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Abstract

Cultured meat has been gaining ground in recent years as an innovative approach to address the potential scarcity of meat
supply. Fat is one of the key components of meat in terms of flavor and juiciness. However, the production and scale-up of
fat from agriculturally relevant animals have not been extensively investigated, particularly in scalable bioreactor systems.
The culture of primary duck embryonic fibroblast (DEF) proliferation and adipogenesis in various lab-scale bioreactors
for cultured meat purposes was explored. Cytodex 1 microcarriers were used to culture DEF in two proprietary serum-free
media: ProDuck4.0 for proliferation and LipoDuck?2.0 for adipogenesis. Proliferation and differentiation conditions of DEF
were optimized in shake flasks through Design of Experiments (DoE) and then the culture was transferred to lab-scale bio-
reactors operating in perfusion with different agitation regimes. A rocking motion bioreactor (RMB), an orbitally shaken
bioreactor (OSB), and a stirred tank bioreactor (STB) were assessed to scale up the production process. Results showed that
DEFs exhibited high sensitivity to shear stress, particularly in RMB and OSB systems, which led to impaired cell growth. In
contrast, STB supported DEF proliferation and adipogenic differentiation, reaching full confluency and a cell concentration
of 489,000 cells-mL~" and an intracellular triglyceride accumulation of 380 pg-cell™!, comparable to those achieved in shake
flasks. These findings highlight the potential of using STBs for scaling up duck fat production for cultured meat applications.
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Introduction

The global population has doubled in the last five decades,
leading to a substantial increase in the demand for food
products, and global demand for food products is projected
to continue rising in the coming years. Among the most
impacted will be animal-derived products such as meat and
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dairy, which are expected to experience a substantial surge
in demand (Sands et al., 2023). It is estimated that this rise
in global population will escalate meat consumption by 47.9
million tons over the next decade (OECD Publishing, 2025;
Ritchie et al., 2023).

Several technological solutions have been proposed to
address the issue of food scarcity (Andreani et al., 2023;
Smetana et al., 2015). Among them, cellular agriculture
represents an emerging technological approach under active
development that has seen increasing research activity and
commercial interest in recent years, especially regarding its
most popular product: cultured meat (Eibl et al., 2021).

Meat is mainly composed of muscular, connective, and fat
tissues, with fat being a key contributor to sensory properties
such as flavor, juiciness, and texture (Shin et al., 2023; Valsta
et al., 2005). The lipid composition of fat varies depending
on the source tissue and species (Pereira & Vicente, 2013;
Valsta et al., 2005). In recent years, several studies have
demonstrated that adipose tissue can be generated in vitro
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from relevant animal cell types. Bovine fibro-adipogenic
progenitors have been differentiated into mature adipocytes
forming three-dimensional adipose tissue (Dohmen et al.,
2022), and engineered constructs based on bovine preadi-
pocytes embedded in alginate matrices have reproduced
the marbling patterns characteristic of conventional meat
(Zagury et al., 2022). More recently, bovine adipose-derived
stem cell spheroids have been dynamically cultured and dif-
ferentiated as to produce bovine fat (Klatt et al., 2024). In
addition to agriculturally relevant species, researchers have
explored the potential of producing fat from non-traditional
sources, such as the insect species Manduca sexta (Letcher
et al., 2022).

Research has also been conducted on other agricultur-
ally relevant species like chickens (Pasitka et al., 2023). In
this study, the immortalized chicken fibroblasts were culti-
vated in suspension at hich cell densities using a perfusion
approach, reaching 108-10° cells/mL. Also, the immortal-
ized fibroblasts were differentiated into adipocyte-like cells
using soy lecithin as an adipogenesis inductor, showing an
increased expression of key adipogenic markers such as
FABP4 and PPARy. When incorporated into plant-based
matrices, this cultured fat supplied the aroma and flavor
attributes characteristic of chicken, enabling hybrid products
with sensory profiles closer to conventional meat.

Most research conducted in academic institutions has
focused on producing cow- and pig-cultured meat deriva-
tives (Yun et al., 2024). To the best of our knowledge, no
studies have been conducted so far using duck cells for cul-
tured meat purposes, with few companies working with duck
cells and no commercially available products on the market
(Yun et al., 2024).

Despite its potential, cultured fat faces several challenges,
the most pressing of which is whether it will be possible to
produce biomass at scale at a competitive cost using this
technological approach (Yun et al., 2024). To this end, the
production of large quantities of cells in large-scale bioreac-
tors would be required. The culture of high concentrations
of cells in bioreactors has been extensively studied and is
widely used in the biomanufacturing industry, with scales
reaching up to 30,000 L bioreactors, particularly for Chinese
hamster ovary (CHO) cell cultivations (Sharma et al., 2022).
However, the scale-up and intensification processes neces-
sary to reach such scales presents engineering challenges,
especially for novel cell lines derived from agriculturally
relevant species, since their biology and characteristics have
been less studied compared to others conventionally used in
biomanufacturing (Fish et al., 2020; Yun et al., 2024).

The cultivation of animal cells in large-scale bioreactors
is essential for various biomanufacturing applications, with
rocking motion bioreactors (RMB), stirred tank bioreac-
tors (STB), and orbitally shaken bioreactors (OSB) being
common bioreactor types (Sharma et al., 2022). RMBs
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are operationally simple and require minimal setup but are
limited in scalability, reaching up to 200 L (Sharma et al.,
2022). STBs, widely used in the biopharmaceutical industry,
can scale up to 30,000 L, making them suitable for pro-
ducing therapeutic proteins and vaccines (Fang et al., 2022;
Nelson, 2024; Sharma et al., 2022). OSBs of 5L have shown
similar yields to that of 3L STBs regarding cell growth,
antibody yield and quality (Monteil et al., 2016). Each bio-
reactor type presents trade-offs in scalability, mixing effi-
ciency, and operational complexity, and selection depends
on culture volume, cell type sensitivity, and oxygen transfer
requirements.

The cell line itself is one of the key determinants in the
final configuration of the bioproduction process (Shaikh
et al., 2021). From a biomanufacturing perspective, cell lines
can be divided into two categories based on their ability to
grow in suspension or not (Demirden et al., 2024). Most
animal cells are anchorage-dependent, meaning they must
attach to a surface to grow and proliferate. These connec-
tions are crucial, not only for their proliferation but also
for preventing senescence or programmed cell death (Red-
dig & Juliano, 2005). Because of the many advantages that
suspension cell cultures provide, many naturally anchorage-
dependent cell lines have been adapted to grow in suspen-
sion (Demirden et al., 2024; Fang et al., 2022). This adapta-
tion often involves a prolonged phase of selection, where
cells that can proliferate in suspension are selected over mul-
tiple passages, sometimes exceeding 10 passages (> 30 days
in culture) (Couto et al., 2024). This process is challenging
and may not be feasible for primary cell lines, leading to
the development of several strategies to cultivate anchorage-
dependent cells on relatively large scales (Thomassen et al.,
2012). These include roller bottles and fixed-bed bioreactors,
and conventional bioreactors combined with cell spheroids/
aggregates or scaffolds such as microcarriers (Bellani et al.,
2020; Klatt et al., 2024; Kulus et al., 2023). A central chal-
lenge common to these strategies is the sensitivity of cells to
culture conditions, especially regarding shear stress (Julaey
et al., 2016).

Microcarriers are small bioactive beads to which anchor-
age-dependent cells can attach and proliferate (Bodiou et al.,
2020). They have been used in the manufacturing industry
since the 1980s, with renewed interest due to the rise of
applications requiring adherent cell cultures, such as cell
therapies and cellular agriculture (Bellani et al., 2020;
Bodiou et al., 2020). Microcarriers can be classified as
microporous and macroporous. Macroporous microcarri-
ers offer increased surface area and protection against shear
stress. Microporous microcarriers provide a surface only
on their outer layer, exposing cells to mechanical stress but
facilitating enzymatic action and cell recovery (Koh et al.,
2020; Panchalingam et al., 2015; Rodrigues et al., 2013).
Most commercially available microcarriers face challenges
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in cultured meat production: they are often expensive or
unsuitable for food applications, and the research on their
use with non-conventional animal cell lines is still scarce
(Bodiou et al., 2020). On the other hand, these microcar-
riers provide a good model for process development pur-
poses while researchers develop new edible microcarriers.
An example of this is the Cytodex 1 microcarriers. They
are composed of dextran functionalized with N, N-Diethyl
aminoethyl (DEAE) groups, which make them unsuitable for
food production, and are only going to be used in this work
for process development purposes (Portner, 2007).

Although some studies have addressed the cultivation
of duck cells in bioreactors, these were primarily directed
toward vaccine and biopharmaceutical production using
suspension-adapted genetically modified duck cell lines
(Fu et al., 2012; Lohr et al., 2014; Madeline et al., 2015;
Nikolay et al., 2018), with no studies addressing scale-up for
applications in cultured meat. In particular, while cultured
fat has been reported for bovine and porcine cells, it has not
yet been described for duck, a species of high gastronomic
relevance. The aim of this work is to develop and optimize
protocols for the proliferation and adipogenesis of fibroblasts
obtained from an agriculturally relevant animal such as the
duck, and to evaluate their performance across different lab-
scale bioreactors for cultured duck fat production.

Materials and Methods

Isolation of the Duck Embryonic Fibroblasts (DEF)
from Fertilized Eggs

Primary DEF were isolated from Khaki Campbell ferti-
lized eggs following a three-step procedure (schematized
in Fig. 1): (1) preparation of culture medium, enzymatic
solution, and sterile tools, (2) embryo extraction, and (3)
DEF dissociation.

Briefly, fertilized eggs were incubated for 8 days at 38 °C,
disinfected with ethanol, and opened under a biosafety cabi-
net. Embryos were excised, non-target tissues removed, and
the central portion finely minced. Tissue fragments were

Fig.1 Schematic representation @
of the isolation of duck embry-

onic fibroblasts from Khaki

Campbell fertilized eggs

Isolation and cleaning of
the embryo

digested with 0.25% trypsin—~EDTA at 37 °C for 10 min,
the reaction was stopped with serum-supplemented medium,
and the suspension filtered through 70-40 pm cell strainers
to obtain a single cell solution. Cells were pelleted by cen-
trifugation, resuspended, and seeded at 3 X 10* cells-cm™2 in
culture flasks. Detailed protocols for medium preparation,
tool sterilization, and embryo handling are provided in Sup-

plementary Material.

Cell Culture Media and Culture Conditions

Dulbecco’s Modified Eagle Medium: Ham’s F-12 Nutrient
Mix (1:1)

A modified version of Dulbecco’s Modified Eagle Medium:
Ham’s F-12 mix 1:1 (DMEM/F-12) without L-glutamine,
D-glucose and sodium bicarbonate was obtained from
Cytiva (Ref. SH31036.02, Cytiva, Washington D.C., USA).
Medium powder was weighted and dissolved using distilled
water at a final concentration of 8.48 g-L~!, together with
3.151 g-L7! of glucose (Ref. G7021, MilliporeSigma) and
2.438 g-L™! of sodium bicarbonate (Ref. SO0131005P,
Scharlab S.L., Sentmenat, Spain) using a magnetic stirrer
and was then subjected to filter sterilization using a 0.22 mm
Stericup (Ref. S2GPUO2RE, MilliporeSigma). The mixture,
referred from now on as basal medium, was stored at 4 °C
until further use.

Preparation of Non-essential Amino Acid Solution

Minimal essential medium (MEM) non-essential amino
acid (NEAA) concentrate was formulated 100X by dissolv-
ing glycine, L-alanine, L-asparagine-H20O, L-aspartic acid,
L-glutamic acid, L-proline, and L-serine in distilled water.
A magnetic stirrer was used to achieve a homogenous solu-
tion, which was then sterilized by filtration using a 0.22 mm
Stericup (Ref. S2GPU11RE, MilliporeSigma) and stored at
4 °C until future use. See concentrations in Table S1 in the
Supplementary Material.

37°C 10 min
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Preparation of Serum-Supplemented Media

Culture medium for DEF was prepared by supplementing
DMEM/F-12 with 1% NEAA, 1% Penicillin—Streptomy-
cin (P-s!) (Ref. 15,140-122, Gibco, Carlsbad, CA, USA),
1% Glutagro (Ref. 25-015-CI, Corning), and 10% of Fetal
Bovine Serum (Ref. A5256701, Gibco).

Preparation of Serum-Free Medium

Serum-free media (SFM) for the proliferation (ProDuck4.0)
or for the differentiation (LipoDuck2.0) of DEF were pre-
pared by supplementing the basal medium with a proprietary
non-disclosed formulation. The aforementioned media were
developed using different Design of Experiments method-
ologies (DoE) to screen and optimize the components and
were validated to sustain the proliferation and differentiation
processes of DEF.

Serum-Free Media Composition

ProDuck4.0 and LipoDuck2.0 are serum-free proprietary
media. They include insulin, transferrin, selenium, an albu-
min substitute, essential lipids/fatty acids, growth factors,
and hormones. Exact compositions and supplier details are
withheld under confidentiality. These general compositional
characteristics are provided to aid the reproducibility of the
study.

Adipogenesis Mix Preparation

Adipogenesis of the cells was induced by adding to the cul-
ture medium an adipogenesis mix (Lipomix) containing high
concentrations of free fatty acids. For the preparation of the
Lipomix, a magnetic stirrer was utilized to mix Tween 80
(Ref. P8074, MilliporeSigma), a-tocopherol acetate (Ref.
29,992, MilliporeSigma), and hydrolyzed linseed oil (Ref.
430,021, MilliporeSigma). Subsequently, water was gradu-
ally added to the mixture in a dropwise manner and after
10 min this mixture was added dropwise to 10% (w/v)
Poloxamer 188 (Ref. 13-961-CI, Corning) with continuous
magnetic stirring to allow the formation of the emulsion.
Following the formation of the emulsion, it was subjected to
filtration to ensure sterility using a PES syringe filter with a
pore size of 0.22 um. To preserve the stability and integrity
of the Lipomix, it was stored at 4 °C and protected from
light exposure.

Cell Culture Passaging and Maintenance
Regular subculturing was carried out using 25, 75, or

150 cm? culture-treated vented cap T-flasks. Cell cultures
were maintained inside an ICO150 5% CO, humidified
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incubator at 37 °C (Memmert GmbH + Co. KG, Schwa-
bach, Germany). Seeding density for cells growing in
SSM was 7500 cell-cm™2 and for those growing in SFM
was 15 000 cells-cm~2. Routinary observation and images
were taken using a Motic AE31E LED Trinocular inverted
microscope (Motic Optical, Xiamen, China). Media
replacements were carried out every 2-3 days. The pas-
saging procedure was performed upon reaching the desired
confluency (>90%), following the protocol outlined below.

Cells were gently washed three times with PBS —/—,
avoiding excessive disruption of the cell monolayer. Try-
pLE Express 1X (Ref. 12,604,013, Gibco) was used as
a dissociating agent and was incubated for 3—5 min at
37 °C. Detachment progress was monitored visually under
an inverted microscope. To stop the reaction, twice the
amount of TrypLE Express of room temperature (RT) pro-
liferating cell culture medium was used. Finally, the cell
suspension was centrifuged at 350 g for 6 min and resus-
pended in fresh culture medium to eliminate the detach-
ment agent before subculturing.

Cell Culture on Microcarriers

Cytodex-1 microcarriers were used to grow the cells in
unbaffled vented cap polycarbonate shake flasks (Ref.
431,143, Corning) or low attachment 6-well plates (Ref.
3471, Corning) to avoid cell attachment to the plastic
surface, depending on the experiment. Cells were seeded
maintaining a ratio of 11 cells/microcarrier (i.e. the con-
centration for 2 g-L ™! and 8600 MC-mL™"! of Cytodex-1
was of 100 000 cell-mL™") in 12 mL in the shake flasks
and in 2 mL in the 6-well plates. The shake flasks were
placed in a Celltron 25 mm orbital shaker (Infors HT, Bott-
mingen, Switzerland) at 51 rpm inside a humidified 5%
CO, incubator at 37 °C. Medium replacements (0.6 reac-
tor volumes) were carried out every 2-3 days, following
regular culture protocols in 2D. The media exchange was
performed by letting the microcarriers settle in the bottom
of the flask and then carefully eliminating the spent media
using a serological pipette to then add the corresponding
amount of fresh medium. When semi-perfusion protocols
were applied, media replacements were carried out daily
depending on cell concentration, following the protocol
explained above.

Suspension Cell Concentration and Viability

Cell concentration and viability assays were carried out by
the Nucleocounter-250 (NC-250, ChemoMetec, Allerod,
Denmark), using the “Viability and Cell Count Assay” pro-
tocol according to the manufacturer’s instructions.
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Microcarrier-Adhered Cell Concentration and Viability

Concentration of cell adhered on microcarriers was deter-
mined using a modified version of the “Aggregated Cells
Assay” from the NC-250. The protocol was modified by
adjusting the counting gate to specifically include nuclei
from DEF. A 100 pL homogeneous sample containing
microcarriers was transferred to a 1.5 mL Eppendorf tube
using a beveled pipette tip. The lysis of cells in the samples
was carried out by the addition of Lysis Buffer A, and the
nuclei were subsequently stabilized with Stabilizing Buffer
B, following the manufacturer’s instructions. The mixture
of lysed cells was then counted to determine the total con-
centration of cells.

The cell concentration in the supernatant was determined
by following the standard protocol for single-cell suspen-
sion. Finally, the concentration of microcarriers in the mix-
ture was determined, allowing for further normalization by
the concentration of microcarriers present in the cell culture.
The total cells attached to the microcarriers (C,,), the % of
cells attached (%,,), and the cells:-mL~" normalized by the
number of microcarriers (C-mL~") were calculated using the
following equations:

C. = Ct - Csn

att = MCSS (1)
C/mL,.=C,, X MCs, 2)
%40 = Con x 100

Oant = C 3)

t

where C, is the total number of cells counted using the lysis
protocol (cells-mL™"), C,, is the number of cells in the super-
natant using the single cell counting protocol (cells-mL™"),
MCs, is the theoretical concentration of microcarriers
in the culture according to the manufacturer’s manual
(MCs-mL™Y), and MCs, is the concentration of microcarri-
ers in the counted sample (MCs-mL™).

Adipogenesis Induction Protocol in Shake Flasks
and Stirred Tank Bioreactor

Adipogenic differentiation of cells growing on Cytodex 1
microcarriers in shake flasks (SF) was carried out by adding
2-HP-b-CD up to a final concentration of 3000 mg-L~" in the
proliferation medium. After that, a semi-perfusion protocol
was carried out and a perfusion rate of 1.8 nL-cell™'-day™!
was applied using LipoDuck?2.0 supplemented with 1% Lipo-
mix. This semi-perfusion was performed as described above,
by daily allowing the microcarriers to settle at the bottom
of the flask and carefully removing the corresponding spent
medium using a serological pipette and replenishing with

an equal volume of fresh medium to reach the CSPR of 1.8
nL-cell'-day~".

To differentiate the cells in the stirred tank bioreactor
(STB), the feed bottle was used to add 2-HP-b-CD up to
a final concentration of 3000 mg-L~! in the proliferation
medium. Then, the ProDuck4.0 medium was replaced by
LipoDuck?2.0 and slowly made a 0.6 RV medium replace-
ment to avoid Lipomix-induced cell death. Once 0.6 RV
of medium exchange was finished, a perfusion rate of 1.8
nL-cell™!-day~! was set.

Triglyceride Quantification

TG concentration was measured using a glycerol phosphate
oxidase/peroxidase enzymatic test (Ref. 11,528, Biosystems,
Barcelona, Spain) following the manufacturer’s instructions.
More information about the sample preparation and TG
quantification protocol is in the Supplementary Material.

Fluorescence Microscopy

Aliquots from cultures were fixed with 4% paraformaldehyde
(PFA) (Ref. 158,127, MilliporeSigma) in PBS for 15 min at
RT followed by washing steps using PBS before storage at
4 °C until use. Nuclei were stained using 4',6-diamidino-2
phenylindole dihydrochloride (DAPI) (Ref. D1306, Thermo
Fisher Scientific) or 2'-[4'-etoxifenil]—5-[4-metilpiperazin-
1-i1]—2,5'-bis-1 h-benzimidazole trihydrochloride trihydrate
(Hoechst) (Ref. 62,249, Thermo Fisher Scientific). In some
cases, ActinRed 555 ReadyProbes reagent (Ref. R37112,
Thermo Fisher Scientific) and 4,4-Difluoro-1,3,5,7,8-Pen-
tamethyl-4-Bora-3a,4a-Diaza-s-Indacene (Bodipy) (Ref.
D3922, Thermo Fisher Scientific) were used to stain the
actin cytoskeleton and lipid droplets, respectively.

Images were taken using an Axiolab 5 fluorescence micro-
scope (Zeiss, Carl Zeiss AG, Oberkochen, Germany) or a
Leica TCS SP5 confocal microscope (Leica Microsystems
GmbH, Wetzlar, Germany) depending on the experiment, and
images were analyzed using IMARIS software (Version 9.5,
Oxford Instruments, Abingdon, UK) and Fiji (Version 1.54f,
National Institutes of Health, Bethesda, MD, USA).

Preparation of Materials and Microcarriers for 3D Cultures

Siliconization of glass surfaces (bottles and glass biore-
actor tank) was performed to prevent microcarriers from
adhering to glass surfaces. Briefly, glass vessels were
cleaned to remove any contaminants by doing two sequen-
tial washes with 70% ethanol, followed by two washes
with distilled water. The coating was carried out by repeat-
edly rolling the vessel for at least 10 min. The amount of
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Sigmacote (Ref. SL2-100ML, MilliporeSigma) applied
varied depending on the vessel size to ensure that the inte-
rior surface of each vessel was uniformly coated. Finally,
the vessels were left to dry and then washed with distilled
water to remove all remaining Sigmacote.

Cytodex 1 microcarriers (Ref. 17,044,802, Cytiva)
20 g-L~! stock solution in PBS was prepared following
the manufacturer’s instructions and stored at 4 °C until
use. Before their use in cell culture experiments, micro-
carriers were conditioned in culture media by exponential
dilution. More information about microcarriers hydration,
sterilization, and surface siliconization can be found in the
Supplementary Material.

Rocking Motion Bioreactor

A BioStat B Rocking Motion bioreactor (RMB) (Sartorius
Stedim Biotec, Gottingen, Germany) was used to cultivate
DEF growing on Cytodex 1. The bioreactor was operated
at 37 °C and the working volume was maintained at 0.75
L, with an air inlet flow rate set at 0.1 L-min~!. Oxygen
saturation levels were not controlled (remained above 80%
in all runs). When using Flexsafe RM 2L Basic single-use
culture bags (Ref. DFB0O02L, Sartorius Stedim Biotech),
the pH of the culture medium was manually regulated by
adjusting the concentration of CO, in the gas inlet to meet
a pH value of 7.2 measured using an off-line probe. When
using Flexsafe RM 2L Optical or Flexsafe RM 2L perfu-
sion single-use culture bags (Ref. DFO002L, DFP002L—
SM, Sartorius Stedim Biotech), the 7.2 pH setpoint was
controlled by the Digital Control Unit (DCU) using CO,
and NaHCO; (7.5% w/v) with the bioreactor probe being
recalibrated every 24 h utilizing an off-line probe.

The integrated filter within the culture bag was used as
the cell retention device to carry out perfusion. The perfu-
sion rate was adjusted daily, depending on the viable cell
density, to meet a cell-specific perfusion rate (CSPR) of 1
nL-cell~!-day~!. Microcarrier concentration was 2 g-L~".
The control of the culture medium weight was carried out
with a scale and pump integrated in the bioreactor DCU,
which compensated for medium loss due to filtration pro-
cesses by the addition of fresh media, thereby ensuring the
maintenance of a constant working volume. The attach-
ment protocol for the RMB was implemented as follows:
an initial 30-min static incubation period, during which
rocking was performed for 15 s every 10 min at a speed
of 15 rpm and an angle of 10 degrees. This was followed
by a 3-h static incubation period. After the attachment,
two mixing conditions were performed at 4 degrees and
8 rpm and static conditions, with intermittent 15 s of mix-
ing every 40 min at 10 degrees and 25 rpm.
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Stirred Tank Bioreactor

A BioStat A STB (Sartorius Stedim Biotech) was used
for DEF culture. The working volume within the biore-
actor was maintained at 0.75 L, with a constant air inlet
flow rate set at 0.1 L-min~! and a constant temperature
of 37 °C. pO, was controlled at 40% with oxygen pulses
(remained above 80% in all runs with fixed overhead
aeration only). The 7.2 pH setpoint was controlled by
the DCU using CO, and NaHCO; (7.5% w/v). The bio-
reactor was equipped with a down-pumping 72° pitched
3-blade impeller (54 mm diameter) stirring at 50 rpm and
an off-bottom clearance/tank diameter ratio (C/T) of 0.5
to ensure suspension of the microcarriers while reducing
the shear stress (Loubicre et al., 2019). The vessel had
no baffles.

Perfusion was carried out by pumping out the medium
directly from the dip tube, ensuring that the flow rate
was low enough to avoid taking microcarriers out of the
bioreactor. Microcarrier concentration was 2 g-L~!. Feed
and harvest pumps were previously calibrated to ensure
the same flow rate and therefore a constant working vol-
ume. The perfusion rate was adjusted on a daily basis
depending on the viable cell density to meet a CSPR of 1
nL-cell™!-day-'.

Stoke’s equations were used to calculate the critical
flowrate (Q,) that is governed by the settling rate of the
particle. Assuming 25 °C, that the particles do not inter-
fere with each other, and that the system is under laminar
regime, the settling rate is calculated as follows:

_ 28r%(p, — pp)

o “

v
where v is the settling velocity of the particle (m-s™!), g is
the acceleration due to gravity (9.81 m-s~2), r is the radius
of the spherical particles (1.6E-4 m), p,, is the density of the
particle (1030 kg-m~), pyis the density of the fluid (density
of water=1000 kg-m~>), and 7 is the dynamic viscosity of
the fluid (8.9E-4 kg-m~!-s71):
Then, Q,:

Q. =AXv 5)

where A is the section of the tube (m?) that has a radio of
0.005 m and v is the settling rate (m-s™1),

A=nr? (6)

Therefore, taking into consideration these values and
Egs. 4, 5, and 6, the critical flowrate to avoid taking micro-
carrier particles out of the bioreactor was calculated to be
2.2 mL-min~".
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Orbitally Shaken Bioreactor

An SB10-X (Kiihner Shaker AG, Birsfelden, Switzerland)
orbitally shaken bioreactor (OSB) was used to culture DEF
on Cytodex 1 microcarriers. The working volume within the
bioreactor was maintained at 1.5 L, with a constant air inlet
flow rate set at 0.2 L-min~! and the temperature controlled
at 37 °C. pO, was controlled at 40% with oxygen pulses.
Microcarrier concentration was 2 g-L.=!. The 7.2 pH setpoint
was controlled by the DCU using CO, pulses and NaHCO,
(7.5% w/v). A 3 L standard single-use bag with optical sen-
sors (Ref. 105,332, Kiihner Shaker AG) was used, and the
orbital diameter of the shaker was set at 25 mm. The biore-
actor probe was manually recalibrated every 24 h utilizing
an off-line probe.

Perfusion was carried out by pumping out the medium
directly from the harvesting tube (r=0.00463 m), ensuring
that the flow rate was low enough to not draw microcarri-
ers out of the bioreactor (Q<0.=1.9 mL-min~"), as in the
STR. The feed and harvest pumps were calibrated to ensure
the same flow rate and therefore a constant working volume.
The attachment protocol for the RMB was implemented as
follows: an initial 30-min static incubation period, during
which shaking was performed for 60 s every 10 min at a
speed of 80 rpm. This was followed by a 3-h static incuba-
tion period. After that, three different shaking speeds were
tested in culture: 55 rpm, 80 rpm, and static conditions with
1 min of intermittent shaking at 80 rpm.

Determination of Glucose and Lactic Acid
Concentration

Glucose and lactic acid concentrations in cell culture super-
natants were measured using test strings (Ref. 116,720,
116,127, MilliporeSigma) and a Reflectometer RQ FLEX
20 (Ref. 117,246, MilliporeSigma) following manufacturer’s
instructions.

Data Analysis and Design of Experiments

Design of experiments (DoE) was carried out to optimize
cell culture conditions. Central composite designs (CCD)
were used to study the interactions between the significant
factors and find optimal combinations. ANOVA analysis,
fit statistics, and surface plots of the model were performed
using Design-Expert 11 and can be found in Table S3 of
Supplementary Material (Stat-Ease Inc., Minneapolis, MN,
USA).

Cell-Specific Perfusion Rate Calculation

Cell-specific perfusion rate (CSPR), defined as the volume
of medium exchanged per cell per day, was calculated as

described in (Lavado-Garcia et al., 2020). Briefly, it was
calculated as

F

(C/mL,x V) xt

where F is the volume of medium exchange (mL), C/mL is
the cell concentration attached to the MCs (cells-mL™"), Vis
the working volume (mL), and ¢ is the time (days).

Results
Study of DEF Culture Conditions in Shake Flasks

First, we studied the ability of DEF to attach onto the surface
of Cytodex 1 microcarriers when cultured in ProDuck4.0
medium. To that end, DEFs were detached from culture
plates and seeded into 6-well low-attachment plates at a den-
sity of 100,000 cells-mL~! with 2 mL at 2 g-L~! of Cytodex
1 (11 cells-MCs ™" and 11,000 cells-cm™2) at a constant speed
of 51 rpm. This speed corresponded to the minimum agita-
tion required to keep microcarriers suspended in 125 mL
shake flasks, as determined by visual observation. Attach-
ment kinetics and efficiency were assessed by monitoring
the cells in the supernatant, total cell count, and microscopy
observations every 7 min.

At 7 min post-seeding, approximately 70% of the cells
were associated with the microcarriers, with only 30%
remaining in the supernatant (Fig. 2a). By 14 min post-
seeding, almost all cells were attached to the microcarriers,
and cell concentration in the supernatant stabilized, reaching
a high attachment efficiency of 93.6% (Fig. 2a).

DEF growth kinetics on Cytodex 1 were studied in shake
flasks to determine the optimal culture conditions. Cells
were seeded into shake flasks at 51 rpm without medium
replacements and under a semi-perfusion regime, and
viability and cell growth were monitored over the culture
period. Subsequently, cells were subjected to different agi-
tation speeds, and cell growth rates were analyzed along-
side microscopy observations of the microcarriers. After
studying the seeding process, it was decided to implement
a semi-perfusion approach, an operational strategy widely
used in animal cell culture (Bielser et al., 2018; Gutiérrez-
Granados et al., 2018). This strategy, consisting of medium
replacement every 2-3 days, in line with routine 2D cul-
ture practices, was compared with batch culture conditions
(Fig. 2b).

The analysis of cell growth revealed a 24-h lag phase
after seeding, with a complete population doubling com-
pleted by 72 h post-inoculation (hpi), reaching 200,000
cells-mL~" (Fig. 2b). In the condition with medium
replacement, cells continued to grow, reaching 425,000
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«Fig.2 Study of DEF culture conditions in shake flasks. a Cells in
the supernatant (SN) (black dots) and total cell concentration (black
squares) counted during the attachment process, performed using
2 g-.L 7! Cytodex 1, low attachment 6-well plates at a continuous shak-
ing speed of 51 rpm. b Attached and supernatant cell concentration
(solid lines) and percentage of attached cells (viability) (dotted line)
of DEF cultures growing in shake flasks at 51 rpm in ProDuck4.0
with medium exchanges every at 72 and 120 h (green squares) and
in batch (black dots). Experiments performed three times in tripli-
cate. ¢ Cells attached to the microcarriers (MCs) at different shaking
speeds: 51 rpm (black dots), 70 rpm (blue squares), 80 rpm (green
inverted triangles), 90 rpm (yellow diamonds), and 100 rpm (yellow
triangles). Experiments performed three times in triplicate except for
70 rpm (n=1) and 51 rpm (n=38). d Images of the cells at 120 h post-
seeding at different shaking speeds

cellssmL™" or 49 cells-MC™" at 120 h, after which cell
growth entered a stationary phase. In contrast, the con-
dition without medium replacement remained around
200,000 cells-mL~"! or 23 cells-MC™! for the rest of the
culture period, indicating the need for media replace-
ment to sustain cell growth beyond 72 hpi (Fig. 2b). The
population doubling time (PDT) was 46 h, similar to that
observed in 2D cultures, demonstrating the robustness of
ProDuck4.0 in sustaining growth under different culture
conditions. Cell viability remained above 90% in both
conditions throughout the culture period (Fig. 2b).

Growth kinetics analysis at different agitation speeds
showed significant differences in culture morphology and
cell growth rate depending on the shaking speed. Cul-
tures shaken at 90 and 100 rpm experienced complete
inhibition of cell growth, indicating that these conditions
exceeded the maximum shear stress tolerance of the cells.
For shaking speeds of 51, 70, and 80 rpm, no major dif-
ferences were observed (Fig. 2c).

Microscopy analysis of cell morphology and micro-
carrier aggregation revealed differences between culture
conditions. Higher agitation speeds resulted in less aggre-
gation, with cultures shaken at 90 and 100 rpm consist-
ing almost entirely of clean microcarriers (Fig. 2d). At
80 rpm, cells covered the entire microcarrier surface,
suggesting that the lack of aggregation observed at 90
and 100 rpm was related to agitation rate rather than cell
growth or concentration. Conditions at 70 and 51 rpm
showed more aggregation compared to the other condi-
tions (Fig. 2d).

The attachment efficiency of DEF on Cytodex 1 was
demonstrated to be high, with over 90% of cells attached.
Proper proliferation of DEF was only achieved when
culture media replacements were performed and when
maintained within an agitation range of 51 to 80 rpm.
Consequently, lower agitation (51 rpm) was adopted as
the standard culture conditions for DEF.

Optimization of the Proliferation and Differentiation
Processes in Shake Flasks

Prior to implementing the proliferation process at lab-scale
bioreactor, the critical cell-specific perfusion rate (CSPR,)
was determined, considering that this is the most significant
parameter influencing perfusion performance (Bielser et al.,
2018). CSPR_ is the minimum CSPR that maintains cell via-
bility and supports proliferation without nutrient limitation
or excess metabolite accumulation. When CSPR < CSPR_,
cell growth and viability decline due to insufficient medium
exchange. When CSPR > CSPR, cultures can be sustained
with stable metabolic conditions. To this end, DEF cultures
growing on Cytodex 1 were seeded in shake flasks at a den-
sity of 200,000 cells-mL~! and with 4 g-L™! of Cytodex,
maintaining the initial ratio of 11 cells-MC~! and 11,000
cells-cm™2. The initial seeding density and microcarrier
concentration were increased in order to maximize the cell-
to-media ratio and therefore the relative medium consump-
tion, ultimately leading to a higher probability of finding
the CSPR_. Different medium replacement rates based on
reactor volumes (RV) (ranging from 0.15 to 0.8 RV-day_l)
were applied. Cell growth and CSPR were monitored until
the growth rate decreased, indicating the minimum threshold
for maintaining optimal growth. At this point, the CSPR,_
was determined. CSPR was calculated as described in the
“Materials and Methods” section.

Cell growth analysis indicated that the control condition,
with no medium replacement, roughly completed a duplica-
tion at 48 hpi, after which cell concentration remained stable
(Fig. 3a). Generally, all conditions exhibited similar behav-
ior up to this time point, suggesting that medium replace-
ments were not necessary for the first 48 h. However, 0.15
RV-day~! was insufficient to sustain proper cell growth by
72 hpi, and 0.3 RV-day~! became clearly limiting at 120 hpi.
Only the 0.6 and 0.8 RV-day™~! conditions reached the maxi-
mum cell density of approximately 1-10° cells-mL~!, with
0.8 RV-day~! performing slightly better with up to 1.1-10°
cells-mL~! (Fig. 3a).

CSPR analysis evidenced that different conditions
evolved towards a CSPR_ of 0.779 nL-cell™"-day™". The 0.15
RV-day~! condition reached the limiting medium replace-
ment at 48 h, 0.3 RV-day_l at 96 h, and the 0.6 and 0.8
RV-day~! conditions reached the limit between 120 and
144 h (Fig. 3b).

Once the CSPR, for proliferation was defined, a scal-
able protocol for differentiation in the microcarrier-based
cell culture was developed and optimized. Based on previ-
ous work performed, where cells were differentiated in 2D
cultures with periodic medium replacements using Lipo-
Duck?2.0 and Lipomix, a DoE response-surface methodology
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Fig.3 Scale-up of the proliferation and differentiation processes in
shake flasks. a Attached cell density of DEF cultured in ProDuck4.0
applying different medium replacement rates: 0.15 reactor volumes
(RV)-day™" (brown squares), 0.3 RV-day~™' (beige triangles), 0.6
RV-day~' (cyan inverted triangles), 0.8 RV-day™' (grey diamonds),
and 0 RV~day’1 (C-) (blue dots). b CSPR through the culture period
for the different medium replacements. The dotted line indicates a
mean CSPRc of 0.779 nL-cell™'-day~'. Experiments performed twice
in triplicate. c—e Response surface plots of the responses predicted by
the model depend on the Lipomix concentration in the media and the
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Control  Optimized

CSPR. f Growth kinetics of the attached cells during the differentia-
tion of the culture applying the non-optimized (black dots) and the
optimized protocol (orange squares). Adipogenesis time indicated
with an orange area. Experiments performed twice in triplicate. g Bar
chart of the intracellular triglyceride accumulation at the end of the
differentiation for the optimized condition. h. Confocal microscopy
image of a single microcarrier 24 h after the beginning of the differ-
entiation. Nuclei are shown in blue; b-actin is shown in red and lipid
droplets are shown in green
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(Supplementary Material Table S3) was employed to assess
the effects of Lipomix concentration and CSPR on cell sur-
vival and specific triglyceride (TG) accumulation. 6-well
plates with a working volume of 2 mL-well™}, 2 g-.L~! of
Cytodex 1 and a seeding density of 100,000 cells-mL~"! was
used. Following the optimization, the new operational strat-
egy was validated through TG measurement and confocal
microscopy analysis.

The analysis of TG concentration at the end of the culture
revealed a significant positive effect of Lipomix concentra-
tion, whereas medium replacement did not significantly
influence TG concentration (Fig. 3c). There was a clear posi-
tive interaction between Lipomix concentration and medium
replacement (Fig. 3c). In terms of cell survival, only medium
replacement had a positive influence, with no significant
interaction between the two factors (Fig. 3d). For specific
TG accumulation, both Lipomix concentration and the two-
factor interaction positively impacted the response (Fig. 3e).

The obtained model for specific TG accumulation was
used to refine the differentiation strategy, balancing high
cell survival with overall TG concentration. This yielded
an optimal condition of 167 uM of Lipomix in the culture
medium and an optimal CSPR of 1.83 nL-cell"!-day™'. The
optimized conditions resulted in a final specific TG accumu-
lation of 314 pg-cell™".

Confocal microscopy images obtained from single micro-
carriers in 24 h post-differentiation (hpd) cultures demon-
strated the ability of the cells to accumulate lipid droplets
from the early stages of the differentiation process, as can
be seen in green in the image (Fig. 3h). During the initial
development of the differentiation protocol in 2D cultures,
the process was validated by analyzing the expression of
key adipogenic markers (PPARg, C/EBPa, and FABP4)
using qPCR, observing a clear upregulation of PPARg and
FABP4 (Supplementary Fig. S1). This molecular validation
step confirmed the robustness of the differentiation protocol,
although for subsequent optimization and high-throughput
screening studies only TG accumulation and BODIPY stain-
ing were used.

Therefore, a new proliferation protocol with a constant
perfusion rate of 1 nL-cell™!-day~! to ensure sufficient
medium replacement was established, together with an opti-
mal strategy for the differentiation of DEF in shake flasks,
consisting of a CSPR of 1.83 nL-cell™!-day~! and a Lipomix
concentration of 167 uM.

DEF Culture at Bioreactor Scale

To study the proliferation in the RMB, various combinations
of rocking speed and angle were tested, leading to different
levels of microcarrier mixing. Following the characteriza-
tion by Thomassen et al. (2012), who described nine lev-
els of homogeneity in a Biostat Cultibag RMB, conditions

equivalent to levels 7-9 (indicating homogeneous suspen-
sion of microcarriers) were selected. This strategy ensured
sufficient mixing while limiting agitation, in line with the
just-suspended criterion applied throughout this study for
bioreactor scale-up.

No cell growth was observed when cultivating the cells
under continuous rocking, after the attachment phase, at
8 rpm and 4°, with complete cell death observed by 48 hpi
(Supplementary Fig. 2a, b). Consequently, a static condi-
tion (periodic homogenization of 15 s at 25 rpm, 10° every
40 min) was tested. In this case, the culture survived 24 h
longer than in the continuous rocking condition, but the cells
died after 72 h of culture (Supplementary Fig. 2c, d).

In both experiments, the initial cell density was lower
than the usual 100,000 cells-mL~" used in other experiments
(Supplementary Fig. 2a, c). The lack of growth under con-
ditions that were successful with SSM led to considering
that the seeding density might be too low. Therefore, an
experiment under semi-static conditions was conducted,
doubling the seeding density to 200,000 cells-mL~" while
maintaining the microcarrier concentration. By doing this,
although the cells experienced a sharp decrease in viability
during the first 48 h, the culture recovered over the next
48 h, reaching the initial cell concentration and entering a
plateau that lasted for 96 h until the experiment was stopped
(Supplementary Fig. 2e, f). These findings indicate that DEF
show a high sensitivity to agitation in the RMB, even at low
rocking speeds.

Experiments similar to those performed in the RMB were
carried out: one static condition with periodic shaking to
homogenize the culture, one with the minimum shaking
speed to keep the microcarriers (and cells) fully suspended,
and another with low shaking and poor microcarrier mix-
ing. In all runs, perfusion was started after 24 h through
one of the dip-in tubes of the bioreactor single-use bag, as
explained in the “Materials and Methods” section. Pump
flow rate was adjusted daily to apply the previously deter-
mined CSPR and the waste bottle was monitored to ensure
no microcarriers were being lost from the bioreactor. The
mixing threshold was determined by visual assessment of
microcarrier sedimentation, with 80 rpm identified as the
minimum speed for homogeneous suspension, a criterion
also used in other microcarrier studies (Lawson et al., 2017;
Rafiq et al., 2013; Thomassen et al., 2012).

The condition with good microcarrier mixing yielded
results similar to those observed in the RMB: the cells
did not survive beyond 72 h post-seeding (Supplementary
Fig. 3a, b). Lowering the shaking speed to reduce shear
stress, even at the cost of microcarrier homogeneity, was
further tested. Experiments cultivating the cells at 55 rpm
with continuous shaking were carried out, showing no sig-
nificant improvement, with nearly all cells dead at 48 hpi
(Supplementary Fig. 3c, d).
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«Fig. 4 Scale-up of DEF proliferation and differentiation in a stirred
tank bioreactor. a Growth kinetics of DEF growing on Cytodex-1
microcarriers in a 1 L STB (0.75 L working volume) operating in
perfusion mode (1 and 1.83 nL-cell™!-day™! for proliferation and dif-
ferentiation, respectively). Microcarrier concentration was 2 g-L~! in
all the experiments. Proliferation experiment carried out three times
and differentiation experiment one time. Dotted line indicates viabil-
ity (blue inverted triangles), green area indicates intracellular triglyc-
eride accumulation (green diamonds), and solid lines indicate cells
attached to the microcarriers (burgundy dots) and cells in the super-
natant (purple squares). b Images of the cells cultured in the bioreac-
tor at different time points during the proliferation (burgundy frames)
and the differentiation (green frames) phases

These results led to testing less ideal culture conditions:
static culture with homogenization every hour at 80 rpm.
This approach showed a clear improvement over the other
conditions, with sustained cell viability for a longer period.
However, despite prolonged cell survival, no cell growth was
observed for 144 h (Supplementary Fig. 3e, f).

These findings suggest that the OSB, despite its similarity
in shaking conditions with the shake flasks, is not an optimal
bioreactor typology for the culture of DEF, suggesting that
DEF are very sensitive to agitation even at laboratory scales.

Finally, the STB was evaluated to determine if this agita-
tion technology could support cell growth. The impeller con-
figuration was modified following the model described by
Loubiere et al., 2019 adjusted to the bioreactor used in this
study. This configuration was empirically validated through
visual observation of the microcarriers mixing in the STB.
The microcarrier concentration was 2 g-L. ! and the impel-
ler speed was set to 50 rpm, corresponding to the minimum
condition that ensured full suspension of the microcarriers
while limiting stress. The bioreactor operated in perfusion
mode through the dip-in tube ensuring that no microcarriers
were lost during the process, as in previous experiments.
Attached cells, cells in the supernatant, viability, and cell
morphology through the experiment were studied.

This bioreactor type was able to sustain the proper pro-
liferation of DEF, allowing them to reach full confluence on
the microcarriers. The attached cells experienced a relatively
long lag phase at the beginning of the culture, followed
by a growth phase with a doubling time of 58 h, slightly
higher than in shake flasks. Cell density peaked at 168 hpi
at 489,000 cells-mL~!, concomitant with previous results
(Fig. 2b). Viability analysis showed that the percentage of
attached cells remained near 100% throughout the culture
period, with very few cells in the supernatant (Fig. 4a).

Visual analysis of the culture revealed significant changes
in cell morphology and aggregation over time. Images taken
at 24 hpi showed cells with proper morphology homoge-
neously attached to the microcarriers (Fig. 4b). At 72 hpi,
most microcarriers were showing at least 40% confluence,
and aggregation had not yet begun. This changed at 120

hpi, where cells began to form aggregates after reaching full
confluency on the microcarriers (Fig. 4b).

Successful cell proliferation in the STB led to the assess-
ment of DEF differentiation in this bioreactor type. Adipo-
genesis was started at 144 hpi and about 400 000 cells-mL ™",
24 h before the cells reached their peak density following the
protocol developed earlier, and specific TG accumulation
was assessed, in addition to the other parameters monitored
during the proliferation phase.

Just 48 h post-differentiation (hpd), cells started accumu-
lating lipid droplets, which significantly increased in size
and quantity by the end of the culture at 96 hpd (Fig. 4b).
After the peak of cell density, the concentration started to
slowly decrease until it reached the concentration of the
beginning of differentiation, while specific TG accumula-
tion rose to 380 pg-cell™!, reaching values similar to those
observed in shake flasks (Fig. 2g).

These results demonstrate that the STB operating in per-
fusion mode can sustain the growth and adipogenesis of DEF
using the serum-free media ProDuck4.0 and LipoDuck?2.0.
Cell densities comparable to those achieved in shake flasks
were attained, along with similar TG accumulation.

Discussion

Shake Flask Cultures Reveal Shear Sensitivity of DEF
on Cytodex 1 Microcarriers

Experiments analyzing the attachment efficiency and growth
kinetics on Cytodex 1 microcarriers using the in-house pro-
prietary serum-free media demonstrated the ability of DEF
to proliferate in shake flasks. While the culture of chicken
embryonic fibroblasts (CEF) on Cytodex 1 has been docu-
mented (Hundt et al., 2005; Zhang et al., 1997), this study
is the first to address DEF culture on microcarriers. DEF
isolated from Khaki Campbell ducks could efficiently attach,
spread, and proliferate on Cytodex 1 microcarriers in a
serum-free environment.

DEF failed to proliferate at shaking speeds higher than
80 rpm, indicating sensitivity to shear stress conditions, a
phenomenon well-documented in the literature for cells cul-
tured on microcarriers (Grein et al., 2019). Some works on
microcarrier cell cultures have observed that the minimal
shaking speed for the complete suspension of Cytodex 1 is
70 rpm in 125 mL shake flasks (25 mL working volume),
slightly higher than the 51-rpm minimum shaking speed
(10-12 mL working volume) empirically determined in this
work (Maillot et al., 2022).

Shear stress arises from microturbulence in the culture
media, caused by agitation. In the fluid, eddies of differ-
ent sizes are formed and those having the size of cells can
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directly interact with cell membranes, causing senescence,
apoptosis, and necrosis (Cherry & Papoutsakis, 1986;
Croughan et al., 1989; Koh et al., 2020). Larger eddies,
however, can encompass entire microcarriers, reducing
shear forces on the cell surfaces (Cherry & Papoutsakis,
1986; Croughan et al., 1986). The sensitivity to shear stress
is more pronounced in microcarrier cultures compared to
single-cell suspensions due to the higher freedom of move-
ment in the former, which allows the cells to freely move
with the eddies.

Shear stress is not only a physical concern, causing cell
membrane rupture and death, but also a physiological signal
sensed by cells via specific receptors, leading to significant
changes in cellular function (Kunnen et al., 2018). This
phenomenon has been extensively studied in both bioman-
ufacturing and physiological contexts, such as in endothe-
lial cells within blood vessels (Chu & Peters, 2008). Inter-
estingly, low to moderate shear stress levels can enhance
recombinant protein production in HEK293 cells cultured
in bioreactors operating in perfusion using a hollow fiber
cassette (Zhan et al., 2020). The improvement of physiologi-
cal conditions under low shear stress have been reported in
different studies using diverse cell types, including human
fibroblasts (Wang & Thampatty, 2006). However, it is widely
accepted that high shear stress levels generally have negative
effects on cell physiology (Grein et al., 2019; Julaey et al.,
2016; Zhan et al., 2020). The possible benefits of low shear
stress have not been addressed here, where only the maxi-
mum shear stress was determined to be at around 90 rpm in
shake flasks. Hence, future work with a more in-depth char-
acterization of the cellular response to the range of agitation
studied here should be carried out to gain knowledge of this
phenomenon, similar to the work carried out in other studies
(Chu & Peters, 2008; Kunnen et al., 2018; Qiao et al., 2016;
Yamamoto et al., 2020; Zhan et al., 2020).

Design space in terms of shaking speed for the culture of
microcarriers of DEF has been established. This small-scale
system was useful for studying the proliferation and differ-
entiation of DEF as a previous step for the implementation
of the culture in the bioreactor and helped to gain insights
into cell sensitivity to shear stress conditions.

Development of a Successful Proliferation
and Differentiation Process Using Serum-Free media

Combining CSPR analysis and DoE-based assessments of
both CSPR and Lipomix concentration in the culture, the
proliferation and differentiation protocols in shake flasks
could be developed and validated. CSPR_ is a crucial param-
eter in driving perfusion processes (Bielser et al., 2018).
Various studies have established methodologies for deter-
mining CSPR_, particularly for suspension immortalized
cell lines like CHO or HEK293 cells (Lavado-Garcia et al.,
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2020; Maria et al., 2023). Typically, CHO cells exhibit a
CSPR ranging from 15-70 pL-cell™!-day~! in commercial
media (Bielser et al., 2018). In contrast, DEF cells displayed
a CSPR of 793 pL-cell~!-day™! during the growth phase and
1830 pL-cell~!-day™! during differentiation, significantly
deviating from the literature. The proliferation and differ-
entiation protocols optimized in this work set the foundation
for further optimization of the production system, as a first
step for a future scale-up of the production.

Scale-Up of the Process to Bioreactor Showed
Disparities Across the Agitation Systems Tested

The assessment of the RMB to sustain the growth of DEF
yielded no cell growth at all when the cells were cultured in
continuous rocking and using ProDuck4.0. RMBs are known
for their lower shear stress and comparable oxygen trans-
fer and power inputs relative to traditional systems, making
them widely used in both laboratory and industrial settings
for animal cell cultures (Wierzchowski & Pilarek, 2024).

Given the specificity of the studied system, where a duck
primary cell line is cultivated on Cytodex 1 microcarrier
and in a proprietary serum-free medium, finding comparable
results is challenging from a biological perspective. Most
studies using microcarriers in RMBs focus on mesenchymal
stromal cells (MSCs). Some of them reported reduced shear
stress compared to stirred bioreactors and despite suffer-
ing from mixing and aggregation challenges (de Sa Silva
et al., 2019; Tsai et al., 2017), achieved MSCs expansion
while maintaining good viability and differentiation poten-
tial (Koh et al., 2020; Panchalingam et al., 2015). Another
work on MSCs expansion described the successful growth
of MSC with expansion factors (EF) ranging from 11.7 and
25.6 with agitation rates of 24 rpm and 4° (de Sa Silva et al.,
2019).

Research by Timmins et al., 2009, 2011, 2012) found that
cultures of umbilical cord blood hematopoietic stem cells
and human placental MSCs faced proliferation issues when
inoculated at low cell densities in an RMB due to over-oxy-
genation of the culture medium and shaking. This issue was
mitigated by increasing the seeding density and limiting the
dissolved oxygen (DO) to 50% for the hematopoietic stem
cells (Timmins et al., 2009). Nonetheless, in MSCs cultures,
where a static pre-amplification phase in shake flasks was
added to increase the seeding density, the performance was
still very poor. The problem was only overcome when the
DO % was limited to 50% (Timmins et al., 2012). Increasing
the seeding density did not result in cell growth in the condi-
tions tested in this work. However, the effect of reducing the
DO on culture performance was not explored and remains
to be addressed in the future. However, similar DO levels,
near 100% saturation, were observed across all bioreactor
systems, indicating that elevated oxygen concentration alone
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is unlikely to account for the reduced performance observed
in the RMB.

Other cell lines have been successfully cultured using
RMB systems. Immortal CP5 bovine chondrocyte cultures
have been scaled up to RMB by using the Reynolds number
and oxygen mass transfer coefficient (kLa) as predictors of
cell performance (Wierzchowski et al., 2021). Literature on
Vero and MDCK cells cultured in this bioreactor typology
using Cytodex 1 is also available within the scope of vaccine
production. In this case, the scalability of the system to a
20 L RMB was demonstrated with EF as high as 5 obtained
and a PDT of 41 h (Genzel et al., 2010; Schouwenberg et al.,
2010; Thomassen et al., 2012). A comparative study for the
scale-up of Vero and HEK293 cultures using Cytodex-1 in a
Wave25 bioreactor showed good results for the expansion of
Vero cells, while HEK293 could not proliferate in any of the
culture conditions tested, indicating high dependency on the
used cell line (Yang et al., 2019). Based on the experiments
presented here, and in contrast to the successful expansion
of other cell lines in RMB, it appears that the main limitation
lies in the DEF cells themselves.

The OSB also failed to sustain cell growth on microcar-
riers, producing results similar to those observed with the
RMB. Previous studies have investigated the mixing con-
ditions and critical shaking speeds necessary to maintain
good mixing while reducing shear forces in microcarriers
within orbitally shaken systems (Olmos et al., 2015; Pieralisi
et al., 2016). These studies have extensively described the
hydrodynamic phenomena affecting microcarriers in fluids
but have not focused on the cultivation of cells. Other studies
have successfully cultured cells in orbitally shaken systems,
but these were primarily conducted using shake flasks or
other small-scale systems, where we did not encounter sig-
nificant cultivation issues either (Foldes et al., 2021; Goh
et al., 2013; Jeske et al., 2021; Maillot et al., 2022; Rodri-
gues et al., 2013; Sion et al., 2020). Some of these works
have cultured MSCs at similar shaking speeds to those used
in this research, probably indicating a limitation in maxi-
mum shaking speed to obtain proper cell growth and viabili-
ties (Maillot et al., 2022). To our knowledge, this is the first
work describing the use of laboratory-scale bioreactors, like
the 3 L bag with a 1.5 L working volume used in this study,
for anchorage-dependent cells on microcarriers. Therefore,
contextualizing the results obtained here is challenging, as
it is difficult to determine whether they are typical or excep-
tional. However, considering the results obtained with the
RMB, it appears that our system is particularly sensitive to
scale-up conditions.

The STB was the only bioreactor typology that achieved
cell proliferation and differentiation, yielding results
similar to those obtained in shake flasks. STBs are the
gold standard in biomanufacturing, widely used at large
scales (Xing et al., 2009). Several studies have established

protocols for the culture of anchorage-dependent cells such
as Vero and HEK293 in stirred tank bioreactors using
microcarriers from laboratory to 200 L scales (Genzel
et al., 2010; Yang et al., 2019). However, as discussed
earlier, different cell lines and culture media may yield
different results when cultivated in the same bioreactor.

Other studies have addressed the cultivation of MSCs
and CEF, cell lines similar to DEF, in STBs. These studies
proposed new impeller configurations to mitigate shear
stress in the case of MSCs, achieving cell concentra-
tions comparable to or lower than those obtained in this
work (Hewitt et al., 2011; Lépez-Fernandez et al., 2024;
Loubiere et al., 2019; Zhang et al., 1997). Although suc-
cessful in cultivating these cell lines, it is important to note
that adjustments to the bioreactor design were necessary to
achieve these results, indicating a high sensitivity to shear
stress conditions that has been widely described in the lit-
erature for adherent cell cultures (Cherry & Papoutsakis,
1986; Collignon et al., 2016; Croughan et al., 1986, 1989;
Julaey et al., 2016; Papoutsakis, 1991; Sion et al., 2020).
Another study on MSCs demonstrated the scalability of
the culture system up to a 5 L bioreactor (2.5 L work-
ing volume) (Rafiq et al., 2013). More recently, research
by Lawson et al., 2017 described fed-batch expansion of
primary human MSCs in a 50 L single-use stirred tank
bioreactor using microcarriers, reaching harvest densities
of 2.56:10° cells-mL~! and total cell yields of 1.28-10'°.
The authors emphasized that scale-up was only possible
through careful management of hydrodynamic parameters,
using P/V and impeller tip speed as criteria, highlight-
ing the sensitivity of primary adherent cultures to shear
stress in dynamic conditions. Still, most research focuses
on small-scale stirred systems such as miniaturized bio-
reactors and spinner flasks, which are suitable for autolo-
gous cell therapies, with limited availability of published
data on pilot or industrial scales culture of primary cells
and no literature addressing the culture at large scale of
any anchorage-dependent cell. In this context, it is worth
noting that spinner flasks, often used as predictive scale-
down models for STB processes, were not available for
this study. Their inclusion could have provided a more rep-
resentative model of the cultivation in STB, although the
consistency observed between shake flask and stirred sys-
tems indicates that the chosen approach was still informa-
tive for process development.

To contextualize these findings, a comparison of micro-
carrier-based bioreactor systems reported in the literature
comparable to the ones used in this work is compiled in
Table 1. This summary highlights operation mode, perfor-
mance metrics, and key hydrodynamic parameters, enabling
direct comparison between RMB, OSB, and STB systems
across different adherent cell types.

@ Springer
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The limited performance of wave-mixed and orbitally
shaken systems is consistent with previous reviews on
shear-sensitive stem and stem-like cells, a category that
includes embryonic fibroblasts. These studies highlight
that, while wave and orbital systems provide gentle mix-
ing, their scalability and compatibility with microcarriers
are limited (Nogueira et al., 2021; Olmos et al., 2015). In
contrast, stirred tanks are considered the most robust plat-
form for adherent cell expansion when operated close to the
just-suspended speed to balance suspension and shear, espe-
cially because they offer more flexibility regarding shear and
mass transfer control (Jossen et al., 2016; Loubiere et al.,
2019; Teale et al., 2023). Therefore, the results reported here
confirm established observations that STBs offer the best
compromise for shear-sensitive cells in dynamic culture.

Despite the positive results achieved with the STB operat-
ing in perfusion, it presents several limitations that should
be addressed in the future to achieve the scalability of the
production process. Key challenges include shear stress
sensitivity, surface growth limitation on the microcarri-
ers leading to low cellular yields, and the lack of available
research on the culture of DEF. Also, the perfusion meth-
odology described here in the cases of the STB and OSB
has limited scalability when increasing bioreactor size or
microcarrier concentration. Nonetheless, it has proven very
useful for preliminary studies and early process development
as the one carried out in this work since it requires almost
no optimization.

Limitations, Prospects, and Challenges

A major challenge in comparing different culture platforms
lies in the accurate quantification of shear stress and other
hydrodynamic parameters, which varies with vessel geom-
etry, agitation method, working volume, fluid properties,
and impeller configuration. While empirical determination
of agitation limits provided practical guidance in this study,
future work should incorporate direct hydrodynamic meas-
urements, such as computational fluid dynamics, particle
image velocimetry, or torque-based analyses, to better define
shear profiles. Integrating these measurements with in-depth
cell biology studies (i.e., transcriptomics or proteomics stud-
ies) will help clarify how mechanical forces influence cell
phenotype under these dynamic conditions.

An additional limitation of the present study is the
use of Cytodex 1, which is not edible and therefore not
directly applicable for human consumption. In parallel to
this study, our research group developed edible microcar-
riers composed of alginate matrices functionalized with
polysaccharides. Cytodex 1 was used here to establish and
optimize culture conditions in a reproducible platform,
with the strategy of subsequently adapting these processes

@ Springer

to the edible microcarriers. We have already confirmed
that DEF can attach, proliferate, and undergo adipogenic
differentiation on the edible microcarriers under static
and semi-static culture conditions in the RMB (unpub-
lished results). The next step will be to evaluate perfor-
mance under dynamic conditions and confirm food safety
compliance.

The growth of DEF on the surface of microcarriers as
a strategy to scale up the proliferation and differentiation
processes has been demonstrated. Perfusion was demon-
strated to be a feasible strategy in shake flasks. By combin-
ing a semi-perfusion methodology with DoE, the optimal
CSPR for both proliferation, 1 nL'cell_1~day_1, and dif-
ferentiation, 1.83 nL-cell™!-day~!, using serum-free media
could be determined.

Various bioreactor typologies were tested to scale up the
culture from shake flasks to lab-scale bioreactors. Growth
using RMB and OSB could not be achieved despite the
several tests performed. However, DEF proliferation and
differentiation were achieved in a STB, reaching cell den-
sities and intracellular TG accumulations comparable to
those obtained in shake flasks.

Overall, this study demonstrates the feasibility of culti-
vating duck primary cells on microcarriers in a stirred tank
bioreactor under serum-free conditions. These findings
establish a first proof of concept for duck fat production
in bioreactors and provide a foundation for future work
toward process intensification and scale-up.
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