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Evaluation of Scaffold Properties for Cell-Cultured Food Based on Protein

Sources and Their Mixtures

Abstract

For cultured meat applications, the development of protein-based scaffolds is essential to
produce sustainable edible materials with suitable textures and functionalities. In this study, scaffolds
were fabricated using various plant-based protein sources, including soybean (GSP), pea (GPP), and
faba bean (GFP), and mixed protein formulations (S1-S4), and their physicochemical, mechanical, and
biological properties were evaluated. All the scaffolds exhibited a pale yellow color and porous surface
morphology. Water absorption analysis revealed that GSP exhibited the highest uptake among the single-
protein scaffolds. Notably, the partial substitution of pea or faba bean proteins with other plant proteins,
such as soy, significantly improved the water absorption capacity compared to that of GPP and GFP.
The degradation rate of plant protein-based scaffolds remained below 10% during the early incubation
stages, but increased markedly after 12 h. Mixed-protein scaffolds exhibited over 20% degradation at
48 h, whereas single-protein scaffolds showed less degradation. Texture profile analysis demonstrated
that mixed-protein scaffolds had significantly higher hardness and chewiness than single-protein
scaffolds, likely due to enhanced protein—protein interactions and network formation. However, cell
proliferation analysis indicated that single-protein scaffolds supported better cell attachment and
proliferation, with scaffolds prepared using faba bean proteins showing the highest proliferation rate.
These results suggest that plant-based protein scaffolds can be tailored based on protein composition to
optimize both their physicochemical and biological properties, thereby offering promising strategies for

the development of edible scaffolds for cultured meat production.

Keywords: cell-cultured meat, scaffold, plant-based protein, physicochemical properties, cell

proliferation
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1. Introduction

As global meat consumption rises, traditional food production faces limitations due to
environmental and public health concerns (Lee et al., 2024; Kim et al., 2022). Cultured meat
has emerged as a promising alternative, offering ethical and sustainable benefits by cultivating
animal cells without slaughter (Post et al., 2020; Siegrist and Hartmann, 2020). Its development
integrates technologies such as cell line establishment, bioreactor cultivation, and scaffold
engineering (Lee et al., 2024). A key challenge in cultured meat production is replicating the
texture of real meat. This requires three-dimensional (3D) scaffolds that support cell attachment,
proliferation, and differentiation (Xiang et al., 2022). Unlike 2D systems, 3D scaffolds promote
meat-like tissue formation and improve sensory qualities (Seah et al.; 2022; Wang et al., 2023).
Common scaffold materials include collagen, gelatin, fibrin, and silk fibroin, valued for their
biocompatibility and mechanical strength (Seah et al., 2022; Tang et al., 2024). Among them,
collagen and gelatin have been most studied (Yu et al., 2022). However, scaffold performance
can vary depending on protein composition, crosslinking, pore structure, and mechanical
properties, all of which influence cell behavior (Ben-Arye et al., 2020; Bomkamp et al., 2022).
Thus, careful scaffold design is essential to support efficient cell growth and tissue development
in cultured meat systems (Levi et al., 2022; Mariano Jr et al., 2024a).

Plant-derived proteins offer economic advantages over animal-based or synthetic
scaffolds due to their lower production costs, scalability, and existing food-grade status.
Furthermore, addressing sensory properties such as texture and edibility can help improve
consumer acceptance, especially for hybrid or fully edible cultured meat systems. Recent
studies have investigated the potential of food-grade proteins, such as soy and whey proteins,
as alternative scaffold materials for cultured media (Charron et al., 2024; Mariano Jr et al.,

2024b). The structural and chemical properties of plant-based proteins vary depending on their
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composition and processing methods, which can significantly affect their effectiveness as
scaffolds in cellular agriculture. In addition to soy, legumes such as peas and faba beans are rich
in globulin-type storage proteins, which contain functional groups that can promote cell
adhesion. Pea protein is highly digestible, biocompatible, and exhibits excellent water
absorption, creating a moist environment favorable for cell viability (Ge et al., 2020). Moreover,
its low allergenic potential makes it suitable for edible applications. Faba bean protein offers
additional advantages, including high protein content, thermal stability, and strong gelling
ability, which enhance scaffold integrity and may further promote cell attachment (Shen et al.,
2025)

However, while previous studies have evaluated single plant-based proteins such as
soy or pea individually, limited research has systematically investigated the combined use of
multiple plant proteins in scaffold design. This study addresses this gap by investigating the
synergistic effects of mixed plant-based protein scaffolds (soy, pea, and faba bean) and their
influence on structural, mechanical, and biological properties. Understanding the functional
interplay among these proteins offers new insights into compositional tuning strategies for
optimizing scaffold properties in cultured meat applications. The incorporation of food-derived
proteins into the scaffold design is a crucial step toward ensuring the safety and regulatory
compliance of cultured meat products for commercial applications. Therefore, this study aimed
to evaluate the structural and functional characteristics of various plant-based protein scaffolds

with a particular focus on their physicochemical properties.
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2. Material and Method
2.1. Material

In this study, protein materials including soy protein (ES Food Ingredients, Republic
of Korea), pea protein (Baeckse Food, Republic of Korea), and faba bean protein (Chamgoods,
Republic of Korea), were used for scaffold preparation. Potato starch (Ever Healthcare Food,

Republic of Korea) and gellan gum (ES Food Ingredients) were also used.

2.2. Preparation of scaffolds

The scaffold was prepared using the method described by Lin et al. (2022), with some
modifications. The mixing ratios of the protein-polysaccharide scaffolds are presented in Table
1. To investigate potential interactions and synergistic effects among plant-based protein
components, both equal and varied ratios were used in the formulations. These combinations
were determined based on preliminary experiments that evaluated gel formation, structural
stability, and handling properties. In addition, relevant literature was consulted to support the
selection of functionally compatible protein blends suitable for scaffold fabrication
(Wollschlaeger et al., 2022; Ikuse et al., 2024). Each mixture was incubated in a water bath at
50 °C for 30 min. The prepared solution was then poured into petri dishes (30 mm x 15 mm) to
a height of 7.5 mm and frozen at -20 °C for 24 h. The frozen samples were then immersed in a
precooled (4°C) 8% (w/w) CaClz in 90% ethanol solution and maintained at —20°C for an
additional 24 h to induce ionic cross-linking. After freezing, the scaffolds were cut into uniform
sizes using an 8 mm punch. The cut scaffolds were then washed with 70% ethanol and triple-
distilled water, followed by freeze-drying operated at -80°C for 48 h. The freeze-dried scaffolds
were hydrated in muscle cell culture media and incubated for three days to assess their structural

stability.
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2.3. Microscopy

To investigate the surface porosity of the scaffolds, the samples were coated with
platinum and mounted on carbon tape. Scanning electron microscopy (SEM; EM-30, Coxem,
Daejeon, Republic of Korea) was used to capture images. The pore sizes on the scaffold surface

were analyzed using ImageJ software (NIH, Bethesda, MD, USA).

2.4. Water absorption

The water absorption rate of the fabricated scaffolds was measured by immersing the
samples in distilled water and incubating them in a water bath at 37 °C. After 12, 24, 48, and
72 h, the scaffolds were removed, the excess surface water was blotted with filter paper, and
the scaffolds were weighed (Su et al., 2024). The water absorption rate was calculated at each
time point using the following equation:

Wet scaf fold weight — Initial scaf fold weight »

1
Initial scaf fold weight 00

Water absorption rate (%) =

2.5. Scaffold degradation

To assess the degradation rate of the scaffolds, samples were immersed in phosphate-
buffered saline (PBS, pH 7.4) at 37 °C for up to 72 h. After immersion, the scaffolds were gently
rinsed with distilled water to remove residual salts and were subsequently freeze-dried. The dry
weight of the scaffolds was measured and the degradation rate was calculated using the
following equation:

Scaffold degradation rate (%) = (W, /Wy) X 100
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where Wi is the dry weight of the scaffold after immersion for a specific time point,

and Wo is the initial dry weight of the scaffold before immersion.

2.6. Texture analysis

To evaluate the hardness and chewiness of the scaffolds, texture analysis was conducted
using the method described by Song et al. (2022) with modifications. A texture analyzer
(TA.XT2 plus, Stable Micro Systems, UK) was used to assess the mechanical properties of the
samples. Prior to the analysis, the scaffolds were immersed in distilled water for 24 h. A
cylindrical probe with a 5 mm diameter was employed, and the test parameters were set as
follows: pre-test speed of 2 mm/s, test speed of 1 mm/s, and post-test speed of 2 mm/s. A force

of 5 g was applied to evaluate the hardness and chewiness of the scaffolds.

2.7. Cell culturing and seeding on scaffolds

The growth medium consisted of 20% fetal bovine serum (Gibco, Grand Island, NY,
USA) and 1% penicillin-streptomycin antibiotics (Gibco, Grand Island, NY, USA) in
DMEM/F-12 (1:1) medium (Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12,
Gibco). C2C12 myoblasts were cultured in growth medium at 37 °C in 5% COz and humidified
air (95%) for 3 days. Cells were harvested when confluence reached 70% and cell suspensions
were prepared at a concentration of 5x10¢ cells/mL. A 20 pL cell suspension was seeded onto
each scaffold, resulting in a final density of 1x10° cells per scaffold. After seeding, the scaffolds
were incubated at 37 °C in a 5% CO: environment for 1 h to allow cell attachment. Following
the attachment phase, 1 mL of growth medium was added to each scaffold, and the samples

were incubated on a shaker for 3 days.
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2.8. Cell proliferation assay

Cell viability was assessed using the water-soluble tetrazolium salt (WST) assay. At
the end of the incubation period, 100 pL of WST solution (EZ-Cytox, DoGen, Republic of
Korea) was added to each well and incubated at 37 °C in 5% CO:2 and humidified air (95%).
After 4 h, 100 pL of the supernatant was transferred to a 96-well plate, and the absorbance was
measured at 450 nm using a microplate reader (SpectraMax Plus 384, Molecular Devices, San

Jose, CA, USA).

2.9. Statistical analysis

The results are expressed as mean values + standard deviation. Statistical analyses were
performed using one-way analysis of variance (ANOVA) in SPSS Ver. 20.0 (SPSS Inc., Chicago,
USA). Pairwise comparisons of means between samples were conducted using Tukey's multiple

comparison test, with statistical significance set at p < 0.05.
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3. Results and Discussion
3.1. Appearance and surface morphology of scaffolds

The appearance and surface characteristics of the scaffolds manufactured with plant-
based protein materials at various mixing ratios are shown in Fig. 1. All the scaffolds exhibited
a light yellow color, regardless of the protein composition. Although the surface roughness
increased after freezing and thawing, no major differences in the overall appearance were
observed across the samples. Additionally, soybean protein, pea protein, faba bean protein, and
protein-material-blended scaffolds maintained a diameter of approximately 8 mm after freeze
drying, indicating minimal tissue shrinkage during freeze drying. According to Lin et al. (2022),
scaffolds containing soybean protein exhibit wrinkles on the surface and an ivory color, which
intensifies with increasing protein content. Although the scaffolds generally exhibited a light-
yellow hue, this trend was also observed in our study.

Scanning electron microscopy (SEM) analysis revealed clear differences in the
microstructures of the scaffold surfaces depending on the protein material. GSP exhibited a
higher number of surface pores than the other protein-based scaffolds, whereas GPP displayed
fewer pores and a smoother surface. GFP also exhibited a porous structure, but it was less
pronounced than the soybean protein-based scaffold, with slight bulging of the tissue around
the pores, showing distinct surface characteristics. Furthermore, the mixed protein scaffolds
(S1-S4) exhibited varying pore sizes and densities depending on the mixing ratio. S2, in which
some pea proteins replaced soybean and chickpea proteins, showed an increase in porosity,
whereas S3 showed a decrease in porosity. The average pore size of the GSP was 117.8 pum,
compared to 72.59 um for GPP, and 94.80 um for GFP. Among the mixed protein scaffolds, S2

exhibited the largest pores (113.5 um), followed by S1 (107.1 pm), S3 (89.9 um), and S4 (79.67

10



185  um), suggesting that the microstructure of the scaffold is influenced by the protein composition
186  and mixing ratio.

187 Pore size and distribution are critical factors in cell culture. Smaller pores can aid cell
188  attachment and migration, whereas larger pores enhance nutrient and oxygen diffusion and
189  promote cell proliferation and viability (Carletti et al., 2011; Singh et al., 2023). O’Brien et al.
190  (2005) reported a linear relationship between cell attachment and the specific surface area,
191  suggesting that cell viability is influenced by pore size. The ideal scaffold porosity is considered
192 to be between 30-90%, with an optimal pore size range of 50-150 um (Alam et al., 2024a),
193 aligning with the pore sizes observed in both the single and mixed protein scaffolds in this study.
194  These findings indicate that the scaffolds used in this study have potential applications in cell
195  culture. However, they exhibited non-uniform pore sizes, likely due to uncontrolled ice crystal
196  formation during the freezing process. According to Chen et al. (2024), scaffolds frozen at -30°C
197  and -80°C exhibited pores with irregular polygonal shapes, whereas those treated with liquid
198  nitrogen developed narrower pores characterized by elongated grooves. Xia et al. (2025)
199  reported that in soybean protein—carrageenan—sodium alginate mixtures, high Ca?**
200  concentrations induced rapid external gelation, hindering diffusion and resulting in irregular
201 pore formation. In contrast, crosslinking with a CaCl./KCI mixture allowed K* to stabilize the
202  network, promoting uniform crosslinking, more regular pore structures, and improved cell
203  growth. This suggests that optimizing the freezing process or developing pore-controlling

204  technologies is necessary to ensure a uniform pore distribution in the scaffolds.
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3.2. Water absorption

The water absorption rate is a key indicator that reflects the ability of a scaffold to
absorb water over a certain period and is essential for evaluating its physical stability and shape
retention (Fig. 2A). The water absorption behavior of scaffolds made from different plant
protein sources was investigated. The GSP scaffold, composed of soybean protein, absorbed
more than 600% of its initial weight after 12 h of immersion. In contrast, the GPP and GFP
scaffolds, derived from pea and chickpea proteins, exhibited absorption rates of 480—580%,
indicating lower water uptake than that of GSP. This difference is attributed to the varying
porous structures formed by different protein materials. A previous study also demonstrated that
scaffolds containing soy protein exhibited significantly higher water absorption (2300-2500%)
over 7 days, compared to those containing pea protein (1100-1200%), highlighting the strong
water-binding capacity of soy-based materials (Kim et al., 2024).

Excessive water absorption may compromise the structural integrity of the scaffolds,
leading to deformation, whereas insufficient absorption can hinder cell attachment, which is a
critical factor in scaffold functionality. Therefore, selecting scaffolds with appropriate water
absorption capacity is essential to support both cell attachment and proliferation (Chen et al.
2023). The absorption rate is influenced by the protein type and composition. For instance,
scaffolds containing glutenin, a major wheat protein, show water absorption rates ranging from
700% to 1500%, depending on the glutenin content (Xiang et al., 2022). Additionally, the
scaffold fabrication method significantly affects water absorption. Scaffolds made from soy,
mung bean, and chickpea proteins via extrusion exhibit lower water uptake, whereas those made
from wheat protein display higher absorption rates (Ikuse et al., 2024). Fang et al. (2025)
reported that scaffolds formed by dietary fiber—protein mixtures exhibit decreased water

absorption upon crosslinking with CaCl. or transglutaminase (TGase) owing to reduced

12
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porosity. The water absorption rate of uncrosslinked samples reached 413.94%, whereas cross-
linked samples absorbed only approximately 300%.

For the mixed protein samples (S1-S4) composed of soybean, pea, and chickpea
proteins, water absorption exceeded 500% after 12 h and surpassed 600% after 24 h in all
samples except S1. This reduction compared to GSP is likely due to lower soybean protein
content. However, partial substitution with pea or chickpea proteins enhanced the overall water
absorption capacity, suggesting that hydration properties can be optimized by adjusting the
protein composition. Consistent with our findings, Lin et al. (2022) reported that scaffolds with
higher protein contents exhibited enhanced water absorption owing to the presence of
hydrophilic functional groups, even when the porosity was reduced. These results highlight the
critical role of protein composition in determining the water absorption behavior of the

scaffolds.

3.3. Degradation

Understanding scaffold degradation is essential to evaluate the structural stability and
functional lifespan of scaffolds under cell culture conditions. In cultured meat production, the
degree of scaffold degradation varies depending on the intended application. In some cases,
complete degradation may be desirable to avoid residual materials in the final product,
particularly in fully edible systems. In other instances, partial or minimal degradation may be
preferable for maintaining structural support throughout the culture period. Degradation is
typically assessed by changes in physical properties, such as weight or morphology, and can be
influenced by factors such as medium composition, pH, osmotic pressure, and enzymatic

activity (Seah et al., 2022).
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The degradation rate of the scaffolds over time is presented in Fig. 2B. At 12 h, all
samples exhibited relatively low and comparable degradation rates, ranging from 3.42% to
7.91%, with no statistically significant differences observed among the groups. However, at 24
h and 48 h, distinct degradation patterns emerged depending on the scaffold composition.
Scaffolds composed of mixed plant proteins (S1-S4) generally exhibited higher degradation
rates than those composed of single proteins. Among them, S2 demonstrated the highest
degradation rate, reaching 24.54% at 24 h, and 25.05% at 48 h. S1 and S3 also showed relatively
high degradation levels, exceeding 21% at 48 h. In contrast, single-protein scaffolds, such as
GSP, GPP, and GFP, exhibited lower degradation rates, ranging from 17.76% to 20.71% at the
final time point. Scaffolds composed of mixed plant proteins (S1-S4) generally exhibited
higher degradation rates than those composed of single proteins. These differences in
degradation behavior may not be solely attributed to water permeability, as the single-protein
scaffold exhibited higher water permeability but also showed a lower degradation rate than the
mixed-protein scaffolds.

This apparent contradiction may be attributed to the reduced structural cohesion
observed in mixed-protein scaffolds. The incorporation of proteins with differing
conformational and electrostatic properties likely disrupts the formation of uniform and
compact networks, thereby weakening intermolecular interactions and increasing susceptibility
to hydrolytic degradation. Prior studies have demonstrated that heterogeneous protein matrices
often exhibit diminished mechanical integrity and lower resistance to enzymatic or aqueous
breakdown (Ianovici et al., 2022). In contrast, single-protein scaffolds tend to form more
homogenous and densely entangled networks, stabilized by stronger intramolecular bonding,
which may account for their greater structural stability even under conditions of higher water

absorption. This suggests that factors beyond water diffusion, such as network cohesiveness,
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protein—protein compatibility, and intrinsic structural stability, play critical roles in determining
degradation resistance. These interactions may prevent the formation of tightly entangled
scaffolds, rendering them more susceptible to hydrolytic degradation over time (Liu etal., 2019).
In contrast, single-protein systems, such as GSP, may benefit from more uniform aggregation
and stronger intramolecular interactions, forming a more stable network despite higher water
uptake.

The structural stability of the scaffolds can also be significantly influenced by the
composition, concentration, and processing methods of the raw materials. According to Chien
and Shah (2012), enzyme-treated soy protein scaffolds (3% and 5% SPI) exhibited delayed
degradation compared to untreated controls, especially under cell-seeded conditions,
highlighting the role of enzyme-mediated crosslinking in enhancing scaffold stability.
Measurement of weight loss in hydrogels with varying agar compositions revealed that
hydrogels with less than 0.5% agar content completely degraded, exhibited very low stability.
However, when the agar ratio increased to 3%, the hydrogels showed minimal degradation,
which may hinder cell diffusion and proliferation in this platform (Lee et al., 2022). Meanwhile,
Ianovici et al. (2022) reported that a higher protein content or enhanced crosslinking, such as
in soy-alginate scaffolds, may improve structural resilience but also result in slower degradation
rates. In conclusion, the degradation behavior of plant protein-based scaffolds was significantly
influenced by the scaffold composition, water permeability, and structural integrity. These
results emphasize the importance of balancing the degradation rates with functional stability

for specific applications, particularly in cultured meat production.
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3.4. Texture analysis

When considering scaffolds as edible materials, mechanical properties, such as
hardness, chewiness, and elasticity, are critical factors that determine the overall texture and
consumer acceptability of the final product. In this study, the textural properties of scaffolds
fabricated from different plant protein sources were evaluated (Fig. 2C). The single-protein
scaffolds (GSP, GPP, and GFP) exhibited hardness values of 60.48 g, 60.67 g, and 58.95 g,
respectively, with no statistically significant differences observed among them. Pea proteins
demonstrated slightly higher hardness and chewiness than soy and chickpea proteins, which
may be attributed to their lower porosity and distinctive hydrogel-forming properties. In
contrast, the mixed-protein scaffolds (S1-S4), which incorporated varying ratios of soy, pea,
and faba bean proteins, displayed distinct mechanical characteristics. Notably, scaffolds S1, S2,
and S3 exhibited a marked increase in hardness compared to the single-protein scaffolds, with
values of 92.10 g, 107.15 g, and 75.79 g, respectively. These increases suggest that certain
combinations of plant proteins may induce synergistic effects, potentially enhancing protein—
protein interactions and forming a denser, more crosslinked gel network. However, scaffold S4,
prepared with equal proportions (1:1:1) of the three protein sources, showed a hardness of
63.5 g—comparable to that of the single-protein scaffolds and not significantly different from
GSP, GPP, or GFP. This finding suggests that evenly balanced protein mixtures may not offer
the same reinforcing effect, possibly because of interference among the gelation behaviors of
each protein component, which could disrupt optimal network formation.

Chewiness, another key mechanical property, exhibited more pronounced differences
than hardness. The GSP, GPP, and GFP scaffolds showed chewiness values in the range of 52—
70, indicating relatively soft and elastic textures without significant variation. In contrast, the

mixed-protein scaffolds demonstrated considerable enhancement in chewiness. Among them,
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scaffold S2 exhibited the highest chewiness value of 184.6, which was nearly three times greater
than that of the single-protein scaffolds. Scaffolds S1 and S3 also recorded chewiness values
exceeding 100, indicating that specific combinations, particularly those with a higher
proportion of peas or faba bean proteins, significantly contributed to enhanced mechanical
resistance during mastication.

These changes in texture are likely driven by differences in protein—protein and
protein—water interactions, gelation behavior, and the formation of three-dimensional gel
networks (Tang et al., 2025; Zheng et al., 2022). Zhang et al. (2023) demonstrated that the
combination of peanut protein and wheat gluten improved the fiberization and elasticity of
plant-based matrices through complementary structural roles and intermolecular interactions.
These findings align with the current results, where mixed-protein scaffolds such as S2 and S3
exhibited enhanced chewiness, likely owing to synergistic interactions and optimized network
formation. In contrast, S4, which incorporated equal proportions of soy, pea, and faba bean
proteins, did not show similar improvements, suggesting that uniformly blended protein
systems hinder cohesive gelation because of competitive or antagonistic interactions. From this
result, in single-protein scaffolds, homogeneous network formation is favored due to uniform
gelation behavior, which leads to consistent crosslinking density and stable hydrogel networks.
In contrast, mixed-protein scaffolds involve heterotypic interactions among proteins with
distinct isoelectric points and structural flexibility, potentially disrupting the uniformity of
gelation. This can result in heterogeneous pore formation and variable water uptake. Certain
protein combinations, such as those in S2 and S3, may still achieve favorable network structures
due to synergistic interactions that enhance intermolecular bonding and matrix stability.

Previous studies have reported that the hardness and chewiness values of pork neck

meat are approximately 154.16 g and 87.05, respectively (Yang et al., 2010). Compared with
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these values, our S2 scaffold, which showed a hardness of 107.15 g and chewiness of 184.6,
demonstrated comparable firmness and even superior chewiness. These findings suggest that
the scaffold developed in this study indicates the potential of plant-based proteins to replicate
the mechanical characteristics of actual meat. However, as textural transformation during
cooking was not assessed in this study, further investigation is needed to evaluate the structural
integrity and mechanical behavior of the scaffolds after thermal processing, which is critical for
their practical application in real meat analogs.

These mechanical properties are not only important structurally but also influence
consumer perception of cultured meat. Scaffolds like S2 and S3, with higher chewiness and
moderate hardness, may better replicate the fibrous texture of cuts like flank or thigh meat,
while softer scaffolds such as GFP or S4 may suit tenderloin-type or processed products. Since
consumers expect plant- or cell-based alternatives to mimic both taste and texture, including
bite and mouthfeel, the tunable textural profiles of our scaffolds suggest their potential for

various cultured meat applications (Alam et al., 2024b).

18



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

3.5. Cell proliferation

The cell proliferation on each scaffold was evaluated after 4 days of culture using the
WST assay (Fig. 3A). The results showed clear differences in cell growth depending on the
scaffold composition. Among the single-protein scaffolds, GFP supported the highest cell
proliferation (122.94%), followed by GPP (96.60%), and GSP (62.86%). In contrast, the mixed-
protein scaffolds exhibited lower proliferation rates: S1 (84.02%), S3 (64.86%), S2 (36.78%),
and S4 (30.71%). These results indicated that single-protein scaffolds, particularly GFP, were
more favorable for cell growth than mixed-protein formulations. According to Lin et al. (2022),
the viability of L929 cells cultured on starch-soybean protein-gellan gum composite scaffolds
increased with higher soy protein content. These findings highlight the potential of plant-based
proteins in enhancing cell proliferation, suggesting their promising applications in tissue
engineering and cellular agriculture. Previous findings further support our results and reinforce
the applicability of plant-based proteins for cell growth in scaffold systems. However,
conflicting results have been reported in previous studies, where protein-blended hydrogels did
not show significant improvements in cell adhesion or proliferation compared with pure
polysaccharide gels, indicating the limited supportive effects of proteins under unmodified
conditions (Wollschlaeger et al., 2022). Therefore, it is important to consider not only the type
of protein, but also the composition of materials, such as polysaccharides, in scaffold design
and optimization.

These quantitative findings are supported by the SEM images shown in Fig. 3B, which
depict the morphology and distribution of the cells on each scaffold. Cells on the GFP and GPP
surfaces were more abundant and evenly distributed, showing spread-out morphologies (yellow
arrows) indicative of active attachment and proliferation. In particular, GFP presented a dense

and relatively homogeneous surface where cells adhered well across the structure. In contrast,
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the S2 and S4 scaffolds displayed fewer adhered cells with mostly rounded morphologies,
suggesting lower cell-scaffold interactions and biocompatibility. GSP S1 and S3 exhibited
intermediate cell densities. Although cell attachment was observed (yellow arrows), the
distribution was either more localized or less extensive than that of GFP or GPP. Scaffold
composition and structure are known to affect cell viability and proliferation, with factors such
as surface chemistry, porosity, and mechanical stiffness influencing cell-matrix interactions
(Wu et al., 2024; Xiang et al., 2022).

Among these factors, porosity and pore size play a particularly important role in
modulating cellular responses by facilitating nutrient and oxygen diffusion, waste removal, and
providing surface area for cell attachment. Previous studies have shown that scaffolds with
interconnected pores ranging from 50 to 150 um offer optimal conditions for cell infiltration
and proliferation, whereas irregular or excessively large pores may impair cell-matrix
interactions and reduce structural stability (O’Brien et al., 2005). In the present study, the
relatively uniform and moderate pore sizes of GFP and GPP scaffolds, combined with
appropriate stiffness and protein—protein interactions, likely contributed to enhanced cell
proliferation by offering a structurally favorable and biocompatible microenvironment (Chen

et al., 2024; Kong et al., 2024).
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4. Conclusion

This study demonstrated the feasibility of using plant-based proteins as edible scaffolds
for cultured meat applications. Scaffolds made from a single protein source, particularly faba
bean protein, support superior cell adhesion and proliferation, highlighting their potential as
viable edible scaffold materials. Mixed-protein scaffolds exhibit enhanced mechanical
properties and water absorption, suggesting that compositional tuning can optimize scaffold
functionality. Although the degradation rates increased over time, the overall structural stability
remained within a usable range for short-term cell culture. These findings indicate that the
strategic combination of plant proteins can enhance both the biological performance and
textural properties, offering a promising approach for developing sustainable, functional
scaffolds in cellular agriculture. By replacing animal-derived components with cost-effective
plant proteins, this strategy also contributes to improved sustainability and economic feasibility

in cultured meat production.

21



415

416

417

418

419

420

421

Conflict of interest

The authors declare no potential conflicts of interest.

Acknowledgements

This research was supported by the Main Research Program (E0211200-04) of the

Korea Food Research Institute (KFRI) and funded by the Ministry of Science and ICT (Korea).

22



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

References

Alam AN, Kim C-J, Kim S-H, Kumari S, Lee E-Y, Hwang Y-H, Joo S-T. 2024a. Scaffolding
fundamentals and recent advances in sustainable scaffolding techniques for cultured
meat development. Food Res Int 114549.

Alam AN, Kim C-J, Kim S-H, Kumari S, Lee E-Y, Hwang Y-H, Joo S-T. 2024b. Trends in
hybrid cultured meat manufacturing technology to improve sensory characteristic. Food
Sci Anim Resour 44(1) 39-50.

Ben-Arye T, Shandalov Y, Ben-Shaul S, Landau S, Zagury Y, lanovici I, Lavon N, Levenberg
S. 2020. Textured soy protein scaffolds enable the generation of three-dimensional
bovine skeletal muscle tissue for cell-based meat. Nature Food 1:210-220.

Bomkamp C, Skaalure SC, Fernando GF, Ben-Arye T, Swartz EW, Specht EA. 2022.
Scaffolding biomaterials for 3d cultivated meat: Prospects and challenges. Adv Sci
9:2102908.

Carletti E, Motta A, Migliaresi C. 2011. Scaffolds for tissue engineering and 3d cell culture. 3D
Cell Culture: Methods and Protocols:17-39.

Charron PN, Tahir I, Foley C, White G, Floreani RA. 2024. Whey protein isolate composites
as potential scaffolds for cultivated meat. ACS Appl Bio Mater 7:2153-2163.

Chen Y, Ding S, Bassey AP, Li C, Zhou G. 2024. Effect of gelation concentration and freezing
temperature on porous scaffolds for cultured meat. Food Biosci 60: 104343.

Chen Y, Li L, Chen L, Shao W, Chen X, Fan X, Liu Y, Ding S, Xu X, Zhou G, Feng X. 2023.
Gellan gum-gelatin scaffolds with Ca*" crosslinking for constructing a structured cell
cultred meat model. Biomater 299: 122176.

Chen Y, Zhang W, Ding X, Ding S, Tang C, Zeng X, Wang J, Zhou G. 2024. Programmable

scaffolds with aligned porous structures for cell cultured meat. Food Chem 430:137098.

23



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

Chien KB, Shah RN. 2012. Novel soy protein scaffolds for tissue regeneration: Material
characterization and interaction with human mesenchymal stem cells. Acta biomater
8:694-703.

Fang H, Yu W, Gao B, Niu Y, Yu L. 2025. Preparation of novel double cross-linked hydrogels
of dietary fibers and proteins from soybeans as scaffolds for cultured meat. Food and
Bioprocess Technol 18:1601-1613.

Ge J, Sun CX, Corke H, Gul K, Gan, RY, Fang Y. 2020. The health benefits, functional
properties, modifications, and applications of pea (Pisum sativum L.) protein: Current
status, challenges, and perspectives. Compr Rev Food Sci Food Saf 19(4): 1835-1876.

lanovici I, Zagury Y, Redenski I, Lavon N, Levenberg S. 2022. 3d-printable plant protein-
enriched scaffolds for cultivated meat development. Biomater 284:121487.

Ikuse M, Marchus CR, Schiele NR, Ganjyal GM. 2024. Extruded plant protein two-dimensional
scaffold structures support myoblast cell growth for potential applications in cultured
meat. Food Res Int 195:11498]1.

Kim DH, Han SG, Lim SJ, Hong SJ, Kwon HC, Jung HS, Han SG. 2024. Comparison of soy
and pea protein for cultured meat scaffolds: Evaluating gelation, physical properties,
and cell adhesion. Food Sci Anim Resour 44:1108.

Kim T-K, Cha JY, Yong HI, Jang HW, Jung S, Choi Y-S. 2022. Application of edible insects as
novel protein sources and strategies for improving their processing. Food Sci Anim
Resour 42:372.

Kim Y, Cha J, Kim J, Kim T, Park M, Lee J, Choi Y. 2023. Future prospects of meat protein
alternative food in food tech industry. Food Sci and Ind 56:186-197.

Kong Y, Jing L, Huang D. 2024. Plant proteins as the functional building block of edible

microcarriers for cell-based meat culture application. Crit Rev Food Sci and Nutr

24



470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

64:4966-4976.

Lee J-H, Kim T-K, Kang M-C, Park M-K, Park S-H, Choi J-S, Choi Y-S. 2024. Effect of crude
polysaccharides from ecklonia cava hydrolysate on cell proliferation and differentiation
of hanwoo muscle stem cells for cultured meat production. Foods 13:563.

Lee M, Park S, Choi B, Kim J, Choi W, Jeong I, Han D, Koh W-G, Hong J. 2022. Tailoring a
gelatin/agar matrix for the synergistic effect with cells to produce high-quality cultured
meat. ACS Appl Mater Interfaces 14:38235-38245.

Levi S, Yen F-C, Baruch L, Machluf M. 2022. Scaffolding technologies for the engineering of
cultured meat: Towards a safe, sustainable, and scalable production. Trends Food Sci &
Technol 126:13-25.

Lin CW, Wu PT, Chuang EY, Fan YJ, Yu J. 2022. Design and investigation of an eco-friendly
wound dressing composed of green bioresources-soy protein, tapioca starch, and gellan
gum. Macromol Biosci 22:2200288.

Mariano Jr E, Lee J, Choi Y, Park J, Han D, Kim JS, Park JW, Namkung S, Hur SJ. 2024a. A
review on the characterization of edible scaffolds for cultured meat: Physical, chemical,
biocompatibility, and food safety evaluation methods. Food Chem:142493.

Mariano Jr E, Yun SH, Lee J, Choi YW, Park J, Han D, Kim JS, Choi I, Hur SJ. 2024b. Crusting-
fabricated three-dimensional soy-based scaffolds for cultured meat production: A
preliminary study. Food Chem 452:139511.

O’brien FJ, Harley B, Yannas IV, Gibson LJ. 2005. The effect of pore size on cell adhesion in
collagen-gag scaffolds. Biomater 26:433-441.

Post MJ, Levenberg S, Kaplan DL, Genovese N, Fu J, Bryant CJ, Negowetti N, Verzijden K,
Moutsatsou P. 2020. Scientific, sustainability and regulatory challenges of cultured meat.

Nature Food 1:403-415.

25



494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

Seah JSH, Singh S, Tan LP, Choudhury D. 2022. Scaffolds for the manufacture of cultured meat.
Criti Rev Biotechnol 42:311-323.

Shen P, Ma X, Gouzy R, Landman J, Sagis LMC. 2025. Gelation properties of three common
pulse proteins: Lentil, faba bean and chickpea. Food Hydrocoll 164: 111245.

Siegrist M, Hartmann C. 2020. Consumer acceptance of novel food technologies. Nature Food
1:343-350.

Singh A, Kumar V, Singh SK, Gupta J, Kumar M, Sarma DK, Verma V. 2023. Recent advances
in bioengineered scaffold for in vitro meat production. Cell Tissue Res 391:235-247.

Song W-J, Liu P-P, Zheng Y-Y, Meng Z-Q, Zhu H-Z, Tang C-B, Li H-X, Ding S-J, Zhou G-H.
2022. Production of cultured fat with peanut wire-drawing protein scaffold and quality
evaluation based on texture and volatile compounds analysis. Food Res Int 160:111636.

Su L, Jing L, Zeng S, Fu C, Huang D. 2024. 3d porous edible scaffolds from rye secalin for
cell-based pork fat tissue culturing. J Agric Food Chem 72:11587-11596.

Tang W, Pan Q, He J, Liu J. 2025. Plant-based meat: The influence on texture by protein-
polysaccharide interactions and processing techniques. Food Res Int:115673.

Tang X, Deng G, Yang L, Wang X, Xiang W, Zou Y, Lu N. 2024. Konjac glucomannan-fibrin
composite hydrogel as a model for ideal scaffolds for cell-culture meat. Food Res Int
187:114425.

Wang Y, Zhong Z, Munawar N, Zan L, Zhu J. 2024. 3d edible scaffolds with yeast protein: A
novel alternative protein scaffold for the production of high-quality cell-cultured meat.
Int J Biol Macromol 259:129134.

Wang Y, Zou L, Liu W, Chen X. 2023. An overview of recent progress in engineering three-
dimensional scaffolds for cultured meat production. Foods 12:2614.

Wollschlaeger JO, Maatz R, Albrecht FB, Klatt A, Heine S, Blaeser A, Kluger PJ. 2022.

26



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

Scaffolds for cultured meat on the basis of polysaccharide hydrogels enriched with
plant-based proteins. Gels 8:94.

Wu X-M, Han W-M, Hou L-Y, Lin D-D, Li J-Y, Lin S-T, Yang J-P, Liao L, Zeng X-A. 2024.
Glutenin-chitosan 3d porous scaffolds with tunable stiffness and systematized
microstructure for cultured meat model. Int J Biol Macromol 267:131438.

Xia P, Miyajima H, Fujita S. 2025. Porous edible cryogel inspired by the production of
shimitofu (freeze-dried tofu) for high-density cell culture in cultured meat. Food
Hydrocoll 163: 111155.

Xiang N, Yuen Jr JS, Stout AJ, Rubio NR, Chen Y, Kaplan DL. 2022. 3d porous scaffolds from
wheat glutenin for cultured meat applications. Biomater 285:121543.

Yang J-B, Ko M-S. 2010. Physicochemical changes in pork boston butts by different cooking
methods. Korean J. Food Preserv. 17(3): 351-357.

Yu I-S, Choi SY, Choi J, Kim MK, Kim MJ. 2022. Screening of food-derived plant extracts to
promote proliferation of hanwoo satellite cells. J Korean Soc Food Sci Nutr 51:1036-
1047

Zhang R, Yang Y, Liu Q, Xu L, Bao H, Ren X, Jin Z, Jiao A. 2023. Effect of wheat gluten and
peanut protein ratio on the moisture distribution and textural quality of high-moisture
extruded meat analogs from an extruder response perspective. Foods 12:1696.

Zheng Y-Y, Shi Y-F, Zhu H-Z, Ding S-J, Zhou G-H. 2022. Quality evaluation of cultured meat

with plant protein scaffold. Food Res Int 161:111818.

27



539  Table caption

540  Table 1. Designation of scaffolds based on various protein sources and mixture ratios

541

542  Figure caption

543  Fig. 1. Appearance and surface characteristics of scaffolds based on protein sources and mixing
544 ratios

545  Fig. 2. Water absorption (A), texture characteristics (B), and degradation properties (C) of
546  scaffolds according to protein sources and mixing ratios

547  Fig. 3. Cell proliferation (A) after 4 days and cell adhesion properties (B) of scaffolds based on

548  protein sources and mixing ratios
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549  Table 1. Designation of scaffolds based on various protein sources and mixture ratios

Soy protein ~ Pea protein ~ Faba bean protein  Potato starch  Gellan gum

Sample
(mg/mL) (mg/mL) (mg/mL) (mg/mL) (mg/mL)
GSP 100 0 0 20 10
GPP 0 100 0 20 10
GFP 0 0 100 20 10
S1 60 20 20 20 10
S2 20 60 20 20 10
S3 20 20 60 20 10
S4 33.33 33.33 33.33 20 10

550
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559  Fig. 3. Cell proliferation after 4 days (A) and cell adhesion properties (B) of scaffolds based on protein sources and mixing ratios
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