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Abstract Cultured meat is under investigation as an environmentally sustainable substitute
for conventional animal-derived meat. Employing a scaffolding technique is one
approach to developing cultured meat products. The objective of this research was to
compare soy and pea protein in the production of hydrogel scaffolds intended for cultured
meat. We examined the gelation process, physical characteristics, and the ability of
scaffolds to facilitate cell adhesion using mesenchymal stem cells derived from porcine
adipose tissue (ADSCs). The combination of soy and pea proteins with agarose and agar
powders was found to generate solid hydrogels with a porous structure. Soy protein-
based scaffolds exhibited a higher water absorption rate, whereas scaffolds containing
agarose had a higher compressive strength. Based on Fourier transform infrared
spectroscopy analysis, the number of hydrophobic interactions increased between proteins
and polysaccharides in the scaffolds containing pea proteins. All scaffolds were nontoxic
toward ADSCs, and soy protein-based scaffolds displayed higher cell adhesion and
proliferation properties. Overall, the soy protein-agarose scaffold was found to be optimal
for cultured meat production.

Keywords cultured meat, scaffold, stem cell, soy protein, pea protein

Introduction

As the global population grows, meat consumption is also increasing gradually.
However, increasing livestock production capacity to meet this demand causes various
problems such as animal welfare, environmental pollution, and abusing of antibiotics
(Bhat and Fayaz, 2011; Tiberius et al., 2019). Cultured meat, also called cell-based
meat, cultivated meat, or in vitro meat, is considered an alternative to conventional
meat due to its potential to reduce the need for animal slaughter, lower the risk of
animal disease and epidemics, and minimize water and land use (Hong et al., 2021;

Zhang et al., 2020). Cultured meat is produced by growing adipose tissue derived-
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mesenchymal stem cells (ADSCs), induced pluripotent stem cells, or other cells in vitro rather than raising and slaughtering
animals (Datar and Betti, 2010; Jairath et al., 2021; Takahashi and Yamanaka, 2006). Several sheets of monocytes, 3D printing,
and scaffolding methods have been used to develop 3D cultured meat products (Benjaminson et al., 2002; Datar and Betti, 2010).

Scaffolds are 3D porous structures that function as templates for tissue formation (O’brien, 2011). Scaffolds provide
physical and biochemical cues for cells to adhere, proliferate, and differentiate into the necessary cell types, leading to a final
product with a meat-like texture and structure that closely resembles conventional meat (Seah et al., 2022; Specht et al., 2018;
Stephens et al., 2018). To be suitable for use as cultured meat technology, scaffolds must possess the following characteristics:
edibility, sustainability, biocompatibility, animal-free composition, porosity, and biodegradability (Chen et al., 2022; O’brien,
2011). To meet these requirements, current studies are focused on investigating scaffolds made from hydrogels. Hydrogels
possess a structure that is comparable to extracellular matrix (ECM), which enables high water retention potential, high
porosity, and the potential presence of cell-adhesion ligands (Mobaraki et al., 2020). Despite their benefits, hydrogels have
inherent limitations, such as restricted diffusion of nutrients and gases, and limited mechanical strength and rigidity when
employed as scaffolds (Lee et al., 2019; Levato et al., 2020). Modifying the temperature, pressure, and component
concentration, or freeze-drying can address these limitations and enhance the performance of hydrogel scaffolds (Seah et al.,
2022). The freeze-dried hydrogel has a sponge-like shape and enhanced porous structure, making it an ideal scaffold for
cultured meat with improved mechanical strength and rigidity (Las Heras et al., 2020; Xiang et al., 2022).

Plant proteins, such as soy, pea, and zein proteins are used in the production of cultured meat due to their affordability,
edibility, biocompatibility, low cost, and ease of processing (Pan et al., 2022; Zhu et al., 2021). Plant proteins exhibit lower
immunogenicity and higher polarity, rendering them naturally hydrophilic and potentially effective at promoting cell
adhesion (Jahangirian et al., 2019; Reddy et al., 2011). Owing to these advantages, the development of biomaterials for tissue
engineering, such as porous scaffolds and hydrogels, using plant-derived proteins has increased (Lin et al., 2016; Tansaz et
al., 2018). However, scaffolds made from plant proteins typically lack physicochemical and biological properties for cultured
meat (Jahangirian et al., 2019). To address this issue, synthetic polymers were often mixed with proteins to improve their
mechanical strength, resistance to water, compatibility with living tissues, and overall suitability (Jahangirian et al., 2019).

Polysaccharides, such as agarose, agar, carrageenan, and guar gum, are extensively utilized as food additives and can form
a stable 3D structure due to their gelation ability (Bektas et al., 2021). However, polysaccharides have limited capacity for
cell adhesion without chemical or physical modifications (Bektas et al., 2021; Yixue et al., 2013). Since proteins can provide
cell adhesion motif, crosslinking of proteins and polysaccharides enables the production of scaffolds with both high cell
adhesion and stable physical properties (Ben-Arye et al., 2020). For example, a polysaccharide, konjac glucomannan, had
positive effect on the hardness, chewiness, gel strength, and compact gel structure in plant-based fish balls made with soy
protein isolate and konjac glucomannan (Ran et al., 2022).

Limited information is available on the development of plant protein and polysaccharide-based scaffolds for cultured meat.
Thus, the aim of this study was to evaluate and compare the gelation, physical properties, cytotoxicity, and cell adhesion capacity

of porcine ADSCs isolated from Berkshire pigs using scaffolds composed of soy and pea proteins, as well as agarose and agar.

Materials and Methods

Preparation of scaffolds

Two polysaccharides, agarose (Fisher BioReagents, Pittsburgh, PA, USA) and agar powder (Duksan Pure Chemicals,

1109



Food Science of Animal Resources Vol. 44, No. 5, 2024

Ansan, Korea); and two protein isolates, pea protein (Emsland-Starke, Emlichheim, Germany) and soy protein (Shandong
Yuxin Bio-Tech, Shangdong, China), were used to prepare the hydrogel scaffolds. The protein contents of isolated soy and
pea proteins were 90% and 85%, respectively. The formulations of the protein-polysaccharide hydrogels and scaffolds are
listed in Table 1. Soy and pea protein solutions were prepared as described in previous studies, with slight modifications (Yan
et al., 2020; Zhu et al., 2021). Protein isolates were dissolved in distilled water at different concentrations (0%, 2.5%, 5%, or
10%, w/v) and stirred at room temperature for 3 h. Thereafter, the soy protein was heated in a water bath at 90°C for 30 min
and cooled to 25°C for 30 min with cold water. After the pH was adjusted to 7 using 1 mol/L HCI, the total volume was
adjusted to 100 mL and stored at 37°C until use. After the pea protein was stirred, the pH was adjusted to 12 using 1 mol/L
NaOH and the mixture was stirred at room temperature for 1 h. The pea protein was then heated in a water bath at 80°C for
10 min and cooled in cold water for 10 min. After the pH of the pea protein solution was adjusted to 7 using 1 mol/L HCI, the
total volume was adjusted to 300 mL and stored at 37°C until use.

Both polysaccharide solutions were prepared under the same conditions and dissolved in distilled water at a concentration
of 2% w/v in a microwave (Wollschlaeger et al., 2022). The solutions were then combined in a 1:1 ratio with a pre-warmed
mixture of pea protein isolates and soy protein isolate solutions in different stock solutions (0%, 2.5%, 5%, or 10% w/v).
Subsequently, 500 pL of the warm hydrogel solution was transferred into each well of a 48-well plate (SPL Life Sciences,
Pocheon, Korea) and allowed to cool to room temperature for 15 min for hydrogel. The final protein concentrations of the
hydrogels were 0%, 1.25%, 2.5%, and 5%, and the final polysaccharide concentration was 1%. The hydrogels were stored
overnight at —20°C, and then overnight at —80°C. Finally, the hydrogels were freeze-dried for 3 days.

Fourier transform infrared spectroscopy

The bonding transition of the hydrogels was analyzed using an fourier transform infrared (FT-IR) spectrophotometer (FT/IR-
4700, JASCO, Tokyo, Japan), according to a previously described methodology (Cesur et al., 2020). Spectral data were
obtained over the range of 500—4,000 cm™' at a resolution of 1 cm™'. The hydrogels were prepared in 48-well plates and

analyzed in triplicate.

Scanning electron microscopy

Scanning electron microscopy (SEM; JSM-6380, JEOL, Tokyo, Japan) was used to investigate the porous morphologies of
the scaffolds. To assess the porous structure both internally and externally within the scaffolds, images were captured from
both the top and cross-sectional portions of the scaffold. The scaffold samples were fixed on the SEM support and sputtered
with platinum (Sputter Coater 180, Cressington Scientific Instruments, Watford, UK). Finally, the morphologies of the

scaffolds were recorded.

Table 1. Formulation of the protein-polysaccharide hydrogels and scaffolds

Hydrogels/scaffolds Soy protein isolate (2.5%) Pea protein isolate (2.5%) Agarose (1%) Agar powder (1%)
SA + - + -
SAP + _ _ +
PA - + + -
PAP - + - +

SA, soy protein-agarose hydrogel; SAP, soy protein-agar powder hydrogel; PA, pea protein-agarose hydrogel; PAP, pea protein-agar powder hydrogel,
+, the scaffold incorporates this material; —, this material is not incorporated into the scaffold.
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Water absorption test

To evaluate the water absorption properties of the scaffolds, the scaffolds were first weighed to obtain their dry weights
(Wa). Thereafter, the scaffolds were immersed in phosphate-buffered saline (PBS) at room temperature for 1, 3, 5, and 7 days.
After each immersion period, the excess surface moisture was removed using Kimtech (Yuhan Kimberly, Seoul, Korea). The
scaffolds were then weighed to obtain their wet weight (Wy). The water absorption (%) of each scaffold was calculated using

the following Eq. (1):

Water absorption (%) = (Ww - W4 / Wa) X 100 (D

Compressive stress test

The mechanical properties of the scaffolds were analyzed using a texture analyzer (TA-XT Plus, Stable Micro Systems,
Goldaming, UK) via unconfined compression tests. The scaffolds, which had a diameter of 9 mm and height of 7 mm, were
positioned between parallel plates made of stainless steel. The stress response and elastic recovery were recorded while the
scaffolds were subjected to 60% strain at a rate of 1.0 mm/s. The stress/strain curves were generated using the Exponent

Connect software.

Isolation of adipose derived stem cells

ADSCs were isolated from the back fat of 12 months old Berkshire piglet. The resected tissues were rinsed and soaked in
sterile PBS supplemented with 10% antibiotic-antimycotic (AA; Gibco™, New York, NY, USA). Fat tissues were separated
from muscle tissues using sterile tweezer/scissors in PBS with 10% AA. For digestion, fat tissues were transferred to a sterile
50 mL conical tube and centrifuged at 2,000xg (MF80; Hanil Science Industrial, Incheon, Korea) for 5 min. The supernatants
were discarded, and the residual fat tissues were digested using a 0.2% digestion solution consisting of 100 mg collagenase
type 2, 5 mL of 10% AA, and 45 mL of PBS. The digestion was allowed to proceed in a shaking incubator at 37°C for 1 h.
After incubation, the cells were filtered and centrifuged at 2,500xg for 5 min. The supernatants were discarded, and the cells
were incubated with ammonium-chloride-potassium lysis buffer (Gibco™) at 4°C for 5 min. Thereafter, 5 mL of neutralization
medium was added, and the mixture was centrifuged at 1,000xg for 5 min. The isolated cells were resuspended with minimum
essential media alpha (MEM a, Gibco™) supplemented with 10% fetal bovine serum (FBS), 1% AA, and 10 ng/mL of basic
fibroblast growth factor (Bio-Techne, Minneapolis, MN, USA). Finally, the cells were seeded in a new culture flask.

Cell culture

ADSCs (passage 4-8) were used for all experiments and were cultured in a humidified incubator at 37°C under 5% CO..
The cells were maintained in MEM-a supplemented with 10% FBS (Welgene, Gyeongsan, Korea), 1% (v/v) penicillin/
streptomycin glutamine (Gibco™), and 10 ng/mL bFGF. Upon reaching approximately 80% confluence, the cells were

trypsinized and passaged. The growth medium was also refreshed daily.
Indirect cytotoxicity test
An indirect cytotoxicity test was performed as previously described, with some modifications (Wollschlaeger et al., 2022).

The scaffolds were sterilized via soaking in 70% ethanol overnight, exposed to UV light for 2 h (1 h per side), and then washed
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three times with sterile PBS. The scaffolds were filled with growth medium at a scaffold-to-medium ratio of 1:4 (v/v) and placed
in an incubator at 37°C and 5% CO, for 1 or 3 days to facilitate scaffold extraction. Growth medium was incubated under
identical conditions and used as a control. Prior to testing, the cells were seeded in a 96-well plate (SPL Life Sciences) at a
density of 2x10* cells/well. Once the cells reached approximately 80% confluency, the growth medium was replaced with 1- or
3-day scaffold extract or control medium. After 1 day of incubation, the cells were analyzed using a lactate dehydrogenase

(LDH) activity assay and a 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2 H-tetrazolium bromide (MTT) assay.

Lactate dehydrogenase activity assay

LDH assay was conducted to assess the cytotoxicity of the scaffolds using an LDH Cytotoxicity Assay Kit (Promega,
Madison, WI, USA). Lysis buffer was added to the cells 45 min prior to the end of the 1-day incubation period to serve as the
positive control (maximum LDH release). After the incubation period, 50 pL of supernatant from each well was transferred to
a new 96-well plate and mixed with 50 pL of the LDH assay buffer. The plate was incubated in the dark at room temperature
for 30 min. The OD was measured at 490 nm using an Epoch spectrophotometer (BioTek Instruments, Winooski, VT, USA)
and the percentage of LDH release was calculated using the following Eq. (2):

LDH release (%) = [(ODsample LDH release / ODmaximum LDH release) X 100] (2)

Cell viability assay

The viability of cells was measured using the MTT assay. After 1 day of incubation, the liquid extracts from days 1 and 3
and the control medium were removed. The cells were incubated with the MTT reagent (Amresco, Solon, OH, USA) for 3 h
and then with acidic isopropanol to dissolve the deposited formazan. The OD was measured at 570 and 630 nm using an
Epoch spectrophotometer (BioTek Instruments). To calculate the percentage cell viability, the OD at 630 nm was subtracted

from that at 570 nm using the following formula:

Cell Vlablllty (%) = (ODsample / ODcontrol) x 100 (3)

Live/dead-staining

The cells were cultured in 24-well plates until approximately 80% confluency was achieved. The growth medium was then
replaced with 1- of 3-day liquid extract or control medium. After 1 day of incubation, the cells were stained using a live/dead
cell imaging kit (Life Technologies, Eugene, OR, USA), according to the manufacturer’s instructions. Live and dead cells
were visualized and captured using a Nikon Eclipse Ti2-U and Nikon Eclipse Ts2R cameras (Nikon, Tokyo, Japan), with

excitation wavelengths of 488 nm (green, indicating live cells) and 570 nm (red, indicating dead cells).

Scaffold cell seeding process and media cell counting

The scaffolds were sterilized with 70% ethanol before cell seeding as described above. After sterilization, the scaffolds
were soaked in medium for 1 h. The excess medium in the scaffold was removed via slight extrusion, and the scaffolds were
seeded with 1x107 cells per scaffold. Cells were allowed to adhere to the scaffolds for 1 day. The growth medium was

subsequently introduced into the scaffolds, with changes made twice daily.

1112



Plant Protein-Polysaccharide Scaffolds for Cultured Meat Production

To evaluate the adhesion efficiency of cells to the scaffolds, the number of non-adherent cells was quantified using the
previously described method (Zheng et al., 2022). In brief, following 1 day of cell adhesion, the cell count in the medium was

determined using a hemocytometer (Hausser Scientific, Horsham, PA, USA).

Cell proliferation test
On days 3 and 5 after seeding cells onto the scaffolds, the samples were washed twice with PBS, fixed with 4%
paraformaldehyde, stained with 4’,6-diamidino-2-phenylindole (DAPI; 1 pg/mL) for 10 min, and washed three times with

PBS. The nuclei (emitting blue fluorescence) were then visualized and captured using a Nikon Eclipse Ts2R camera (Nikon).

Field emission scanning electron microscope examination

On days 3 and 5 after cell seeding on the scaffolds, the samples were washed twice with sterile PBS, immersed in a 2.5%
glutaraldehyde solution for 3 h, and dehydrated using graded concentrations of ethanol (50%, 60%, 70%, 80%, 90%, and
100%, v/v) for 15 min. After freeze-drying, the samples were fixed on the field emission scanning electron microscope (FE-
SEM) support, sputtered with platinum (Sputter Coater 180, Cressington Scientific Instruments) under vacuum, and

examined using FE-SEM (SU-8010, Hitachi, Tokyo, Japan).

Statistical analysis
The data are presented as meantstandard error of mean. Statistical analyses were conducted using SPSS-PASW statistics
software (version 18.0, SPSS, Chicago, IL, USA) with one-way analysis of variance (ANOVA). Tukey’s post-hoc test

(p<0.05) was performed to assess differences among the treatment means.

Results

The formation of protein-polysaccharide hydrogels and lyophilized scaffolds

Soy and pea proteins combined with agarose and agar powder resulted in the formation of solid hydrogels. As shown in
Fig. 1A, the hydrogel mixture was poured into a beaker and allowed to solidify. Even when flipped, the resulting hydrogel
remained in the solid state without flowing out. Lyophilizing these protein-polysaccharide hydrogels could produce solid

scaffolds while preserving their form and structural integrity (Fig. 1B).

Effect of protein concentration on the properties of the protein-polysaccharide hydrogel and scaffolds

The influence of protein concentration on the properties of the protein-polysaccharide hydrogels and scaffolds is shown in
Fig. 2. As the soy and pea protein concentrations increased, the hydrogels became firmer and exhibited greater solidity than
the hydrogel containing 0% protein (Fig. 2A). Interestingly, despite variations in the type of polysaccharide used, increasing
the protein concentration resulted in a significant increase in hydrogel solidity and yellow color in all groups, each composed
of 1% polysaccharides. The 2.5% soy and pea proteins exhibited optimal hydrogel and freeze-dried scaffold characteristics,
effectively maintaining shape and size (Figs. 2A and B). Conversely, the 5% protein hydrogel did not achieve uniformity due
to rapid gelling. Consequently, the combination of 2.5% soy and pea proteins with 1% polysaccharides emerged as the most

optimal choice for producing hydrogel and freeze-dried scaffold.
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A (B)

SAP PAP

Fig. 1. Formation of hydrogel and lyophilized scaffolds using the mixture of protein and polysaccharide solution. (A) Formation of
hydrogel by mixing 2.5% proteins (soy or pea) and 1% polysaccharides (agarose or agar powder). (B) Production of scaffolds by
lyophilizing the hydrogels. The warm hydrogel solutions were cooled and lyophilized in a 48-well plate. SA, soy protein-agarose hydrogel;
SAP, soy protein-agar powder hydrogel; PA, pea protein-agarose hydrogel; PAP, pea protein-agar powder hydrogel.
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Fig. 2. Hydrogel and scaffold formation with different concentrations of protein solutions. (A) Hydrogel formation of protein-polysaccharide
solution mixed with 0%, 1.25%, 2.5%, and 5% soy and pea proteins and 1% agarose and agar powder. (B) Scaffold formation of protein-
polysaccharide hydrogels mixed with 0%, 1.25%, 2.5%, and 5% soy and pea proteins and 1% agarose and agar powder. SA, soy protein-

PA

PAP

agarose hydrogel; SAP, soy protein-agar powder hydrogel; PA, pea protein-agarose hydrogel; PAP, pea protein-agar powder hydrogel.

Structural properties of the protein-polysaccharide hydrogels

The structure of the protein-polysaccharide hydrogel was analyzed using FT-IR spectroscopy. Fig. 3 shows the peaks
resulting from the chemical interactions between the proteins and polysaccharides. All protein-polysaccharide hydrogels
exhibited the same peaks at 3,000-3,600 cm™ and 1,633 cm™!, which correspond to hydrogen bonds and protein peptides,
respectively (Garrido et al., 2016; Jackson and Mantsch, 1992). Moreover, hydrogels containing pea protein [pea protein-
agarose hydrogel (PA) and pea protein-agar powder hydrogel (PAP)] displayed slightly higher peaks at 2,986 cm™' and 1,073
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Fig. 3. Fourier-transform infrared (FT-IR) spectra of the protein-polysaccharide hydrogels. Protein-polysaccharide hydrogels were
prepared by mixing 2.5% proteins (soy and pea) and 1% polysaccharides (agarose and agar powder). The peaks detected at 3,300 cm™
indicate O-H stretching, whereas those detected at 2,969 cm™ indicate C-H, stretching. The peaks detected at 1,633 cm™ indicate C=0
stretching and those at 1,073 cm™ indicate C-O stretching vibrations (n=3). SA, soy protein-agarose hydrogel; SAP, soy protein-agar
powder hydrogel; PA, pea protein-agarose hydrogel; PAP, pea protein-agar powder hydrogel.

cm™! than soy protein hydrogels [soy protein-agarose hydrogel (SA) and soy protein-agar powder hydrogel (SAP); Fig. 3].
The intensities of the absorption band at 2,986 cm™ and 1,073 cm™ indicates C-H, and C-O stretching vibrations,
respectively (de Oliveira et al., 2019; Hu et al., 2019). Based on our results, the protein-polysaccharide hydrogel has a stable

structure owing to chemical interactions, such as hydrogen bonds and non-covalent interactions.

Physical characterization of the plant-based hydrogel scaffolds

Fig. 4A shows the water absorption rates of the scaffolds, which were measured on days 1, 3, 5, and 7. The water
absorption ability of the scaffolds remained unchanged even with increasing treatment time. Scaffolds containing soy protein
(SA and SAP) exhibited water absorption rates ranging from 2,300% to 2,500% on days 1, 3, 5, and 7, whereas scaffolds
containing pea protein (PA and PAP) had significantly lower water absorption rates ranging from 1,100% to 1,200%. No
significant difference was found between groups treated with the same protein, regardless of the polysaccharide used
(p>0.05). However, a significant difference was observed between the different types of plant-based proteins (p<0.05). The
water absorption rate data suggest that the physical properties of the protein-polysaccharide scaffolds remained stable even
after prolonged exposure to the culture medium.

The different polysaccharides exhibited varying compressive strengths in the scaffolds (Fig. 4B). The agarose-based
scaffolds (SA and PA) exhibited higher compressive strengths than those fabricated using agar powder (SAP and PAP). No
differences in compressive strength were observed among the different proteins. Based on the compressive test, the scaffold
prepared using agarose possessed more rigid properties than that prepared using agar powder.

The microstructures of the scaffolds are shown in Fig. 4C. The use of different protein-polysaccharide complexes resulted
in varying porous microstructures in the scaffolds. SEM was used to examine the microstructure of the scaffolds. A similar
level of porosity was observed in the top and cross-sections of the scaffolds. This result suggests that the protein-

polysaccharide scaffold has a porous structure, which is crucial for facilitating 3D cell culture in cultured meat production.
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Fig. 4. Physical properties of the protein-polysaccharide scaffolds. (A) Water absorption properties of the protein-polysaccharide
scaffolds. (B) Compressive strength of the protein-polysaccharide scaffolds. (C) Porous structure of protein-polysaccharide scaffold. Cross
section and top surface were captured using scanning electron microscopy (white bar=500 um). All experiments were repeated at least
three times. The data are presented as mean%SD (n=4). b Different letters indicate a significant difference in the water absorption rate
based on Tukey’s post hoc test (p<0.05). SA, soy protein-agarose hydrogel; SAP, soy protein-agar powder hydrogel; PA, pea protein-
agarose hydrogel; PAP, pea protein-agar powder hydrogel.

Impact of scaffold liquid extracts on cytotoxicity and cell viability

ADSCs were treated with liquid extracts from the scaffolds for 1 day and 3 days to determine their cytotoxicity. In the
MTT and LDH assays, ADSCs treated with liquid extracts of SA, SAP, PA, or PAP on days 1 and 3 exhibited cell viability
(Fig. 5A) and LDH release (Fig. 5B) similar to the control group (p>0.05). In addition, live/dead staining was performed to
observe live ADSCs treated with the liquid extract of the scaffolds (Fig. 5C). On days 1 and 3, no significant differences were

found between all groups and the control group, with a high ratio of green-stained live cells to few red-stained dead cells. Our

results indicate that the scaffolds are not toxic and are suitable for use in food products.

Characterization of cell attachment and proliferation on scaffolds

The attachment and proliferation of ADSCs on the scaffolds were analyzed using FE-SEM imaging (Fig. 6A). The images
depict ADSCs on the scaffolds after 3 and 5 days of inoculation. The cells were successfully attached to the SA and SAP

surfaces on day 3. On day 5, the attached cells grew and proliferated, and maintained their spherical morphology. In contrast,

1116



Plant Protein-Polysaccharide Scaffolds for Cultured Meat Production

(A) B)
120 " 120
L . .
100 e 1 e —— 100
X ] T S
~ 80 < 80 fF
£ g
_ <
z 60 % 60 |
»
= 40 = 40
o} =
20 20
0 1 L 3 'l J 0 1 1 1 1 J
C SA SAP PA  PAP C SA SAP PA  PAP
ODay 1 ODay 3 ODay 1 ODay3
©
Day 1 Day 3
C SA SAP PA PAP C SA SAP PA PAP
2 E
3 -
= <=
[ <
[ D
D
£ oy
° D
p= =

Fig. 5. Cytotoxicity of the protein-polysaccharide scaffolds. Adipose tissue-derived stem cells (ADSCs) from Berkshire piglet were treated
with the liquid extract of scaffolds. Liquid extracts of scaffolds were prepared by incubating scaffolds with medium (scaffold-medium ratio
1:4) for 1 day. (A) Viability of ADSCs treated with the liquid extract of scaffolds. Cells were treated with the liquid extract of scaffolds for 1
day. (B) Lactate dehydrogenase (LDH) release of ADSCs treated with the liquid extract of scaffolds. Cells were treated with the liquid
extract of scaffolds for 1 day. (C) Live/dead staining of ADSCs treated with the liquid extract of scaffolds. Cells were treated with the liquid
extract of scaffolds for 1 day and 3 days. Scale bars: 100 um. Green: viable cells; red: dead cells. All experiments were repeated at least
three times. No significant differences in cell viability and LDH release were found based on Tukey’s post hoc test (p>0.05). The data are
presented as meanSD (n=4). C, control; SA, soy protein-agarose hydrogel; SAP, soy protein-agar powder hydrogel; PA, pea protein-
agarose hydrogel; PAP, pea protein-agar powder hydrogel.

PA and PAP exhibited limited cell attachment on day 3. Although some proliferation was observed on day 5, the degree was
not as extensive as that in SA and SAP. Additionally, the number of detached cells in the medium was quantified 1 day after
seeding (Fig. 6B). Among the scaffolds, SA resulted in the lowest cell count (p<0.05), suggesting that soy protein and
agarose are optimal materials for enhancing cell adhesion properties. Furthermore, the proliferation of ADSCs on the
scaffolds was evaluated using DAPI staining after 3 and 5 days of cell seeding (Fig. 6C). After 3 days, SA and SAP exhibited
some cell attachment, whereas PA and PAP showed limited cell attachment. After 5 days of cell seeding, SA exhibited a
higher number of proliferating cells, indicating better cell proliferation than SAP. However, PA and PAP exhibited cell

numbers similar to those observed on day 3.

Discussion
In the present study, the gelation, chemical structure, and physical properties of plant protein-polysaccharide scaffolds
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Fig. 6. Cell adhesion properties of the protein-polysaccharide scaffolds. (A) Adipose tissue-derived stem cells (ADSCs) on scaffolds
captured based on field emission scanning electron microscope (FE-SEM, white bar=100 pm). A total of 1x107 of ADSCs were inoculated in
scaffolds. At 3 and 5 days after inoculation, ADSCs were captured. Yellow arrow and dotted line indicate ADSCs. (B) The number of ADSCs
that did not adhere to the scaffolds. At 1 day after ADSC inoculation, the number of cells in the growth medium was counted. (C) The
nucleus (DAPI, white bar=100 um) of ADSCs after 3 and 5 days of incubation. All experiments were repeated at least three times. @
Different letters indicate a significant difference in the number of cells based on Tukey’s post hoc test (p<0.05). The data are presented as
meantSD (n=4). SA, soy protein-agarose hydrogel; SAP, soy protein-agar powder hydrogel; PA, pea protein-agarose hydrogel; PAP, pea
protein-agar powder hydrogel; DAPI, 4’,6-diamidino-2-phenylindole.

were investigated. In addition, the adhesive and proliferative properties of ADSCs derived from Berkshires on the scaffolds
were evaluated. We selected ADSCs due to their multi-directional differentiation potential which allows them to differentiate
not only into adipocytes but also into muscle cells (Liu et al., 2022; Tsuji et al., 2014).

To make sustainable and cost-effective scaffolds, recent studies have investigated proteins and polysaccharides derived
from plant or microbial sources. Pea and soy proteins, and agar/agarose have been employed as sources of proteins,
stabilizers, and gelling agents in food additives (EFSA Panel on Food Additives and Nutrient Sources added to Food, 2016;
Langyan et al., 2022). For instance, researchers evaluated hydrogels synthesized using a blend of plant-derived proteins (pea
and soy proteins) and polysaccharides (agarose, gellan, and a xanthan-locust bean gum blend) to assess their potential use in

cultured meat (Wollschlaeger et al., 2022). This previous research demonstrated that protein-polysaccharide gels remained
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stable at lower protein concentrations (up to 1%), but not at higher concentrations. Additionally, the study revealed that none
of the hydrogels displayed cytotoxic effects on immortalized myoblast cells. In another study, a scaffold developed using
wheat glutenin was found to possess sufficient porous structure, water absorption capacity, mechanical strength, and the
ability to promote C2C12 cell proliferation and differentiation, making it suitable for use in cultured meat production (Xiang
etal., 2022).

Soy and pea proteins are ideal for hydrogel manufacturing owing to their excellent cohesion and gelation properties (Lam
et al., 2018). Additionally, soy protein contains lunasin peptides that include an arginylglycylaspartic acid (RGD) motif, a
cell-attachment region for extracellular substrates (Ben-Arye et al., 2020; Gonzalez de Mejia et al., 2010). Agarose is a
natural linear polysaccharide that is primarily extracted from certain red seaweed (te Nijenhuis, 1997), while agar is a mixture
of two polysaccharides: agarose and agaropectin (Armisén and Gaiatas, 2009). Both agarose and agar are commonly used in
food products as gelling agents, gelatin substitutes, and stabilizers owing to their gelation properties and affordability (Lei et
al., 2022). Therefore, we selected agarose and agar as our polysaccharide sources to improve the stability of the plant protein
hydrogel.

In previous studies, protein solutions with concentrations higher than 5% were not found to form stable gels (Wollschlaeger et
al., 2022). To increase protein solubility, we varied the pH and temperature as described previously with slight modifications.
In particular, we mixed 0%, 2.5%, 5%, and 10% protein solutions with 2% polysaccharide solutions to obtain hydrogels with
0%, 1.25%, 2.5%, and 5% soy and pea protein concentrations. All protein solutions formed stable hydrogels, with higher
protein concentrations resulting in more compact gels. However, during the titration process, 10% of the pea proteins gelled
before reaching a pH of 12, resulting in the formation of less uniform gels. This result is due to the aggregation of protein
molecules in highly concentrated solutions (Louche et al., 2017). Therefore, we identified 5% soy and pea protein solution as
the optimal protein concentration for unified hydrogels.

The chemical interactions between the proteins and polysaccharides were investigated by analyzing their FT-IR spectra.
The hydrogels exhibited significant peaks at 3,300 cm™, 2,986 cm™, 2,969 cm™, 1,633 cm™, and 1,073 cm™. All hydrogels
showed the same intensity at 3,300 cm™ and 1,633 ¢m™'. The band at 1,633 cm™ (amide I band) was assigned to the C=0
stretching vibration of peptide linkages in the backbone of the protein (Jackson and Mantsch, 1992). The broad band
observed in the 3,000-3,600 cm' range was related to the free and bound O-H and N-H groups, indicating the formation of
hydrogen bonds between the hydroxyl groups of the protein and agarose (Garrido et al., 2016). Soy and pea protein isolates
are composed of various amino acid residues that possess functional groups, such as carboxylic acids, amines, and hydroxyl
groups. These functional groups can interact with agarose, which has a highly hydrated surface due to the abundance of
hydroxyl groups (Amitai et al., 2004). Electrostatic interactions between the negatively charged carboxylate groups on soy
proteins and the positively charged hydrogen atoms on agarose can lead to attractive forces between the two molecules (Sun,
2005). Hydrogen bonding can occur between the polar groups of soy protein isolates and agarose, such as amide and
hydroxyl groups (Habermann and Murphy, 1996). These interactions can be attributed to the formation of a stable hydrogel.
We observed distinct peaks at 2,986 cm™, 2,969 cm™, and 1,073 cm™! for each hydrogel. Interestingly, hydrogels containing
pea proteins (PA and PAP) displayed higher absorption band intensities than those containing soy proteins (SA and SAP)
from the same polysaccharide source. The peaks at 2,969 cm™ and 1,073 cm™ are associated with the C-H, and C-O
stretching vibrations, respectively (de Oliveira et al., 2019; Hu et al., 2019). These vibrations can be attributed to non-
covalent interactions, such as hydrophobic interactions and hydrogen bonding between the protein and polysaccharide

molecules (Huang et al., 2021). The increase in hydrophobic associations in hydrogels, facilitated by non-covalent
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interactions between polysaccharides and proteins, significantly influences the interfacial behavior and stability of the gelling
networking system, resulting in increased mechanical strength (Abdurrahmanoglu et al., 2009; Ghosh and Bandyopadhyay,
2012). In an aqueous environment, non-polar amino acid side chains tend to aggregate to minimize contact with polar
solvents (Dyson et al., 2006). Thus, hydrophobic interactions can occur between the non-polar residues of pea protein isolates
and the hydrophobic pockets on the surface of the agarose. Owing to such interactions, stable complexes are formed. Pea
proteins have higher levels of hydrophobic amino acids, such as leucine, valine, and isoleucine, than soy proteins (Claessens
et al., 2008; Liu et al., 2019). The significant difference in the vibration intensity between pea protein and soy protein at 2,969
cm™! and 1,073 cm™ may be due to hydrophobic interactions between amino acids and polysaccharides in the hydrogels.
However, the hydrogel structure must be analyzed using NMR to obtain a more definite conclusion.

We investigated the physical properties of the scaffolds. The scaffold should possess high water-holding capacity, porous
structure, and good mechanical strength (Seah et al., 2022). Based on our results, the water absorption capacity of the soy
protein scaffolds (SA and SAP) was higher than that of the pea protein scaffolds (PA and PAP), despite their similar pore
sizes. The porosity of hydrogels is affected by the molecular weight of the proteins (Schmidt et al., 2008). Typically, high
molecular weight proteins form larger pores in hydrogels (Guo et al., 2021). Soy and pea proteins have average molecular
weights that are similar (approximately 300-600 kDa and ~380 kDa, respectively; Barac et al., 2010; Sun, 2005). Therefore,
soy and pea protein scaffolds displayed similar levels of porosity. However, pea protein contains a relatively high proportion
of hydrophobic amino acids, such as leucine and valine, which can reduce the overall hydrophilicity of the protein. Thus, the
difference in amino acid profiles resulted in pea protein scaffolds with a lower water absorption capacity. Additionally, the
compressive strength of the agarose scaffolds (SA and PA) was approximately twice that of the agar powder scaffolds (SAP
and PAP), which is consistent with the FT-IR results, indicating that agarose with higher purity exhibits greater strength
owing to more chemical bonds.

The cytotoxicity of the protein-polysaccharide hydrogel was assessed using the liquid extract of the scaffold, in accordance
with ISO 10993-5, which is a standard method for evaluating the biocompatibility of materials intended for use in the human
body (Lagonegro et al., 2017; Luo et al., 2016). In this study, ADSCs derived from Berkshire pigs were exposed to the liquid
extract of the scaffold for 1 day and 3 days, and cell viability, LDH release, and live/dead staining were used to evaluate the
cytotoxicity. No significant difference in cell viability or LDH release was found between the ADSCs treated with the liquid
extract of the scaffold and the control group at both time points. Moreover, live/dead staining revealed no significant
difference in the number of dead cells between the ADSCs treated with the liquid extracts of the scaffold and the control
group on days 1 and 3. Although some dead cells were observed in ADSCs treated with PA and PAP extracts, no significant
difference was found relative to the other groups. Our findings suggest that the protein-polysaccharide scaffolds used in this
study are nontoxic and safe for application in cultured meat production.

Three methods, FE-SEM, counting cell in media, and DAPI staining, were employed to assess the characteristic of cell
adhesion to scaffold. Our data showed that the ability of the scaffold to support cell adhesion varied significantly. In
particular, the number of cells attached to SA and SAP was notably higher than that attached to PA and PAP until day 3.
However, when SA and SAP were compared on day 5, SA showed a higher proliferation rate than SAP. The soy protein
scaffolds displayed superior cell adhesion ability, as the number of ADSCs in the culture media with the scaffolds was lower.
DAPI staining revealed that SA had a higher confluence than SAP, PA, and PAP on days 3 and 5, indicating its better
proliferation ability. Agarose and agar exhibited distinct characteristics regarding cell proliferation. Agar contains impurities,

such as agaropectin, which can complicate interactions with cells, potentially hindering cell growth and proliferation

1120



Plant Protein-Polysaccharide Scaffolds for Cultured Meat Production

(Armisén and Gaiatas, 2009). This is why scaffold-attached cells were notably higher on day 5 in the SA group compared to
the SAP group.

Cell adhesion is a critical factor in scaffold-based cultured meat production and is primarily influenced by the RGD motif,
which is an integrin-binding domain found in ECM proteins, such as fibronectin, fibrinogen, and vitronectin (Arnaout et al.,
2005). Integrins are transmembrane proteins that combine to form a heterodimeric complex with two subunits, a and B (van
der Flier and Sonnenberg, 2001). When integrin binds to an RGD-containing protein, the RGD motif binds to the integrin-
binding site, leading to a conformational change in integrin and activation of intracellular signaling pathways that regulate
cell adhesion, migration, proliferation, and differentiation (Hersel et al., 2003). Previous studies showed that soy protein
contains the RGD sequence, as demonstrated by the soybean-derived peptide, lunasin, which contains the RGD sequence and
promotes cell adhesion (Dia and de Mejia, 2011). Our findings suggest that soy protein scaffolds generally exhibited higher
cell attachment ability compared to pea protein scaffolds, potentially attributed to the presence of the RGD sequence.
Additionally, agarose demonstrated greater favorability for cell adherence on the scaffolds. However, it is important to
acknowledge the limitations of our experiment, notably that only floating cells were counted while plate well-adhered cells
were not included in the analysis. Despite this limitation, the floating cells can still serve as a proxy for assessing scaffold

adhesion efficiency, as there should be a consistent ratio between plate well-attached and unattached cells across all groups.

Conclusion

In conclusion, the present study aimed to compare soy and pea proteins in developing protein-polysaccharide hydrogel
scaffolds, and to evaluate their suitability for cultured meat production. The scaffolds had a porous structure, high water
absorption ability, and adequate compressive strength. Cytotoxicity testing of the scaffold liquid extract revealed no
significant toxicity in ADSCs. Soy protein scaffold exhibited better cell adhesion properties than the pea protein scaffold.
Overall, our data suggests an economical and eco-friendly scaffold for cultured meat production, with a particular emphasis

on utilizing soy proteins.
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