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A B S T R A C T   

A major challenge for successful cultured meat production is the requirement for large quantities of skeletal 
muscle satellite cells (MuSCs). Commercial microcarriers (MCs), such as Cytodex®1, enable extensive cell 
expansion by offering a large surface-to-volume ratio. However, the cell-dissociation step post cell expansion 
makes the cell expansion less efficient. A solution is using food-grade MCs made of sustainable raw materials that 
do not require a dissociation step and can be included in the final meat product. This study aimed to produce 
food-grade MCs from food industry by-products (i.e., turkey collagen and eggshell membrane) and testing their 
ability to expand bovine MuSCs in spinner flask systems for eight days. The MCs’ physical properties were 
characterized, followed by analyzing the cell adhesion, growth, and metabolic activity. All MCs had an inter-
connected porous structure. Hybrid MCs composed of eggshell membrane and collagen increased the mechanical 
hardness and stabilized the buoyancy compared to pure collagen MCs. The MuSCs successively attached and 
covered the entire surface of all MCs while expressing high cell proliferation, metabolic activity, and low cell 
cytotoxicity. Cytodex®1 MCs were included in the study. Relative gene expression of skeletal muscle markers 
showed reduced PAX7 and increased MYF5, which together with augmented proliferation marker MKI67 indi-
cated activated and proliferating MuSCs on all MCs. Furthermore, the expression pattern of cell adhesion re-
ceptors (ITGb5 and SDC4) and focal adhesion marker VCL varied between the distinct MCs, indicating different 
specific cell receptor interactions with the various biomaterials. Altogether, our results demonstrate that these 
biomaterials are promising prospects to produce custom-fabricated food-grade MCs intended to expand MuSCs.   

1. Introduction 

A novel food biotechnology alternative has emerged due to the 
increased demand for meat and the considerable environmental impact 
of the meat industry. In theory, cultured meat technology allows a 
significantly lower energy input with high protective ecological impli-
cations [1]. Cultured meat is based on growing skeletal muscle satellite 
cells (MuSCs) outside the living animal, where cells are isolated from a 
tissue biopsy and expanded in three-dimensional (3D) cell cultures such 
as bioreactor systems using microcarriers (MCs) [2]. Therefore, a sus-
tainable food-grade MC adapted for optimal MuSC proliferation to 

ensure high-density cell culture is among the prerequisites to facilitate 
cultured meat production. The standard technique for growing adherent 
cells (e.g., MuSCs) is in single-cell monolayers on flat rigid surfaces [3]. 
Monolayer cell growth results in a small surface to volume ratio, limiting 
the production potential. One promising option for cultured meat pro-
duction is to expand isolated cells on the surface of small, solid, and 
often spherical materials such as MCs in a bioreactor. Cells expanded in a 
MC-based bioreactor system benefit from a significantly larger surface 
area to volume ratio compared to monolayered cultures. MCs are typi-
cally 100–500 μm in diameter and differ in their physical properties such 
as porosity, density, size, rigidity, and surface chemistry [4,5]. 
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Commercially available MCs are often made with materials such as 
glass, diethyl aminoethyl (DEAE)-dextran, polyacrylamide, polystyrene, 
and cellulose [5,6]. These MCs generally need surface treatments such as 
texturizing, a coating of extracellular matrix (ECM) proteins, or at the 
most basic level, an ionic charge to attract cells and promote cell 
adherence [4,5]. They also require a cell MC dissociation step following 
cell expansion. While the dissociation process varies (e.g., chemical, or 
mechanical), it often results in a significant cell/tissue yield loss due to 
incomplete cell detachment or MC aggregation [7,8]. This makes 
cultured meat production less efficient and more costly. While natural 
and synthetic collagen is already commonly used in tissue engineering 
for scaffold production, it is to our best knowledge not specifically 
developed for food production applications or agitated cell culture sys-
tems. They usually lack the structural stability needed in agitated cell 
culture and are often expensive polymers [8]. The commercially avail-
able MCs adapted for genetically stable cell lines used in the medical 
field are not acceptable food-grade. However, at present exciting work is 
currently ongoing on food-grade scaffold production using textured soy 
protein and salmon gelatin [9,10]. This work focuses on the feasibility of 
using by-products to develop food-grade MCs that will not require a 
dissociation step by being included in the final cultured meat product. 
This can reduce profit loss by ensuring high cell expansion with 
maximum recovery of bovine MuSCs. 

The optimal biomaterial to use in the design of MCs for cultured meat 
production should be capable of mimicking the natural 3D network that 
provides structural support and maintains normal cellular behavior in 
MuSCs, i.e., the ECM [11,12]. As cultured meat provides the opportunity 
to customize the nutritional composition of the food product, it is 
beneficial to produce MCs with nutrient-enhancing components that can 
be included in the final meat product. Hence it would be ideal to use 
food-grade biocompatible materials with naturally high cell-stimulating 
properties, combined with previous knowledge of MC dynamics. 
By-products from the food industry such as poultry carcasses and 
eggshell membranes (ESM) are excellent sources for collagen, glyco-
proteins, and proteoglycans that are all present in the ECM. The avail-
ability of poultry by-products will also increase over the coming decade 
as poultry meat production is expected to account for 52% of the global 
growth in meat production [13]. By-products are low-cost, easy to 
obtain, and food-safe ingredients with high nutritional value [14]. 
Further, the processing of poultry by-products by enzymatic protein 
hydrolysis have shown that collagen-rich products can be extracted from 
mixed side stream materials, such as turkey carcasses [15]. Nearly 30% 
of the eggs consumed globally by humans are broken and processed or 
powdered into foods. Norway’s leading producer of egg products, Nor-
tura Eggprodukter AS, produces about 800 tons of egg waste (i.e. 40 tons 
ESM and 760 tons ES), forming a solid basis for Norwegian industrial 
development and possibility to increase the profit of waste. Use of ESM 
as food ingredient has been calculated to increase the value up to 10 
USD/kg communicated. The Norwegian biotechnology company Bio-
votec AS has developed a unique separation technology for egg waste 
(WO 2015058790 A1) which is implemented in a one-of-a-kind plant 
developed by Nortura Eggprodukter AS. This plant provides egg waste 
material for improved industrial exploitation. Most importantly, using 
by-products will aid resource recycling and give significant value to 
by-products that otherwise would be an environmental burden by their 
destruction methods. 

Collagen materials from poultry sources were particularly interesting 
in this study due to their high mechanical strength under the stressful 
conditions in agitated cell cultures. This is because avian collagen 
demonstrates among the highest denaturation temperatures reported in 
nature [16,17]. ESM has a high collagen content in addition to a high 
density of disulfide bridges which increases its mechanical strength 
[18]. Previous work in our laboratory has shown that processed ESM 
powder is highly bioactive, anti-inflammatory, regulates cellular func-
tions during wound healing, and is a promising biomaterial for tissue 
engineering [19–22]. It has also been demonstrated that combining 

collagen with ESM and crosslinking the scaffold with dehydrothermal 
(DHT) treatment improved the mechanical properties of collagen [21, 
22]. However, this treatment is not suitable for food applications due to 
the high toxicity [23]. Therefore, in this study, we selected collagen 
extracted from turkey-tendons, ESM and a non-toxic UVA-riboflavin 
crosslinking method to produce food-grade MCs. This study aimed to 
develop three unique types of MCs and investigate their suitability in 
agitated cell culture. The MCs physical properties were characterized 
and monitored for their cell growth-promoting potential in spinner 
flasks with bovine MuSCs expanded for eight days. Commercially 
available Cytodex®1 MCs were tested in the same culture system for 
comparison. To the best of our knowledge, this is the first report on MCs 
produced with low-cost food by-product materials that are assessed in 
agitated cell culture. 

2. Materials and methods 

2.1. Raw materials and chemicals 

Raw material by-products from turkey and eggshell membrane 
(NOR-ESM) were provided by Norilia (Oslo, Norway). Dulbecco’s 
Modified Eagle Medium (DMEM) low glucose supplemented with Glu-
taMAX™ and pyruvate, fetal bovine serum (FBS) and penicillin/strep-
tomycin solution 10 000 units per mL (P/S), Amphotericin B, and 0.05% 
trypsin/EDTA were purchased from Thermo Fisher Scientific (Waltham, 
MA, USA). Entactin-Collagen-Laminin (ECL) was purchased from Mil-
lipore Sigma (Burlington, MA, USA). Collagenase and Cytodex®1 MCs 
were Sigma Aldrich (Merck KGaA, Darmstadt, Germany). Unless 
otherwise stated, all other reagents were from Sigma Chemicals Co. (St. 
Lois, MO, USA). Collagen was extracted from turkey tendons as 
described by Grønlien et al. [16]. In short, turkey tendons were dissected 
from slaughterhouse by-product material and extracted for collagen 
using pepsin in acetic acid and precipitated in 4 M NaCl. The solution 
was dialyzed (Spectra/Por Dialyzer tubing, MW cutoff 12 000 kDa, Cat. 
No 3787-D42 tubing, Thomas Scientific, MJ, US) and freeze-dried. 
Eggshell membrane (NOR-ESM) was harvested using a patented pro-
cess by Biovotec AS (WO 2015058790 A1) and washed with 0.1 M hy-
drochloric acid (HCl) for 10 min under 300 rpm stirring, then washed 
twice with dH2O before it was freeze-dried at 0.0019 mbar for 72 h 
(Martin CHRIST, Gamma 1–16 LSCplus, Osterode am Harz, Germany) 
and milled (ZM 200 Ultra centrifugal mill, Retsch, Haan, Germany) to a 
powder with an average particle size of 0.25 mm. 

2.2. Production and characterization of food-grade MCs (Collagen, 
hybrid, and ESM) 

2.2.1. Preparation of MCs 
The collagen MCs were produced by dissolving collagen isolated 

from turkey tendons in 20 mM acetic acid (10 mg/mL) under 300 rpm 
stirring. To create spheres, the solution was dripped into liquid nitrogen 
with a quince tip syringe (21.5G). The same procedure was repeated to 
produce the hybrid MCs consisting of a 1:1 mixture of turkey tendon 
collagen and ESM. After liquid nitrogen evaporation at room tempera-
ture, the MCs were freeze-dried at 0.0019 mbar for 48 h (Martin 
CHRIST, Gamma 1–16 LSCplus, Osterode am Harz, Germany) and kept 
at 4 ◦C until further use. The ESM MCs was prepared by shifting the ESM 
powder using a laboratory sieve shaker (AS 300 Control, Reusch, Haan, 
Germany) with a stack of sieves with pore sizes 100 and 200 μm (Reusch, 
Haan, Germany). The isolated fraction was analyzed with a Helium-
–Neon Laser Optical System (Sympatic Inc., Clausthal-Zellerfeld, Ger-
many). Cytodex®1 MCs were prepared according to the manufacturer’s 
instructions. In short, 114 mg MCs were transferred to borosilicate 
bottles with polypropylene caps and set to swell for 3.5 h in 100 mL 
phosphate buffered saline (PBS). The MCs were washed with PBS before 
autoclaving at 121 ◦C (15 min) and washed again with PBS. They were 
then transferred to spinner flasks with cell culture media. 
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The crosslinked collagen and hybrid MCs were prepared by soaking 
50 mg collagen and 100 mg hybrid MCs in 10 mL of a 0.1% (w/v) so-
lution of riboflavin 5′-monophosphate sodium salt (Sigma-Aldrich, Saint 
Louis, MO, USA) in 70% EtOH subjected to UVA irradiation from three 
fluorescent tubes (Ralutec 9W/78, Radium, Germany; λmax = 365 nm, 
2.94 mW/cm2) in a chamber (Polylux-PT, Dreve, Germany) for 5 min, 
then washed with PBS three times to remove residual riboflavin and 
sterilized in 70% EtOH for 10 min. The MCs were washed another time 
with PBS before transferring to spinner flasks with culture media. 50 mg 
ESM powder was sterilized in 70% ethanol for 10 min, then washed with 
PBS and stored at 4 ◦C before use or transferred directly to cell culture 
media in spinner flasks. 

2.2.2. Measurements of physical properties 
The average size of swollen collagen and hybrid MCs was calculated 

by employing the ZEISS Axio software tool measuring their diameter 
from 20 to 22 randomly selected pictures captured with the ZEISS Axio 
Observer Z1 microscope. The average particle size of ESM powder was 
measured using a Helium–Neon Laser Optical System according to the 
manufacturer’s instructions. The mechanical properties (force, N and 
Young’s modulus, Pa) of the derived collagen and hybrid MCs were 
studied using TA-XTplusC Texture Analyzer (Stable Micro Systems, 
Haslemere, UK) in compression mode. The MCs were prepared as 
described in the preparation of MCs procedure (2.2.1). The resulting 
MCs were rinsed with PBS and exposed to constant pressure at 0.01 mm/ 
s with a maximum strain set to 50% by a cylindrical probe (ø = 6 mm) 
attached to a 500 g load cell. The probe was positioned approximately 1 
mm above the sample before analysis. The Young’s moduli for the MCs 
were defined as the slope of the linear central portion of the stress-strain 
curve between 15 and 25% strain. Swelling capacities (SC) of ESM, 
collagen and hybrid MCs were measured over time (1, 24, 72, 144 and 
192 h) in PBS (pH 7.4) at room temperature. The dry materials were 
weighed (W1) and soaked in PBS, then the PBS was removed, and the 
wet materials (W2) were weighed again. Each sample was measured in 
three individual replicates and the average values were used to calculate 
SC with the following equation: 

SC =
W2 − W1

W1
(1)  

2.2.3. Scanning electron microscopy of MCs 
All samples were dehydrated in 100% ethanol (EtOH) and dried 

using a Critical Point Dryer (CPD 030, Bal-tec AG, Schalksmühle, Ger-
many) with liquid carbon dioxide as the transitional fluid. Then the 
samples were mounted on aluminum stubs with double-sided carbon 
tape and coated with gold-palladium (Polaron Emitech SC7640 Sputter 
Coater, Quorum technologies, East Sussex, United Kingdom) and 
examined by Environmental Scanning Electron Microscope (EVO® 50 
Series, Carl Zeiss AG, Oberkochen, Germany). The imaging was per-
formed at the Imaging Centre, Faculty of Biosciences, Norwegian Uni-
versity of Life Sciences. 

2.2.4. 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay of MCs 
The content of primary amines in the MCs was determined using a 

modified TNBS assay [24,25]. The TNBS assay is one of several methods 
used to quantify primary amines in protein samples. This method is 
typically used to determine the amount of cleaved peptide bonds after 
proteolytic reactions (i.e., degree of hydrolysis) or to measure reduction 
in primary amines due to for example crosslinking reactions where 
primary amines are the target [24]. A calibration curve with a concen-
tration rage from 0 to 0.05 mg/mL glycine was prepared from a 5 
mg/mL stock solution diluted in 4% (w/v) NaHCO3. 0.70–0.80 mg 
samples were hydrated with 0.25 mL 4% (w/v) NaHCO3 overnight at 
room temperature in 2 mL Eppendorf tubes. The standards were pre-
pared by transferring 0.25 mL standard solution to 2 mL Eppendorf 
tubes. 0.25 mL freshly prepared 0.05% (w/v) TNBS solution was added 

to the samples and standard solutions. The samples and standards were 
incubated at 40 ◦C for 2 h before addition of 0.75 mL 6 M HCl. After the 
addition of HCl the samples were incubated at 60 ◦C for 90 min to 
dissolve the sample materials. Following the acid treatment, the samples 
were cooled to room temperature and centrifuged for 30 s using a 
benchtop centrifuge from Labnet International (Edison, NJ, USA). 50 μL 
of the sample solutions and standards were transferred to a Pierce 
96-Well Polystyrene Plate (Thermo Fisher Scientific, Waltham, MA, 
USA) and diluted with 50 μL Milli-Q water per well. Absorbance was 
measured at 320 nm using a Synergy H1 Hybrid Multi-Mode Microplate 
Reader (Biotek, Bad Friedrichshall, Germany). All samples were 
measured against blanks which were prepared as described above except 
the 6 M HCl was added prior to the addition of TNBS. The samples, 
blanks and calibration solutions were measured in triplicates. Primary 
amines (mmol/g sample) were calculated from the standard curve and 
the percent reduction in primary amines was calculated relative to un-
treated MCs. 

2.2.5. Pore size 
Pore size distribution was measured by mercury intrusion porosim-

etry using a Micromeritics AutoPore IV 9500 (Micromeritics Instrument 
Corporation, Norcross, GA, USA). A powder-type penetrometer (Model 
#14) with a stem volume of 0.4120 mL and a penetrometer volume of 
3.1188 mL was used. The pressure range investigated was 0.10–60000 
psia. 

2.3. Cell culture experiments on MCs 

2.3.1. Bovine skeletal muscle satellite cell (MuSC) isolation 
Bovine MuSCs were isolated from freshly slaughtered beef sirloin 

provided by Nortura AS (Rudshøgda, Norway) using an established 
protocol [26,27]. In short, a muscle biopsy of ~2 g was digested with 
0.72 mg/mL collagenase in 10 mL DMEM containing 10.000 units/mL 
penicillin/streptomycin (P/S) and 250 μg/mL amphotericin B for 1 h at 
37 ◦C with 70 rpm shaking. The tissue was further digested with 0.05% 
trypsin/EDTA (25 min) before adding 10% FBS for enzyme inactivation, 
and this step was repeated three times before the cell pellets were pooled 
together. To purify MuSCs and remove fibroblasts, the cell pellets were 
incubated in uncoated 25 cm2 culture flasks for 1 h at 37 ◦C and 5% CO2 
in culture seeding medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), 250 μg/mL fungizone, and 10.000 units/mL P/S. 
Fibroblasts adhere to the plastic and the non-adhering MuSCs were 
collected and transferred to cell flasks coated with 1 mg/mL 
Entactin-Collagen-Laminin (ECL). When the cells reached 70–80% 
confluence, they were harvested in freezing media (8% dimethyl sulf-
oxide in DMEM media) and stored in liquid nitrogen. 

2.3.2. Spinner flask cell culture 
The starting cell culture with isolated MuSCs was passaged in 175 

cm2 cell culture flask in cell growth medium containing DMEM medium 
supplemented with 2% FBS, 2% Ultroser G, 250 μg/mL fungizone, and 
10.000 units/mL P/S. When confluency of ~80% was reached, the cells 
(~1 million cells) were inoculated into 250 mL spinner flasks (Bellco 
Glass, NJ, USA) mixing the cells with 10 mL cell growth medium and 
MCs. The spinner flasks were placed in a humified incubator at 37 ◦C and 
5% CO2 with no agitation for approximately 13 h to allow cell attach-
ment. The growth medium was then adjusted to 100 mL and the spinner 
flasks were placed on a magnetic stirrer at 100 rpm. Three replicate 
spinner flasks were performed for each different MC type, and samples 
were taken on days 1, 3, 6 and 8. 

2.3.3. Cell proliferation, metabolic activity, and cytotoxicity assay 
Cell proliferation was measured as the amount of dsDNA using a 

Quant-IT Picogreen dsDNA Assay (Fluorescence) (Invitrogen, Paisley, 
UK) according to the manufacturer’s instructions. Prior to analysis, the 
samples were washed with PBS and the pellet was lysed with 150 mL 
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RLT buffer (Qiagen GmbH, Venlo, Netherlands). The solution was 
incubated at 55 ◦C for 15 min, vortexed and stored at − 80 ◦C until 
further use. Cell metabolic activity was measured as ATP using CellTiter- 
Glo ®Luminescent assay (Promega, Madison, WI, USA). Muscle cell 
cytotoxicity was measured as lactate dehydrogenase (LDH) release in 
the media, using a Cytotoxicity Detection Kit (Roche Applied Science, 
Mannheim, Germany) according to manufacturer’s instructions. Lumi-
nescent and absorbance, respectively, were measured using a Synergy 
H1 Hybrid multi-mode microplate reader (Biotek, Winooski, VT, USA). 
The samples were performed in triplicates, and data are presented as 
mean ± SD. 

2.3.4. Glucose consumption and lactic acid production 
Glucose and lactic acid concentrations were measured using the 

Reflectoquant test with corresponding test strips and RQflex 10 instru-
ment (Merck KGaA, Darmstadt, Germany) following the manufacturer’s 
instructions. The method to measure glucose is based on the conversion 
of glucose into gluconic acid lactone. The hydrogen peroxide formed 
reacts with an organic redox indicator to form a blue-green dye. The 
method to measure lactic acid is based on the oxidation of lactate by 
nicotinamide adenine dinucleotide (NAD) and lactate dehydrogenase to 
pyruvate. When NADH is produced it reduces tetrazolium salt to a blue 
formazan. The samples were performed in duplicates from the individ-
ual spinner flask, and data are presented as mean ± SD. 

2.3.5. Immunocytochemistry and light microscopy 
The cell nuclei were visualized using a Hoechst stain (Invitrogen, 

NucBlue, Live Cell Stain ready probe, Hoechst 33342). The cell growth 
medium was removed, and the samples were washed once in PBS and 
resuspended in 500 μL PBS. The stain was added per the manufacturer’s 
instruction (1 drop/500 μL) and incubated dark at room temperature for 
20 min. The MuSC/MC suspension was transferred onto a microscope 
slide and examined by fluorescence microscopy analysis. During 
immunofluorescence staining, the samples were washed with PBS and 
fixed with 4% PFA for 10 min at room temperature. The samples were 
then washed once with PBS and permeabilized with 0.1% Triton-X-100 
for 15 min. Samples were blocked in 1X blocking buffer (ab126587) in 
PBS-tween (PBS-t) for 30 min, followed by incubation with the primary 
antibody for 60 min at room temperature. The samples were washed 
twice with PBS and incubated with secondary antibody, Alexa Fluor™ 
488 Phalloidin probe (1:200) and NucBlue Live Cell Stain ready probe 
for 1 h and washed once with PBS before the samples were transferred 
onto a microscope slide and mounted using the DAKO fluorescent 
mounting medium (Glostrup, Denmark). The antibodies used were 
mouse anti α-Tubulin T5168 1:400 (Sigma Aldrich), Alexa 488-conju-
gated goat anti-mouse and Alexa 546-conjugated goat anti-mouse 
(Thermo Fisher Scientific, Waltham, MA, USA) 1:400. Mouse anti- 
NCAM/CD56 5.1H11, 1:10 was from Developmental Studies Hybrid-
oma Bank (Iowa city, IA, USA). Primary and secondary antibodies were 
diluted in 0.1X blocking buffer in PBS-t. All images were produced with 
a ZEISS Axio Observer Z1 microscope and images were processed using 
Adobe Photoshop CS3. When necessary, adjustment in brightness and 
contrast were performed across the entire image. 

2.3.6. RNA extraction and real-time quantitative PCR (RT-qPCR) 
Total RNA was isolated using the RNeasy MiniKit (Qiagen, 

cat#74104) according to the manufacturer’s instructions. First, MuSC/ 
MC samples were centrifuged (300 g) for 5 min and washed once with 
PBS and before the cells were lysed with 350 mL RLT buffer containing 2 
M DTT. cDNA was generated from ~2 to 10 ng total RNA using Taq-
Man®Reverse Supersripct ViLO (Invitrogen, Carlsbad, CA) according to 
the manufacturer’s protocol. Real-time qPCR analysis was carried out 
using a TaqMan Gene expression Master Mix (Life Technologies) and 
QuantStudio5 (Applied Biosystems, Foster City, CA, USA) PCR System. 
The amplification protocol was initiated at 50 ◦C for 2 min, followed by 
denaturation at 95 ◦C for 10 min, then 45 cycles of denaturation at 95 ◦C 

for 15 s, annealing of TaqMan probes and amplification at 60 ◦C for 1 
min. RT-qPCR analyses were performed on 1 biological replicate, with 3 
technical replicates. The ΔCt values were calculated according to the 
MIQE guidelines and the relative gene expression (fold change) was 
calculated by formula 2− ΔΔCt [28,29]. The relative gene expressions 
were normalized to the EEF1A1 internal control, and the bars indicate 
fold change relative to mean of the Day 0 control sample for each gene 
analyzed. All TaqMan® primer/probes are listed in Table 1. 

2.4. Data treatment 

Each spinner flask experiment was carried out in triplicates and 
repeated in at least three individual biological replicates. The sample 
analysis was performed in triplicates from samples of each individual 
spinner flask unless otherwise stated, and data were presented as mean 
± SD. Significant variance was determined by one-way ANOVA using 
Dunnett’s multiple comparison test. Differences were considered sig-
nificant at p < 0.05. All statistical analysis was performed in Graph Pad 
Prism version 7.04 (GraphPad Software, La Jolla, CA, USA). 

3. Results and discussion 

3.1. Production and characterization of food-grade MCs 

Three different MCs, i.e., collagen, a “hybrid” consisting of a 1:1 
mixture of collagen and ESM, and ESM MCs, were produced using food- 
grade collagen extracted from turkey tendons and ESM powder. The 
collagen-based MCs were also crosslinked using UVA-riboflavin to in-
crease their mechanical strength. UVA-riboflavin is a non-toxic alter-
native to other surface treatment options such as glutaraldehyde (GA)- 
and dehydrothermal (DHT) crosslinking. Texture analysis, swelling 
tests, size measurements, primary amines, and scanning electron mi-
croscope (SEM) analysis were preformed to investigate the physico-
chemical properties of the MCs. 

The food-grade raw materials used to produce the MCs have different 
compositions and structures which can be exploited to produce MCs 
with different properties. Collagen from turkey tendons is partly hy-
drolyzed because of the extraction process and consist mainly of 
collagen I and III [16]. Collagens I and III have the typical triple helical 
structure composed of three polypeptide chains. The amino acid 
composition of collagen is also characteristic, every third amino acid is 
glycine and the remaining positions in the chain are mainly filled by the 
amino acids: proline and hydroxyproline [30]. Elevated hydroxyproline 
content is associated with higher thermostability. The hydroxyproline 
contented in collagen from warm-blooded animals is therefore higher 
compared to the collagen from coldblooded animals. Collagen from 
turkeys, which have a body temperature around 40 ◦C, has one of the 
highest registered denaturation temperatures [16]. The ESM is a 
meshwork of fibers naturally stabilized by extensive crosslinking and 
mainly consists of structural proteins such as collagen (III and V). In 
addition to high amounts of collagen proteins, the ESM also contains 
cysteine-rich eggshell membrane proteins (CREMPs) [18]. CREMPs have 
molecular disulfide linkages within the cysteine-rich repeat domains 
giving the ESM increased mechanical strength in the wall of nematocysts 
to help withstand extreme osmotic pressure [31,32]. Both raw materials 

Table 1 
Gene target and TaqMan®primer/probe assays.  

Gene target TaqMan®primer/probe assays 

EEF1A1 Bt03223794_gl 
PAX7 Hs00242962_ml 
MYOD1 Bt03244740_ml 
SDC4 Mm01179833_m1 
ITGB5 Bt03223516_m1 
VCL Bt03217637_g1 
MKI67 Hs04260396_g1  
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have excellent properties for use in cell culturing. However, producing 
MCs with one or a combination of the two biomaterials for MuSC culture 
to withstand temperatures of 37 ◦C and the mechanical stress under 
agitation have not yet been investigated. The focus in this study was 
therefore to produce prototype MCs based on turkey collagen and ESM 
for efficient MuSC expansion. UVA-riboflavin crosslinking was used to 
increase the stability of the MCs. The UVA-riboflavin treatment leads to 
oxidation of amino acid side groups and covalent bonds by a photo-
chemical reaction involving the formation of reactive oxygen species 
(ROS) and singlet oxygen (1O2). Crosslinking collagen with the use of 
UVA and riboflavin is well-known and it involves the formation of co-
valent bonds between the amino acid side chains of histidine, hy-
droxyproline, hydroxylysine, tyrosine, and threonine [23,24,30,33,34]. 
Crosslinking promotes the construction of more resilient and insoluble 
biomaterials. The results from the UVA-riboflavin primary amine anal-
ysis showed a reduction of 7.4% in the collagen and 24.2% in the hybrid 
MCs. This indicates an increase in crosslinking density for both MCs 
(Fig. 1A) even though the primary amine is not the only group partici-
pating in UVA-riboflavin induced crosslinking [34]. The UVA-riboflavin 
treatment increased mechanical hardness and elasticity for both MCs, 
and the effect was more pronounced in the hybrid MCs (Fig. 1B and C). 
Our initial preparations of hybrid beads included different ratios of 
collagen and ESM; however, the MCs were not stable (data not shown). 
For example, MCs were developed using 75% ESM and the beads dis-
solved within 2 h. The ratio of ESM and collagen in the hybrid MCs is 
largely determined by the ability of collagen to bind the ESM particles 
together, forming a more stable framework for the MCs. This work is 
“proof-of-concept” for using by-product biomaterials to produce MCs 
with efficient cell expansion, and no other ratios were tested for cell 
expansion. 

The hybrid MC showed a lower capacity to absorb PBS than pure 
collagen, and both collagen-based MCs swelled more over time 
compared to ESM MCs (Table 2). The swelling capacity of ESM was 
lower with minor changes over time, supporting the high stability of this 
material. Interestingly, in previous work, where ESM was combined 
with bovine type 1 collagen and the DHT crosslinking method was 
applied, a significant increase in PBS absorption was observed [21]. It is 
unknown whether this was due to the differences in physical charac-
teristics of turkey collagen used to generate MCs and bovine collagen 
type I used in the previous study, or whether the observed differences 
were due to the different crosslinking of the material. Previous work in 

our lab has shown that turkey collagen contains high purity collagen 
type I and III, and that the material retained the native triple helix after 
isolation. Likewise, this material is shown to have high thermal stability 
[16]. After three days, we observed a loss in swelling capacity for 
collagen-based MCs, which may be due to an internal collagen collapse 
upon rehydration as only the surface of the MCs may be crosslinked. To 
further strengthen the collagen structure internally, the riboflavin 
mixture can be included in the initial solution and crosslinked before 
producing spherical MCs in further studies. Texture and water binding 
properties of a final cultured meat product is a highly important quality 
parameter for consumers preference. These food-grade MCs can be 
included in the final meat product and would therefore influence these 
parameters. ESM has high mechanical properties and could positively 
add to more meat-like texture properties. 

All MCs had a rough surface with interconnected porous surface 
structures (Fig. 2). Previous studies have indicated that rough surfaces 
are important to protect against shear stress and enhance cell attach-
ment, and it is a common procedure to manipulate smooth MC surfaces 
to achieve a more complex structure [35]. Scanning electron microscopy 
(SEM) revealed distinct morphological features of the MCs (Fig. 2). Both 
collagen-based MCs were spherical with a sponge-like character and a 
diameter of approximately 2000 μm (Fig S1, Fig. 2A and B). The surface 
of collagen MCs appeared more even with a pore size of ~10–15 μm in 
diameter (Fig. 2C–D), while the hybrid MCs had deep folds and cavities 
with a thin collagen film covering the ESM particles (indicated by ar-
rows) and pore sizes of ~2 μm in diameter (Fig. 2B–D). An optimal pore 
size may facilitate ROS and 1O2 diffusion through the hybrid MCs and 
the presence of ESM could explain the higher reduction in primary 
amines. Considering the average myofiber is quite large, the pore size of 
the MCs might not facilitate sufficient space for myofiber formation. 
However, cell migration inside the MCs was not analyzed during this 

Fig. 1. Physical properties of collagen-based MCs. A) Content of primary amines mmol/g in the MCs were measured using TNBS-assay. Crosslinked MCs exhibited the 
lowest content of primary amines, indicating that the UVA-riboflavin treatment has successfully crosslinked the components in the MCs. B) The mechanical properties 
(force, N) of the derived collagen and hybrid MCs were measured using TA-XTplusC Texture Analyzer in compression mode. C) Elasticity of material (Young’s 
modulus) defined as the slope of the stress-strain curve between 15 and 25% strain. Comparisons between non-treated and crosslinked for each MCs were analyzed 
using ordinary One-Way ANOVA with comparison between selected columns pairs, **p < 0.01, ***p < 0.0001***p < 0.0001). 

Table 2 
Swelling capacity (SC) timeseries of MCs.  

Time 1 h 1 day 3 days 6 days 8 days 

Collagen 
MCs 

12.98 ±
3.68 

16.00 ±
2.24 

19.45 ±
3.83 

14.92 ±
1.4 

14.02 ±
0.79 

Hybrid MCs 10.49 ±
1.73 

9.07 ±
1.11 

14.5 ±
3.89 

12.9 ±
2.33 

12.39 ±
2.82 

ESM MCs 8.31 ±
4.38 

9.11 ±
2.30 

7.85 ±
1.23 

9.18 ±
2.81 

8.11 ±
1.55  
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work. In a study performed with human mesenchymal stem cells, the 
cells did not expand well on porous microcarriers, as compared with 
Cytodex®1 MCs [36]. Research has demonstrated that the freezing rate 
greatly determines the pore size of collagen-glycosaminoglycan (GAG) 
scaffolds, and the collagen-GAG suspensions frozen quickly in liquid 
nitrogen have smaller pores and irregular shapes [37–39]. Hence, it is 
possible to produce collagen MCs with larger pores and more uniform 
shapes by controlling the freezing temperature. While the ESM MC size 
was more comparable to the commercial Cytodex®1 MCs (Fig S1, 178 ±
25 μm and 261 ± 128 μm, respectively), the shape was different. SEM of 
ESM MCs showed tightly packed crosslinked fibers with an oval disk 
shape and a pore size diameter of 1–10 μm (Fig. 2, Fig S2). According to 
the manufacturer’s report, Cytodex®1 MCs are solid spherical particles 
with ~190 μm diameter, made of dextran, and the surface is treated with 
positively charged diethylaminoethyl groups. While it is recognized that 
spherical particles provide good hydrodynamic properties and minimal 
stress on cells in agitated culture [4], the effects of shapes and sizes were 
not investigated in this study. Further investigation of the complete 
morphological parameters will be necessary after production 
optimization. 

The appropriate size of a porous MC is essential. A smaller size means 
that a larger quantity of MCs can be suspended per liter culture medium, 
i.e., providing more surface area. Also, the MC interior can become 
nutrient-limited, and small MCs are easier to handle and analyze [4]. 
Therefore, reducing the size of the collagen-based MCs is an essential 
step for further optimization of MCs production. In this work, the 
technique used to produce collagen-based MCs depended on the solution 
density and interfacial tension because they were dripped into liquid 
nitrogen with a syringe. Other techniques can control the production 
process more efficiently while reducing the size of collagen-based MCs, 
such as wet spinning or custom-designed apparatus employing a droplet 
air-jet [23,40]. 

3.2. Skeletal muscle satellite cells successively attached to, spread, and 
proliferated on all MC types 

The skeletal muscle satellite cell (MuSC) attachment and cell pro-
liferation on the MCs were visualized by nuclear staining of live cells 
(Fig. 3). The observations showed that MuSCs successively attached and 
rapidly proliferated to cover the entire surface of all MC types, during 
the eight days of cell expansion. Agitation rate influence cell growth and 
high agitation rates (≥ 100 rpm) can inhibit cell growth. On the other 
hand, higher agitation rates might prevent aggregates [36]. In this work, 
no aggregation between MCs was observed with the 100 rpm agitation 
rate. 

Because cells can sense the physiological conditions necessary for 
normal cellular behavior, the matrix surface properties are directly 
related to biological activity in vitro, such as cell attachment, spreading, 
and growth. When bovine MuSCs were expanded in spinner flasks, they 
formed cell-to-cell connections in monolayers, covering the entire sur-
face of all the MCs (Fig. 4A–B). A more widespread morphology was 
observed on ESM and Cytodex®1 compared to collagen-based MCs 
(Fig. 4A–B). Biomaterials indented as scaffolds for cells to expand on can 
possess polypeptide motifs or ligands that promote a stronger and more 
rapid cell attachment and spreading through interaction with different 
cell adhesion signaling mechanisms. For example, the tri-amino acid 
sequence, arginine-glycine-aspartate (RGD), is a particularly widely 
studied adhesive peptide that acts as the principal integrin-binding 
domain present within ESM proteins [41]. It is well established that 
integrin receptors are the main cell adhesion molecules that regulate 
binding to ECM proteins such as collagen, fibronectin, and laminins. 
This is a crucial factor to consider for the successful development of 
biomaterials that retain cell-collagen binding motifs in tissue engineer-
ing and scaffolds [42]. The relative gene expression of integrin-subunit 
β5 (ITGβ5) was upregulated in MuSCs expanded on Cytodex®1 MCs, 
while the expression was dramatically increased on collagen and hybrid 
MCs (Fig. 4C). While using enzymes and acid is an effective technique to 
obtain high yield when extracting collagen, the method can interfere 
with cell-collagen interactions. These results clearly demonstrated that 

Fig. 2. Scanning electron microscope images showing A) size distribution, B) shape, C) surface morphology and D) pore size of the different MCs produced in this 
study. Representative pictures were selected from three different batches of each MC category. Arrows show ESM particle covered by a collagen film in the hybrid 
MCs. Scale bar is indicated with white lines. 
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the molecular architecture of the turkey collagen used to generate MCs 
was suitable for cell adhesion, migration, and cell-collagen interaction 
through integrin receptors. Interestingly, the expression of ITGβ5 was 
reduced when cells were expanded on ESM MCs. Proteomics studies 
have identified structural proteins such as collagen and cysteine-rich 
eggshell membrane proteins (CREMPs) in processed ESM powder [22]. 
Therefore, we would expect similar cell interactions with this bioma-
terial as with collagen. However, our group has previously demonstrated 
that ESM powder can promote matrix metalloproteinase activity in 
human fibroblast cells, particularly MMP-9 and 2, which are involved in 
degrading collagen fibrils and therefore indirectly influences ITGβ5 
expression [19]. 

Other receptor types can function as co-receptors for matrix proteins. 
It is demonstrated that syndecan-4 (SDC4) is a critical co-receptor. SDC4 
is necessary together with integrins for a complete adhesion-dependent 
signaling response. Also, SDC4 is important for the assembly of focal 
adhesions (FA), mechanosensing, cell attachment, spreading, and can 
also act as the initial fibronectin sensor [43–46]. The importance of 
SDC4 for normal skeletal muscle function has been illustrated by our and 
many other research groups [47–50]. Additionally, Karimi et al. re-
ported that biomaterials engineered to display nanoclusters of ligands 
that bind both integrin and SDC4 receptors increase cell adhesion of 
endothelial cells [51]. Relative gene expression of SDC4 was down-
regulated in MuSCs expanded on Cytodex®1 and upregulated when 
using collagen, hybrid, and ESM MCs (Fig. 4C). ESM has a complex 
structure containing collagen, fibronectin, fibrin, and vitronectin, in 
addition to a broad range of other glycoproteins and GAGs [18,43]. 
Therefore, the SDC4 upregulation observed when using ESM-containing 
MCs can partly be explained by the mechanical properties or complex 
mix of ECM constituents in ESM. This result is in line with the higher 
mechanical hardness of hybrid MCs than pure collagen MCs, where cells 

show a lower SDC4 expression [44]. Further, Vinculin (VCL) encodes a 
cytoplasmic actin-binding protein distributed throughout FA and me-
diates cell adhesion and migration. Previous reports have demonstrated 
that cell invasion into 3D collagen matrixes is regulated by VCL [52]. 
The expression of VCL followed the same pattern as ITGβ5, showing 
decreased expression in cells expanded on ESM MCs and upregulated 
expression in cells grown on collagen and Cytodex®1 MCs. In contrast, 
no change in expression was observed in MuSCs expanded on hybrid 
MCs. Altogether, our study demonstrated that MuSCs engage in specific 
interactions with the different by-product biomaterials. The different 
biomaterials may have opposing effects on the expression pattern of 
adhesion molecules. The surface chemistry of collagen and ESM 
modulated mRNA SDC4 upregulation in MuSCs. While collagen strongly 
induced ITGb5 and VCL expression upregulation, the ESM biomaterial 
modulated a downregulation in both genes, emphasizing the complexity 
of cell-matrix receptor signaling. 

3.3. Skeletal muscle satellite cells retained their early myogenic and 
proliferation potential on all MC types 

The relative gene expression of MKI67, a proliferation-associated 
factor increased over time in cells expanded on all MCs tested in this 
study, verifying that MuSCs were able to proliferate on all the MC types 
(Fig. 5A). Interestingly, the DNA concentration increased for all the 
food-grade MCs, however the cells seeded on Cytodex 1 MCs seemed to 
stop the growth after day 6 (Fig. 5B). The reason for this could be lack of 
available growth area, and a solution would be to add fresh MCs during 
the process to increase the area. The growth kinetics of the cells on 
Cytodex®1 MCs resembled the growth curves also obtained by Ver-
bruggen et al. but the growth rate was slightly slower compared to the 
growth rate when cultured in conventional monolayer cultures [53,26]. 

Fig. 3. Skeletal muscle satellite cell expansion over 8 days on MCs in spinner flask cell culture. Samples with collagen (A), hybrid (B), ESM(C) and Cytodex®1 (D) 
MCs were stained with NucBlue Live stain between day 1–8 and visualized with ZEISS Axio Observer Z1 microscope. Scale bars are indicated at 500 μm (A and B) and 
200 μm (C and D). All MCs maintained their shape after prolonged cell culture. Representative pictures were selected from four different experiments, each with three 
replicate spinner flask experiments. 
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Next, we investigated the metabolic activity (glucose consumption and 
lactate production) of MuSCs during cell expansion. The observations 
showed that the MuSCs were metabolically active and viable on all the 
MCs (Fig. 6). This was demonstrated by a reduction in glucose concen-
tration followed by an increase in lactate concentrations. Collagen-based 
MCs had the most considerable change in glucose and lactate concen-
trations, »-0.35 g/L and »+0.2 g/L, respectively. ESM and Cytodex®1 
MCs had similar changes in glucose (»-0.2 g/L) and lactate (»+0.1 g/L) 
concentrations. These observations fit well with the dsDNA concentra-
tions measured in the different cell cultures, indicating a higher cell 
proliferation on collagen-based MCs in spinner flasks than ESM and 
Cytodex®1 MCs. For all the MC types, we also observed a stable ATP 
production and low cytotoxicity (measured as release of LDH in the cell 
medium) over time (Fig. S3). Both collagens isolated from turkey and 
ESM powder are previously shown to stimulate cell growth of different 
cell types, including keratinocytes and dermal fibroblasts. The param-
eters discussed demonstrated the great cell growth-promotion potential 
and biocompatibility of these biomaterials with MuSCs. 

The development of MuSCs is regulated by a series of transcription 
factors, such as paired boxed 7 (PAX7), which is highly expressed in 
quiescent and newly activated muscle satellite cells, and myogenic 

factor 5 (MYF5) and myoblast determination protein 1 (MYOD1) that 
are expressed in activated, proliferating, and early differentiating cells. 
Our results showed that the gene expression level of myogenic tran-
scription factors differed in bovine MuSCs expanded on the various MC 
types in spinner flask cell culture. The relative gene expression of PAX7 
decreased after eight days of expansion on all MCs relative to day 1 
(Fig. 7A), and the expression was more reduced in cells expanded on 
ESM and Cytodex®1 compared to collagen and hybrid MCs. Further, the 
gene expression of MYF5 increased on all the MCs to similar levels 
(Fig. 7B). The transcriptome regulation, together with post-translational 
modifications, is complex. For example, considering that quiescent 
MuSCs have measurable mRNA levels of MYF5 and MYOD1, but due to 
post-transcriptional modifications these proteins are inhibited from 
translation into functional proteins until MuSCs are activated upon 
muscle damage [54]. This relationship is widely studied in human and 
mice cells [54–56]. Previous studies have demonstrated that MYF5 is 
directly regulated by PAX7 in mice myoblasts (C2C12) and that PAX7 is 
downregulated when cells are differentiated into myotubes [55]. How-
ever, other studies show that PAX7 is heterogeneously expressed in 
activated satellite cells, and 30% of satellite cells associated with freshly 
harvested myofibers from mice had undetectable levels of PAX7 [56]. 

Fig. 4. Skeletal muscle satellite cell morphology and adhesion markers on different MCs in cell culture spinner flask systems after 8 days of expansion. Different 
components of the cytoskeleton, i.e., (A) F-Actin and (B) α-Tubulin were visualized with fluorescent immunostaining on collagen, hybrid, ESM and Cytodex®1 MCs. 
The cell nuclei were stained using the NucBlue Live stain (blue). Scale bars are indicated at 100 μm and the images were captured with ZEISS Axio Observer Z1 
microscope. C) Relative gene expression of SDC4, ITGb5 and VCL is presented as fold change at day 8 relative to mean day 0 (indicated with horizontal dotted line) 
within its own category, i.e., collagen, hybrid, ESM and Cytodex®1 MCs. The observations are represented as mean ± SD from at least three different experiments, 
each with three replicate spinner flasks experiments. Comparisons between day 8 versus day 0 for each type of MC were analyzed using one sample t-test with 
hypothetical value set to 1 (***p < 0.001, ****p < 0.0001). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Further illustrating the complexity of the molecular mechanisms regu-
lating myogenesis in MuSCs, and maybe especially across species. The 
cause of PAX7 down-regulation and MYF5 upregulation during cell 
expansion in these spinner flask experiments are unknown. However, 
Guo et al. describe evidence supporting using MYF5 to represent the 
muscle committed proliferating population because of the varying 
PAX7+MYF5- to PAX7+MYF5+ cell proportions observed in cattle [57]. 

In contrast to PAX7 expressions, the mRNA expression of MYOD1 

was increased in cells expanded on ESM and Cytodex®1 MCs, with the 
highest upregulation of MYOD1 on Cytodex®1. Interestingly the 
expression was reduced on the collagen-based MCs (Fig. 7). This is 
possibly due to the proliferation-stimulating effect in bovine cells 
observed with ESM MCs alone demonstrated by the mRNA expression of 
MYF5 and MKI67 (Figs. 7 and 5A). We have previously shown that 
surface coating greatly affected the proliferation of MuSCs. A complex 
extracellular matrix coating containing fibrous proteins like collagens 

Fig. 5. Skeletal muscle satellite cell expansion on the different MCs for 8 days in spinner flasks. A) Relative gene expression (fold change) of proliferation marker 
MKI67. The data is presented as fold change at day 8 relative to mean day 0 (set to 1, indicated with horizontal dotted line) for each MCs i.e., collagen, hybrid, ESM 
and Cytodex®1. Comparisons between day 8 versus day 0 for each type of MC were analyzed using one sample t-test with hypothetical value set to 1 (***p < 0.001, 
****p < 0.0001). B) Cell proliferation was expressed as the amount of dsDNA (ng/μl) at different time points. Outliers were identified and excluded using ROUT 
methods, with Q = 1%. Comparisons between the different time points for each MCs were analyzed using ordinary One-Way ANOVA with comparison between 
selected columns pairs (day 1-day 3, day 3-day 6, day 6-day 8. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Fig. 6. Metabolic activity was measured as consumption of glucose and production of lactate. Data is presented as mean ± SD from at least three different ex-
periments, each cell experiment using three replicate spinner flasks. 
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and GAGs greatly improved cell proliferation and early differentiation of 
MuSCs in 2D cell culture [26]. Together, these results indicate that 
although the MuSCs proliferated on all the MCs after eight days in 
spinner flasks, the MuSCs expression of myogenic transcription factors 
differed with the various MCs. The MuSCs expanded on collagen-based 
MCs, preserved their stem cell characteristics, and postponed differen-
tiation initiation to a greater extent than cells grown on ESM and 
Cytodex®1 MCs. Immunostaining of the MuSCs specific marker 
CD56/NCAM on the different collagen-based MCs and eggshell mem-
brane, demonstrated that cells interacting with these biomaterials ex-
press the marker after 8 days of cell culturing (Fig S4). NCAM was the 
first marker used to identify human muscle satellite cells, and this 
marker is expressed in satellite cells, myoblasts, myotubes and muscle 
fibers during development [58]. We have previously demonstrated this 
as specific MuSC marker for cells of bovine origin [26]. This marker is 
expressed in proliferating human and rat muscle cells but is not a reli-
able marker in mice muscle cells; mice muscle cells express NCAM only 
when they have become committed to differentiation [59]. Finally, we 
have previously performed immunostaining of CD56 together with 
mRNA MYOD1 analysis of bovine skeletal muscle cultured on larger 
collagen and ESM biomaterial scaffolds verifying that mRNA MYOD 
expressing bovine primary skeletal muscle cells express skeletal muscle 
myoblast protein markers on these biomaterials [21]. 

In this study, we used highly assessable biomaterial mimicking the 
structural and the complexity of ECM. According to a report presented 
by Lindberg et al. there were 7000 tons of by-products available from 
commercial turkey production, just in Norway in 2015. From chicken, 
nearly 22 000 tons of chicken by-products were available in 2015. Also, 
more than 40 tons of ESM are being produced annually [60]. Collagen 
extracted from turkey tendon, with its high denaturation temperature 
compared to collagen extracted from other species, restores fibrillar 
properties after extraction [16]. This material had good mechanical 
properties and high biocompatibility. This in contrast to gelatin, which 
is partially degraded and often is used to produce scaffolds and MCs 
[61]. ESM offer an interesting and naturally occurring materials that are 
largely considered as a waste product in the food industry. The ESM is a 
highly complex structured biomaterial consisting of collagens, glyco-
proteins and glycosaminoglycans [20] mimicking ECM complexity even 
further. This highly crosslinked biomaterial reduces the crosslinking 
step in the production of MCs which is often necessary for stabilization 
of the biopolymers. The commercial Cytodex®1 MCs used in the study 
consist of edible dextran biopolymers that has to be chemically cross-
linked with RGD-sequences to allow cells to attach and proliferate. 

Cytodex®1 MCs are therefore not food-grade in an in vitro meat 
perspective. Both collagen, ESM as well as gelatin contains natural 
RGD-sequences, reducing the extra RGD-linker step [8]. To the best of 
our knowledge, few studies exist on food-grade MCs produced by 
assessable biomaterials from the industry for tested in agitated culture 
conditions. Liu and co-workers produced MCs based on egg-white, using 
an emulsifying strategy, however these were designed for use in 
biomedicine for drug delivery [62]. Other studies, using food-grade 
biomaterials have not been tested in agitated cell culturing systems, 
rather as static conditions as scaffolds [10,63]. Interesting studies exist 
as edible textured soy protein scaffold in static culture for bovine skel-
etal muscle expansion tested, and could also be a promising candidate 
for production of MCs [9]. 

4. Conclusions 

We report that by-product biomaterials, with minimal processing, 
can function as MCs for culturing bovine MuSCs in spinner flask culture. 
We have produced three interconnected and porous MCs during this 
work, using entirely food-grade, low-cost, and biocompatible bio-
materials, namely, turkey collagen and ESM. We showed that cross-
linking collagen with UVA-riboflavin treatment improved resilience to 
degradation in agitated cell culture. Furthermore, the inclusion of ESM 
in collagen-based MCs increased the MCs’ surface area and mechanical 
hardness. Bovine MuSCs successfully attached and covered all the 
different MCs’ entire surfaces while demonstrating high cell prolifera-
tion and metabolic activity combined with low cytotoxicity. Further, 
relative gene expression of skeletal muscle markers (PAX7, MYF5) and 
proliferation marker MKI67 indicated that MuSCs retained their early 
myogenic potential and proliferation capacity on the different MCs. 
Finally, mRNA expression of cell adhesion markers suggested that 
MuSCs had specific interactions with the various biomaterials. Alto-
gether, our results demonstrated that these MCs have bioactive surfaces 
that can support high-density cell cultures. The findings consequently 
support our hypothesis that turkey collagen and ESM are excellent 
biomaterial prospects with great potential in the production of custom- 
fabricated food-grade MCs for bovine MuSCs. The raw materials used in 
the study are widely available, low-cost and food-grade. Further 
development and optimization of MCs based on turkey collagen and 
ESM can therefore be a vital step in making cultured meat production 
economically feasible. 

Fig. 7. Relative gene expression of transcription factors PAX7, MYF5 and MYOD1 during skeletal muscle satellite cell expansion on MCs in spinner flasks. The data is 
presented as fold change at day 8 relative to day 0 (set to 1, indicated with horizontal dotted line) within its MC category, i.e., collagen, hybrid, ESM and Cytodex®1. 
The bars are represented as mean ± SD from at least three different experiments, each with three replicate spinner flasks. Comparisons between day 8 versus day 0 for 
each type of MC were analyzed using one sample t-test with hypothetical value set to 1 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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