mechanical stimuli can be transduced by cells via
transmembrane proteins into biochemical signals (184) and
are also essential to promote protein synthesis and organization
into contractile units (8). To promote mechanical stimuli, cells
are usually cultured in a gel between anchor points which
simulate tendons, thus creating a passive tension which leads
to protein production when the tissue compacts (185, 186).
This suggests a specifically designed morphology of MCs that
allows a similar tension development during tissue formation. In
combination to passive forces, different techniques to enhance
protein synthesis including application of cyclic stretch (187-
189) and electrical stimulation (190, 191) have been attempted.
Although Boonen et al. and Kook et al. have not reported
any positive effect of cyclic stretching, passive tension seems
to be a minimum requirement to promote maturation of
muscle cells. Mechanical stimulation of skeletal muscle cells
through fluid generated shear stress has been reported in some
cases to promote the differentiation process (192-194). High
shear stress (5-10Pa) has been shown to be detrimental to
cells, however the effect of lower shear stress ranges (1-1,400
mPa) have been investigated and found to positively influence
mechano-transduction in muscle cells. Naskar et al. reported
a higher expression of myogenic marker and longer myotubes
formed at 16 mPa and a better alignment of cells at 42 mPa (194).
Therefore, shear stresses generated during a microcarrier based
dynamic culture could be tailored to meet the stimulus required
for differentiation, through the tuning of operational parameters,
or the design of MCs that allow for the culture of cells onto
regions of controlled shear stress, as has been recently reported
by Wu et al. (195). Micro-patterned MCs providing topographies
favoring myogenic differentiation, such as aligned patterns (93)
could also potentially support a one-step bioprocess.

Thus, to support consecutive proliferation and differentiation
in one setup, the material used for MCs production should be
either tunable in situ to meet physical environment requirements
for each phase (coating, stiffness, topography and shear stress)
or less specific but adapted to both phases. In any case, the
use of a non-edible and non-degradable MCs seems unlikely
applicable in this situation because, a dissociation and separation
step would be needed, which in the case of myotube/myofibers
would be more challenging than for individual cells. Following
differentiation, MCs could be degraded (or not depending on
if the material used is edible), and the produced myofibers (or
myofibers-MCs) can be assembled with classic food processing
techniques to obtain a product comparable to traditional
minced meat.

Besides combining both proliferation and differentiation
requirements in one microcarrier, a one-step bioprocess also
demands an easy way to maximize productivity of the bioreactor
used while maintaining cell performance.

CONCLUDING REMARKS

Based on the MCs physical and chemical properties, several
production scenarios for SCs proliferation and differentiation at
large-scale are conceivable. Optimization of cell adhesion and
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expansion on the MCs however, remain a common prerequisite
for all scenarios.

Up to date, no MCs have been developed specifically for SCs
expansion. The materials for such a MC, as well as the medium
composition should be chemically defined to comply with GMP
and HACCP standards. Adsorption or coating with recombinant
proteins specifically binding to SCs™ integrins, such as laminin
and fibronectin, tailored substrate stiffness (2—-12 kPa) as well as
surface properties of the MCs to imitate the SC niche and activate
cell proliferation should be taken into account when designing
an MC for the expansion of SCs. Chemical modifications to
add positive charge to the MC surface, render it moderately
hydrophilic or functionalize it with amino groups, would
probably be beneficial for SCs attachment. Robust protocols for
SCs culture on MCs need to be developed and optimized since
the impact of seeding conditions, such as seeding density, type of
inoculum and stirring have not been systematically investigated.
From current SC culture practices on monolayer, it seems that a
positively charged surface with moderate hydrophilicity, protein
and peptide coatings and muscle-like stiffness substrates seem to
promote the attachment and proliferation of SCs.

In the case of non-edible and non-degradable MCs, cells need
to be subsequently detached and separated from MCs. Enzymatic
methods have been the most widely used so far for MC cultures
and represent the golden standard in cell detachment. However,
considering the potential cell damage occurring with this method
and the risks associated with cell loss at large-scale production,
physical and thermal techniques, based on smart materials have
started to be developed and are likely to outperform the use
of enzymatic treatments in the future. Following detachment,
cells still need to be separated from MCs, and the challenge of
achieving high separation yields without MCs residues in the cell
pellet, still remains. Although sophisticated single-use filtration
systems are already being used in the biopharma industry, for
food applications a more straight-forward approach is required
to limit production costs. Magnetism, fluidization, vibration
and inertia-based separation are currently at early stages of
development, but significant work needs to be done for these to
be translated into robust devices reliable for production.

In the second scenario, where a degradable MC is used for cell
expansion, the dissociation and separation steps can be replaced
by a degradation step. Most degradable materials developed
so far were designed for in vivo degradation and drug release
purposes, thus presenting a very slow degradation rate. For large
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