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Abstract  This study aimed to investigate effects of chicken age on proliferation and 
differentiation capacity of muscle satellite cells (MSCs) and to determine total amino acid 
contents of cultured meat (CM) produced. Chicken MSCs (cMSCs) were isolated from 
hindlimb muscles of broiler chickens at 5-week-old (5W) and 19-embryonic-day (19ED), 
respectively. Proliferation abilities (population doubling time and cell counting kit 8) of 
cMSCs from 19ED were significantly higher than those from 5W (p<0.05). Likewise, 
both myotube formation area and expression of myosin heavy chain heavy of cMSCs 
from 19ED were significantly higher than those from 5W (p<0.05). After cMSCs were 
serially subcultured for long-term cultivation in 2D flasks to produce cultured meat tissue 
(CMT), total amino acid contents of CMT showed no significant difference between 5W 
and 19ED chickens (p>0.05). This finding suggests that cMSCs from chicken embryos 
are more suitable for improving the production efficiency of CM than those derived from 
young chickens. 
  
Keywords  muscle stem cell, chicken age, cultured meat, total amino acid 

Introduction 

Cultured meat (CM), an advanced meat technology where animal-derived stem cells 

are cultured on a large scale in vitro to produce meat products, has attracted attention as 

a promising alternative meat source. CM arises from adverse points associated with 

conventional livestock involving greenhouse gas emissions, resource inefficiency, 

animal welfare, and public health (Post, 2012). The CM industry is expected to have 

higher eco-friendly impacts than conventional meat from livestock as technology 

develops (Hong et al., 2021, Sinke et al., 2023). Muscle satellite cells (MSCs), myogenic 

stem cells located in muscle fibers, serve as the primary cell source for CM production.  
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MSCs progress through a cascade of myogenesis for muscle generation in response to injury (Lepper et al., 2011). MSCs are 

activated for myogenic progression, involving a cascade of proliferation, differentiation, and fusion to form matured 

myofibers. A train of process muscle generated is regulated by myogenic transcription factors such as paired box protein 7 

(pax7) and myogenic regulatory factors (Schmidt et al., 2019). 

Current CM production faces challenges in terms of cost and efficiency. The transition from traditional 2D culture to 3D 

culture has been proposed as a method to address the issue of CM production (Alam et al., 2024; Ben-Arye et al., 2020; Kang 

et al., 2021; Pasitka et al., 2023). In addition, efforts are being made to accelerate the construction of serum-free media to 

address high costs of CM production (Messmer et al., 2022; Stout et al., 2022; Yu et al., 2023). However, fundamentally, 

research on the capabilities of the cells central to CM production has not been extensively conducted. There are various types 

of cells that can be utilized in CM production, and it is important to understand the characteristics of each cell type to 

effectively utilize them in production (Kang et al., 2024). In particular, the quality of the final CM product as a food is 

expected to be determined by the diverse characteristics of the cells and the choice of cell types used in the industry. 

Meat quality could be influenced by several factors, including breed, sex, growth rate, nutrition, muscle types, and 

temperature (Joo et al., 2013; Kim et al., 2023b). Similarly, the quality of CM can be determined by the characteristics of the 

cells used such as growth rate, nutrition and taste etc. Previous studies showed the difference in MSCs characteristic 

containing proliferation and differentiation capacities with bovine and porcine age (Kim et al., 2023a; Mesires and Doumit, 

2002). These capacities of MSCs could be changed by the age of the livestock, potentially affecting the production and 

quality of CM. However, there is a lack of studies on the impact of age on characteristics of chicken muscle stem cells 

(cMSCs) relatively than those of mammal cells. Also, research exploring the nutritional value of the chicken CM produced 

has to be conducted, which could be critical factors for CM. In particular, since the taste and nutritional components of CM 

differ significantly from those of conventional meat, analysing amino acid profiles is necessary for good quality of CM as 

food (Joo et al., 2022). We hypothesized that there would be variations in proliferation and differentiation capacities of MSCs 

and amino acid contents of chicken cultured meat tissue (CMT) based on the chicken age. Therefore, this study aimed to 

investigate effect of chicken age on proliferation and differentiation capacities and amino acid contents of CMT. 

 

Materials and Methods 

Chicken muscle stem cells purification 
Broiler chickens (Cobb) and their fertilized eggs were supplied by a local farm. The fertilized eggs were incubated under 

controlled conditions at 37.8℃ and 80% relative humidity for a period of 19 d. As described below, chicken primary cells 

were isolated from 19-embryonic-day (19ED) and 5-week-old (5W) chickens each (Fig. 1A). Briefly, the hindlimb muscle 

was thoroughly sterilized with 70% ethanol and dissected into small pieces (~1 mm). These pieces were then treated with 

0.1% collagenase type 1 (LS004194, Worthington Biochemical, Lakewood, NJ, USA) at 37℃ for 1 h with gentle shaking 

every 15 min. Dissociated tissues were then digested with 0.25% Trypsin-EDTA (25200072, Gibco, Grand Island, NY, USA) 

for 10 min at 37℃. Dulbecco’s Modified Eagle Medium (DMEM; LM 001-08, Welgene, Gyeongsan, Korea) supplemented 

with 10% fetal bovine serum (FBS; S1-004, Welgene) was added to cell suspension to block enzymatic digestion. The cell 

suspension was filtered with 100 and 40 μm cell strainers, centrifuged at 800×g for 5 min, and treated with red blood cell 

lysis buffer (00443357, Invitrogen, Waltham, MA, USA) for 10 min at 4℃ to isolate primary cells. These cells were seeded 

into cell culture flasks in a CO2 incubator, incubated at 41℃ with 5% CO2, and purified with a pre-plating method (Kim et 
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al., 2022; Fig. 1B). In brief, isolated primary cells (pp1) were plated into a culture flask at a density of 5×106 cell/cm2 and 

cultured for two hours. Suspension cells (pp2) were transferred into a new culture flask and cultured for one day. Next, 

adhesion cells (pp3) were detached with 0.05% trypsin-EDTA and cultured for two hours. Suspension cells (passage 1) were 

 

Fig. 1. Purification of cMSCs from chicken hindlimb muscles. (A) Schematic illustration of muscle primary cell isolation from 5W and 19ED
chickens. (B) Schematic illustration on purification of cMSCs by pre-plating technique. (C) Representative immunofluorescence images for 
characterization of cMSCs; Upper right (nuclei; blue), lower left (pax7; red), lower right (merge; purple). Scale bar=100 μm. (D) Pax7 positive 
cell percentage of 5W and 19ED chickens. (E) Total cell number of 5W and 19ED chickens after muscle primary cell isolation. ** Indicates as 
p<0.001. 5W, 5-week-old; 19ED, 19-embryonic-day; cMSCs, chicken muscle stem cells; pax7, paired box protein 7. 
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cultured for further sub-culture or cryopreservation. 
 

Chicken muscle stem cells culture 
cMSCs were cultured in growth media (GM) added with 20% FBS, 1% GlutaMAXTM supplement (35050061, Gibco), 1% 

antibiotic-antimycotic (15240062, Gibco), 5 ng/mL basic fibroblast growth factor (233-FB-025, R&D Systems, Minneapolis, 

MN, USA), and 10 μM p38 inhibitor (SB203580, MedChemExpress, Monmouth Junction, NJ, USA) in DMEM. These cells 

were seeded at a density of 5×103 cells/cm2 on 0.1% collagen (354236, Corning, Corning, NY, USA) coated flask. Cells were 

then subcultured or induced for differentiation when confluency reached over 70%. 
 

Proliferation rate of chicken muscle stem cells 

5-Ethynyl-2'-deoxyuridine incorporation 
5-Ethynyl-2'-deoxyuridine (EdU) assay was conducted with a Click-iT Plus EdU Imaging Kit (C10640, Thermo Fisher 

Scientific, Waltham, MA, USA) following the manufacturer's manual. Briefly, cMSCs were cultured on culture slides 

overnight and treated with 10 μM EdU for 2 h. Fluorescence images were obtained with a confocal laser scanning microscope 

(AX R, Nikon, Tokyo, Japan). Data were presented as means of five image fields randomly selected for statistical analysis. 
 

Population doubling time 
cMSCs were seeded into T25 flasks at a density of 5×103 cells/cm2 and cultured for 3 d. The population doubling time 

(PDT) was calculated using Eq. (1):  
   𝑃𝐷𝑇 = 𝑑𝑇𝑙𝑜𝑔ଶ(𝑁ଵ − 𝑁𝑁 + 1)                                                                         (1) 

 

Where PDT was population doubling time, N0 was the number of cells at the beginning of culture, N1 was the final number 

of cells following culture, and dT was the time of culture. 

 

Cell counting kit-8 
cMSCs were seeded into 96-well plates at a density of 3×103 cells/well and cultured overnight. The next day, 20 μL cell 

counting kit-8 (CCK-8; KTA1020, Abbkine, Atlanta, GA, USA) was added to each well and the plate was incubated for 3 h. 

UV absorbance was measured at 450 nm using a UV spectrophotometer (Multiskan Sky, Thermo Fisher Scientific). 
 

Myogenic differentiation ability 

cMSCs with confluency over 70% were differentiated with differentiation media (DM) containing 2% FBS, 1% GlutaMAXTM 

supplement, and 1% antibiotic-antimycotic in DMEM. The differentiation ability was calculated as fusion index indicating 

the percentage of nuclei in myosin heavy chain (MHC)-positive cells. Data are presented as mean of five randomly selected 

image fields for statistical analysis. 
 

Immunofluorescence staining 

cMSCs were fixed with 4% formaldehyde and permeabilized with 0.5% Triton X-100 for 15 min. These cells were blocked 
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using 3% bovine serum albumin (BSA) in Dulbecco's Phosphate Buffered Saline (DPBS; LB 001-02, Welgene) at room 

temperature (RT) for 1 h. They were then incubated with primary antibodies, mouse anti-pax7 (1:200; sc-81648, Santa Cruz 

Biotechnology, Dallas, TX, USA) and mouse anti-myosin heavy chain (1:40; MF20, Developmental Studies Hybridoma 

Bank, Iowa City, IA, USA), at 4℃ overnight. They were then incubated with a secondary antibody at RT for 2 h. Finally, 

cells were mounted using mounting media and DAPI and visualized using a fluorescence microscope (CKX53, Olympus, 

Tokyo, Japan). 

 

Western blotting 
cMSCs were lysed with RIPA lysis buffer (R4100-010, GenDEPOT, Katy, TX, USA) and harvested with a cell scraper on 

ice. Protein samples were electrophoresed on 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then 

transferred to 0.45 μm polyvinylidene fluoride membrane using semi-dry blotting (PB0013, Thermo Fisher Scientific). The 

membrane was blocked using 3% BSA for 1 h at RT and incubated with primary antibodies against myosin heavy chain 

(1:20) and beta actin (1:10,000; AC-15, Thermo Fisher Scientific) overnight at 4℃. The membrane was incubated with HRP-

conjugated secondary antibodies (1:10,000; SA001-500, GenDEPOT) at RT for 2 h. The signal band was detected by ECL 

solution and visualized with a chemiluminescence imager (A44116, Thermo Fisher Scientific). 

 

Fabrication of cultured meat tissue 
cMSCs were sub-cultured to reach 7 passages. They were then plated into ten 175T flasks at a density of 5×103 cells/cm2 to 

obtain CMT. When the cell confluency reached over 70%, the culture medium was replaced with DM and cells were cultured 

for 3 d to induce myogenic differentiation. The CMT was harvested by physically detaching it using a cell scraper, followed 

by centrifugation at 1,000×g for 5 min and washing three times with DPBS. 

 

Total amino acid contents 
The CMT was freeze-dried for 24 h. Then 10 mg of lyophilized sample was hydrolyzed with 6N HCl in a dry oven at 

110℃ for 16 h. After evaporating the solution, the hydrolysate was diluted with 0.1 N HCl and filtered through a 0.22 μm 

membrane filter. Total amino acid was analyzed according to the amino acid analysis manual produced by Agilent 

(Henderson et al., 2000). 

 

Statistical analysis 
All statistical analyses were conducted using GraphPad Prism 10 version 10.0.2 (GraphPad, San Diego, CA, USA). 

Student’s t-test was performed to compare two groups of data. Data were collected from three independent experiments and 

presented as mean±SD. Statistical significance was considered when p-value was less than 0.05 (p<0.05). 

 

Results and Discussion 

Purification of chicken muscle stem cells from two different growth stage 
To purify cMSCs, chicken hindlimb muscles were dissociated with collagenase. Isolated cells were sorted using a pre-

plating technique (Figs. 1A and B). These isolated cMSCs were identified with pax7, a specific marker of muscle stem cells, 
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to confirm the purity of cMSCs in isolated groups (Fig. 1C). The purity of cMSCs was observed to be at 90% in both of 

groups (p>0.05). Pre-plating is a simple and low-damaging method of isolating cells using different cell adhesion speeds of 

cells to be purified. This technique allows purification of MSCs from many species by slightly applying various time 

processes. In this study, cMSCs with a high purity in both groups were obtained with the above method. The total cell number 

after isolation showed a significant difference (p<0.001) between 19ED and 5W groups (Fig. 1E). 

MSCs are currently the main cell source used to produce CM (Kang et al., 2024; Lee and Choi, 2024). In previous studies, 

pools of MSCs varied with age. Previous studies have reported that the number of MSCs is decreased with age in mammals, 

including humans, mice, porcine, and bovine (Kim et al., 2023a; Mesires and Doumit, 2002; Ogura et al., 2020; Verdijk et al., 

2014). The present study showed that the number of MSCs decreased with age in chickens. This indicates that MSCs from 

embryos could allow more MSCs to be obtained from the same muscle mass. Thus, less time is required to obtain sufficient 

MSCs. MSCs of avians can be obtained with relatively easier preparation than mammals even at the embryonic stage. 

However, despite the variety of biopsy methods available, performing a biopsy on small chick embryos can inflict fatal 

damage. From an animal ethics perspective, which method is more ethical between aged animals at post-natal and embryos at 

pre-natal to obtain avian cell sources for CM production should be further discussed. 

 

Proliferation ability of chicken muscle stem cells 
To measure the proliferation ability of cMSCs, we cultured cMSCs in GM for 3 d (Fig. 2A). The percentage of EdU-

positive cells among total cells was not significantly (p>0.05) higher in the 19ED group than in the 5W group (Figs. 2B and 

C). However, the PDT was significantly (p<0.05) lower in the 19ED group than in the 5W group (Fig. 2D). There was no 

significant difference in absorbance at 450 nm between 1 d of culture and 2 d of culture, whereas a significant difference 

(p<0.05) was found after 3 d of culture between 19ED and 5W groups. This result indicated that cMSCs isolated from 19ED 

showed a higher proliferative ability than those isolated from 5W. 

The proliferative ability of cMSCs is a crucial parameter as it is correlated with the yield and cost of CM production. The 

proliferative ability of cMSCs is a crucial parameter as it is correlated with the yield and cost of CM production. According to 

Zelenyuk, productivity is negatively correlated with the cost and time required for production (Zelenyuk, 2023). This implies 

that higher productivity can be achieved from the greater proliferative capacity of cMSCs, indicating in lower input of time 

and materials. The proliferative capacity of the cells could be directly related to productivity as time input means doubling 

time of the cells in this study (Hauser et al., 2024). When CM was first introduced in 2013 by Mark Post, the production cost 

was about $300,000 (Post, 2014). The culture medium accounts for the largest portion of CM production cost. As the 

technology and process of cultured media production are further developed, the production cost of cultured media could reach 

a maximum of $0.24/L (Garrison et al., 2022; Specht, 2020). However, for the CM market to grow into a competitive 

industry, not only culture media, but also labor costs and equipment should be significantly reduced (Garrison et al., 2022). A 

strategy to reduce production costs could include selecting cell sources with high proliferative capacity as a cell source for 

CM. MSCs with high proliferative ability could produce a greater quantity of CM per unit of culture medium, reducing the 

cost of production per kilogram. In studies using primary MSCs, animal age could directly affect CM production yield. This 

is because regenerative and proliferative abilities of MSCs are decreased with increasing age due to age-related loss of 

function (Liu et al., 2022). Some research studies about CM have argued about the relation between animal age and the 

proliferation capacity of MSC (Ono et al., 2010; Parker, 2015; Yin et al., 2013). In bovine, the proliferative capacity of MSCs 

derived from younger calves exhibits markedly high proliferative potential with up-regulated expression levels of key  
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myogenic genes including pax7, myoD, and myoG (Kim et al., 2023a). NCAM+ MSCs showed a decrease in proliferative 

capacity as the age of porcine increased from 1 to 21 wk old (Mesires and Doumit, 2002). In this study, embryonic-derived 

cMSCs had a higher proliferative capacity than adult-derived ones. It means that cMSCs have potential to enhance the 

 

Fig. 2. Proliferation ability of MSCs between 5W and 19ED chickens. (A) Representative image of cMSCs cultivation for 3 d for proliferation.
(B) representative immunofluorescence images of EdU positive cell of cMSCs (nuclei=blue, EdU=cyan, and merge=sky). Scale bar=100 μm. (C)
EdU positive cell percentage of 5W and 19ED chickens. (D) Population doubling time of MSCs of 5W and 19ED chickens. (E) CCK-8 absorbance 
of MSCs during 3 d of culture between 5W and 19ED chickens. * Indicates as p<0.05. GM, growth media; 5W, 5-week-old; 19ED, 19-
embryonic-day; MSCs, muscle satellite cells; cMSCs, chicken muscle stem cells; EdU, 5-ethynyl-2'-deoxyuridine; CCK-8, cell counting kit-8. 
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production efficiency of CM products. 

 

Differentiation capacity of chicken muscle stem cells 
Growth medium for cultured cMSCs was replaced with DM and cells were induced to undergo myogenic differentiation 

for three days. MSCs were fused and elongated on day 1 and differentiated into myotubes over three days (Fig. 3A). Myogenic 

differentiation exhibited accelerated progression for MSCs derived from 19ED. Differentiated myofibers were stained with 

MHC, a muscle-specific marker. Myotube formation area (MFA) was then measured to determine myogenic differentiation 

ability. Results showed a significantly (p<0.05) higher MFA in MSCs derived from 19ED than those from 5W (Figs. 3B and 

C). In addition, the relative expression level of MHC was observed to be significantly (p<0.05) lower in 19ED than in 5W 

(Figs. 3D and E). 

The age at which animals are slaughtered impacts meat quality such as texture, sensory, and nutritional value (Baéza et al., 

2012; Li et al., 2021). Broiler chickens generally undergo muscle growth, differentiation, and development during a rearing 

period of 5–7 wk after hatching, ultimately being processed into meat. Over the duration of chicken growth, both elongation and 

enlargement of myofiber could control muscle growth, especially enlargement of muscle fibers in diameter of muscle fibers, 

which continued until 35 wk of age (Ono et al., 2010). Additionally, meat quality could vary depending on the growth stage 

and slaughter time of chicken (Baéza et al., 2012). A significant portion of differences in muscle fiber growth and meat 

quality characteristics can be attributed to the growth and differentiation of myofibers. Therefore, muscle fiber growth and 

differentiation might also play a crucial role in CM. However, there is a lack of research on how these differentiation 

properties affect the quality of CM and whether they play a pivotal role in precisely mimicking the flavor of conventional 

meat, as meat taste does not merely arise from muscle protein (Melzener et al., 2023). Thus, this study aimed to explore 

whether the level of muscle fiber growth and differentiation also could play a significant role in CM. 

It was observed that after MSCs were induced to differentiate into myotubes in vitro, myotubes reached their maximum 

formation at 3–4 d of differentiation. However, myotubes were detached from culture flasks after 3–4 d, notwithstanding 

repeated experiments. This occurred because myotubes struggled to develop into fully matured muscle fibers in an in vitro 

culture. They face challenges for long-term myogenic maturation due to either minor physical impacts or spontaneous 

detachment over time (Denes et al., 2019; Romagnoli et al., 2021). Thus, rapid differentiation could be time-efficient and 

economically advantageous for CM production by quickly forming a large number of myotubes. The process of CM 

production involves differentiation and maturation of animal cells, following a large-scale culture of cells proliferating in a 

bioreactor to fabricate the CM. A limit of our investigation lies in the absence of comparative analysis regarding 

differentiation into fully matured muscle fibers due to an insufficient duration of differentiation resulting from myotube 

detachment. In this aspect, we plan to research the differentiation potential when muscle fibers are fully matured through a 

long-term culture. Further studies are needed to develop techniques for differentiating MSCs into muscle fibers for long-term 

maturation, along with investigating culture duration required to limit. 

 

Amino acid contents of cultured meat tissue 
The CMT was fabricated on large-scale culturing in 175T flasks and then harvested as described below (Figs. 4A and B). 

The relative production yield (RPY) is a parameter comparing the relative weight of CMT produced per identical culture area. 

The RPY of CMT was significantly (p<0.05) higher in the 5W group than in the 19ED group (Fig. 4D). Subsequently, we 

measured total amino acid contents in CMT produced by each group. Results revealed that amino acid contents showed no  
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Fig. 3. Difference in myogenic differentiation of P3 MSCs between 19ED and 5W chickens. (A) Representative image of cMSCs cultivation 
during 3 d for myogenic differentiation. (B) Representative immunofluorescence images of difference in myogenic differentiation of MSCs 
on differentiation for 3 d between 5W and 19ED chickens. Scale bar=50 μm. (C) Myotube formation area of MSCs of 5W and 19ED
chickens. (D) Representative western blot image of MHC expression between 5W and 19ED chickens. (E) Relative MHC expression of 
differentiated myofiber on 3 d between 5W and 19ED chickens. ** Indicates as p<0.001. 5W, 5-week-old; 19ED, 19-embryonic-day; MHC, 
myosin heavy chain; MSCs, muscle satellite cells; cMSCs, chicken muscle stem cells. 
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significant (p>0.05) difference between the two groups (Fig. 4E). 

Remarkably, the yield of CMT per culture area from 19ED chickens was lower than that from 5W, and the differentiation into 

muscle fibers was also less progressed relatively than 5W. This observation could potentially be ascribed to the fact that cMSCs 

from 19ED exhibited rapidly declined stemness and myogenic potential compared to those at 5W during long-term culture. 

However, this rationale could not entirely elucidate the pronounced decline in differentiation capabilities observed in cMSCs 

from 19ED. The main cause could be fibroblast contamination during cell sorting. The pre-plating isolation method revealed that 

 

Fig. 4. Representative images of inducing differentiation of P7 satellite cells for manufactured CMT. (A) Schematic illustration of CMT
fabrication using cMSCs. (B) A representative image showing differentiation of cMSCs after 5 d of cultivation until reaching 100% 
confluency for cultured meat production. Scale bar=100 μm. (C) Representative image of harvested CMT. (D) Relative production yield of 
CMT harvested in 5W and 19ED chickens. ** Indicates as p<0.001. (E) Total amino acid contents of CMT produced in 5W and 19ED chickens.
5W, 5-week-old; 19ED, 19-embryonic-day; CM, cultured meat; CMT, cultured meat tissue; cMSCs, chicken muscle stem cells. 
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fibroblasts proliferated at a pace exceeding that of muscle stem cells. In this study, extended culture periods for promoting 

excessive growth of these quicker proliferating fibroblasts might elucidate distinctive outcomes recorded for 19ED. Regarding 
the fabrication of CM, it is critical that stem cells retain their differentiation characteristics during long-term culture. Recent 

studies have focused on inducing spontaneous immortalization of primary cells or pluripotent stem cells as a strategy to 

overcome these limitations. In 2022, CM produced from immortalized chicken fibroblasts received approval from the FDA as no 

harmful factors for consumption were identified (Fasano et al., 2022). Therefore, further discussion should be given to the use of 

immortalized cell lines to ensure consistent maintenance of myogenic potential during long-term cultivation for CM production. 

Without a doubt, high-quality meat is one of the most nutritious foods available, containing 20%–30% protein generally. It 

is also rich in essential amino acids that human beings require (Ahmad et al., 2018). In this study, total amino acid contents in 

CMT have been found to be lower than those of traditional meat in previous study (Bhawana et al., 2023). The differences are 

thought to be due to varying differentiation periods and levels of myogenic developmen of myofiber. However, in this 
experiment, there was no difference in amino acid content between 19ED and 5W, which were differentiated over the same 

period. This could be attributed to the relatively short-term cultivation for in vitro differentiation and maturation of MSCs. 

Namely, the period is too short to differentiate the MSCs and make the difference in amino acid contents with age. To bridge 

this nutritional gap, it becomes imperative to pioneer and implement technologies that ensure complete maturation of muscle 

stem cells into fully developed muscle fibers subsequent to their differentiation phase. Furthermore, since there was no 

significant difference in the amino acid composition between cultured tissues produced using the same amount of 19ED and 

5W cells, it may be advantageous to use MSCs from 19ED, which proliferate and differentiate more rapidly, for CM production. 
 

Conclusion 

cMSCs from 19ED had higher proliferation and differentiation capacities than those derived from 5W chickens, although 

there were no significant differences in total amino acid contents produced between the two groups. This finding suggests that 

cMSCs from 19ED could be suitable for enhancing the production efficiency of CMT. However, the stemness and myogenic 

potential of cMSCs from 19ED diminished more rapidly than those from 5W during long-term cultivation. Therefore, it is 

necessary to maintain characteristics of MSCs over prolonged culture for CMT fabrication. 

 

Conflicts of Interest 

The authors declare no potential conflicts of interest. 
 

Acknowledgements 

This work was supported by a grant (No. 2020R1I1A2069379) of the National Research Foundation of Korea (NRF) 

funded by the Korea government (MSIT). It was also supported by a grant (No. 321028-5) of Korean Institute of Planning 

and Evaluation for Technology in Food, Agriculture, Forestry and Fisheries (IPET) through the Agri-Bioindustry Technology 

Development Program funded by the Ministry of Agriculture, Food and Rural Affairs (MAFRA), Korea. 
 

Author Contributions 

Conceptualization: Kim CJ, Joo ST. Data curation: Kim CJ, Kim SH, Lee SY, Joo ST. Formal analysis: Kim CJ, Kim SH. 



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

1178 

Methodology: Kim CJ, Kim SH, Hwang YH. Software: Lee EY. Validation: Kim SH. Investigation: Kim SH, Hwang YH. 

Writing - original draft: Kim CJ. Writing - review & editing: Kim CJ, Kim SH, Lee EY, Hwang YH, Lee SY, Joo ST. 

 

Ethics Approval 

Procedures of animal use and treatment were approved by the Institutional Animal Care and Use Committee (IACUC) of 

Gyeongsang National University (approval no. GNU-231017-C0196). We followed all experimental processes in compliance 

with the IACUC standard procedure. 

 

References  

Ahmad RS, Imran A, Hussain MB. 2018. Nutritional composition of meat. In Meat science and nutrition. Arshad MS (ed). 

IntechOpen, London, UK. pp 61-75. 

Alam AN, Kim CJ, Kim SH, Kumari S, Lee SY, Hwang YH, Joo ST. 2024. Trends in hybrid cultured meat manufacturing 

technology to improve sensory characteristics. Food Sci Anim Resour 44:39-50. 

Baéza E, Arnould C, Jlali M, Chartrin P, Gigaud V, Mercerand F, Durand C, Méteau K, Le Bihan-Duval E, Berri C. 2012. 

Influence of increasing slaughter age of chickens on meat quality, welfare, and technical and economic results. J Anim Sci 

90:2003-2013. 

Ben-Arye T, Shandalov Y, Ben-Shaul S, Landau S, Zagury Y, Ianovici I, Lavon N, Levenberg S. 2020. Textured soy protein 

scaffolds enable the generation of three-dimensional bovine skeletal muscle tissue for cell-based meat. Nat Food 1:210-

220. 

Bhawana I, Malik A, Raposo A, Singh S, Yadav S, Zandonadi RP, Lho LH, Han H, Thakur N. 2023. Physico-chemical, sensory, 

and microbiological quality of raw chicken meat: An exploratory study in the Hisar city of Haryana, India. Front Nutr 

10:1184005. 

Denes LT, Riley LA, Mijares JR, Arboleda JD, McKee K, Esser KA, Wang ET. 2019. Culturing C2C12 myotubes on 

micromolded gelatin hydrogels accelerates myotube maturation. Skelet Muscle 9:17. 

Fasano J, Folmer D, Zhang J, Kaneko K, Overbey K, Hice S. 2022. Memorandum: Cell culture consultation (CCC) 000002, 

cultured Gallus gallus cell material. Available from: https://www.fda.gov/media/163261/download. Accessed at Jul 8, 

2023. 

Garrison GL, Biermacher JT, Brorsen BW. 2022. How much will large-scale production of cell-cultured meat cost? J Agric 

Food Res 10:100358. 

Hauser M, Zirman A, Rak R, Nachman I. 2024. Challenges and opportunities in cell expansion for cultivated meat. Front 

Nutr 11:1315555. 

Henderson JW, Ricker RD, Bidlingmeyer BA, Woodward C. 2000. Rapid, accurate, sensitive, and reproducible HPLC analysis 

of amino acids: Amino acid analysis using Zorbax Eclipse-AAA columns and the Agilent 1100 HPLC. Agilent 

Technologies, Santa Clara, CA, USA. pp 1-10. 

Hong TK, Shin DM, Choi J, Do JT, Han SG. 2021. Current issues and technical advances in cultured meat production: A 

review. Food Sci Anim Resour 41:355-372. 

Joo ST, Choi JS, Hur SJ, Kim GD, Kim CJ, Lee EY, Bakhsh A, Hwang YH. 2022. A comparative study on the taste 

characteristics of satellite cell cultured meat derived from chicken and cattle muscles. Food Sci Anim Resour 42:175-185. 



Effect of Chicken Age on Satellite Cells and Cultured Meat 

1179 

Joo ST, Kim GD, Hwang YH, Ryu YC. 2013. Control of fresh meat quality through manipulation of muscle fiber 

characteristics. Meat Sci 95:828-836. 

Kang DH, Louis F, Liu H, Shimoda H, Nishiyama Y, Nozawa H, Kakitani M, Takagi D, Kasa D, Nagamori E. 2021. 

Engineered whole cut meat-like tissue by the assembly of cell fibers using tendon-gel integrated bioprinting. Nat 

Commun 12:5059. 

Kang KM, Lee DB, Kim HY. 2024. Industrial research and development on the production process and quality of cultured 

meat hold significant value: A review. Food Sci Anim Resour 44:499-514. 

Kim B, Ko D, Choi SH, Park S. 2023a. Bovine muscle satellite cells in calves and cattle: A comparative study of cellular and 

genetic characteristics for cultivated meat production. Curr Res Food Sci 7:100545. 

Kim CJ, Kim SH, Lee EY, Son YM, Bakhsh A, Hwang YH, Joo ST. 2023b. Optimal temperature for culturing chicken 

satellite cells to enhance production yield and umami intensity of cultured meat. Food Chem Adv 2:100307. 

Kim SH, Kim CJ, Lee EY, Son YM, Hwang YH, Joo ST. 2022. Optimal pre-plating method of chicken satellite cells for 

cultured meat production. Food Sci Anim Resour 42:942-952. 

Lee SH, Choi J. 2024. The need for research on the comparison of sensory characteristics between cultured meat produced 

using scaffolds and meat. Food Sci Anim Resour 44:269-283. 

Lepper C, Partridge TA, Fan CM. 2011. An absolute requirement for Pax7-positive satellite cells in acute injury-induced 

skeletal muscle regeneration. Development 138:3639-3646. 

Li J, Yang C, Ran J, Yu C, Yin L, Li Z, Liu Y. 2021. The age-dependent variations for fatty acid composition and sensory 

quality of chicken meat and associations between gene expression patterns and meat quality. Livest Sci 254:104736. 

Liu B, Qu J, Zhang W, Izpisua Belmonte JC, Liu G H. 2022. A stem cell aging framework, from mechanisms to interventions. 

Cell Rep 41:111451. 

Melzener L, Schaeken L, Fros M, Messmer T, Raina D, Kiessling A, van Haaften T, Spaans S, Doǧan A, Post MJ, Flack JE. 

2023. Optimisation of cell fate determination for cultured muscle differentiation. Available from: https://doi.org/10.1101/ 

2023.09.06.556523. Accessed at Jul 8, 2023. 

Mesires NT, Doumit ME. 2002. Satellite cell proliferation and differentiation during postnatal growth of porcine skeletal 

muscle. Am J Physiol Cell Physiol 282:C899-C906. 

Messmer T, Klevernic I, Furquim C, Ovchinnikova E, Dogan A, Cruz H, Post MJ, Flack JE. 2022. A serum-free media 

formulation for cultured meat production supports bovine satellite cell differentiation in the absence of serum starvation. 

Nat Food 3:74-85. 

Ogura Y, Sato S, Kurosaka M, Kotani T, Fujiya H, Funabashi T. 2020. Age-related decrease in muscle satellite cells is 

accompanied with diminished expression of early growth response 3 in mice. Mol Biol Rep 47:977-986. 

Ono Y, Boldrin L, Knopp P, Morgan JE, Zammit PS. 2010. Muscle satellite cells are a functionally heterogeneous population 

in both somite-derived and branchiomeric muscles. Dev Biol 337:29-41. 

Parker MH. 2015. The altered fate of aging satellite cells is determined by signaling and epigenetic changes. Front Genet 

6:59. 

Pasitka L, Cohen M, Ehrlich A, Gildor B, Reuveni E, Ayyash M, Wissotsky G, Herscovici A, Kaminker R, Niv A. 2023. 

Spontaneous immortalization of chicken fibroblasts generates stable, high-yield cell lines for serum-free production of 

cultured meat. Nat Food 4:35-50. 

Post MJ. 2012. Cultured meat from stem cells: Challenges and prospects. Meat Sci 92:297-301. 



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

1180 

Post MJ. 2014. Cultured beef: Medical technology to produce food. J Sci Food Agric 94:1039-1041. 

Romagnoli C, Iantomasi T, Brandi ML. 2021. Available in vitro models for human satellite cells from skeletal muscle. Int J 

Mol Sci 22:13221. 

Schmidt M, Schüler SC, Hüttner SS, von Eyss B, von Maltzahn J. 2019. Adult stem cells at work: regenerating skeletal 

muscle. Cell Mol Life Sci 76:2559-2570.  

Sinke P, Swartz E, Sanctorum H, van der Giesen C, Odegard I. 2023. Ex-ante life cycle assessment of commercial-scale 

cultivated meat production in 2030. Int J Life Cycle Assess 28:234-254. 

Specht L. 2020. An analysis of culture medium costs and production volumes for cultivated meat. The Good Food Institute, 

Washington, DC, USA. 

Stout AJ, Mirliani AB, Rittenberg ML, Shub M, White EC, Yuen JSK Jr, Kaplan DL. 2022. Simple and effective serum-free 

medium for sustained expansion of bovine satellite cells for cell cultured meat. Commun Biol 5:466. 

Verdijk LB, Snijders T, Drost M, Delhaas T, Kadi F, van Loon LJC. 2014. Satellite cells in human skeletal muscle; from 

birth to old age. AGE 36:545-557. 

Yin H, Price F, Rudnicki MA. 2013. Satellite cells and the muscle stem cell niche. Physiol Rev 93:23-67. 

Yu I, Choi J, Kim MK, Kim MJ. 2023. The comparison of commercial serum-free media for Hanwoo satellite cell proliferation 

and the role of fibroblast growth factor 2. Food Sci Anim Resour 43:1017-1030. 

Zelenyuk V. 2023. Productivity analysis: Roots, foundations, trends and perspectives. J Prod Anal 60:229-247. 


