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Repeated and long-term
cryopreservation of primary
bovine myogenic cells to maintain
quality in biomimetic cultured
meat

Roka Kakehi, Azumi Yoshida, Hironobu Takahashi* and

Tatsuya Shimizu

Institute of Advanced Biomedical Engineering and Science, Tokyo Women’s Medical University, Tokyo,

Japan

Cultured meat produced using cell culture technology can potentially alleviate

many of the ethical, environmental, and public health concerns associated with

conventional livestock meat production. The industrialization of cultured meat

for wide-spread adoption requires newmethods to e�ciently collect high-quality

cells and to preserve their cell quality. Cryopreservation is a widely used technique

to enable the long-term storage of cells without causing severe damage. In this

study, we focused on the feasibility of cryopreservation to maintain cell quality

for storage of bovine myogenic cells harvested from bovine meat based on our

unique primary culture method. Primary bovine cells were incubated in a culture

dish and then cryopreserved at−80◦C for 1 week or 1 year. After thawing, the cells

were further cultured for several passages to evaluate the abilities of the cells to

proliferate or di�erentiate into myotubes. Furthermore, the cells were repeatedly

cryopreserved for 1 week each time to investigate the impact of the repeated

freezing and thawing. Consequently, long-term (within 1 year) or repeated (up

to 3 times for 1 week each) cryopreservation at −80◦C caused no degradation

in the abilities of the cells to proliferate or di�erentiate, which is important for

cultured meat production. We also confirmed that the cryopreservation did not

require any unique cell freezing media. Moreover, based on our tissue engineering

technique, our cryopreserved bovine myogenic cells had the ability to form

sarcomere structures and produce muscle contractions even after they were

frozen for 1 year. Although the bovine muscle tissues described here require more

mature structures and functions in order to closely mimic native muscle tissue, we

believe that the functional maturation of myogenic cells is essential to produce

a “tissue-engineered meat” that will have native-like nutrients, texture, and taste

that consumers will expect in the future. These results reveal the potential of

cryopreserving quality-controlled bovine myogenic cells to contribute to a stable

supply of high-quality cells for cultured meat production.
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1. Introduction

Cultured meat is produced in vitro by extracting muscle-

specific stem cells from livestock meat samples and growing

them into muscle tissue for meat such as beef, pork, or chicken

(Post, 2012; Post et al., 2020; Takahashi et al., 2022b). Cultured

meat production is expected to become a practical alternative

to traditional livestock husbandry, and this technology promises

to save the world from a future protein crisis, as well as the

environmental and ethical concerns caused by current livestock

production. Especially, as the global population grows, meat

consumption is expected to increase by 73% by 2050, and a newway

of producing meat is urgently needed in the world (Tuomisto and

Teixeira de Mattos, 2011; Melzener et al., 2021). In response to this

growing demand, the development of cultured meat technology

has been rapidly progressing. This new strategy for sustainable

meat production gained widespread attention after the Mark Post

group produced the first cultured meat prototype in 2013 (Post,

2014), and since 2020, the world’s first lab-grown chicken has

been approved for sale and consumption in Singapore (Chong

et al., 2022). Whereas some research groups in life science fields

have reported on development of some novel technologies, many

challenges remain for industrial scaling-up and cost reduction to

ensure a sustainable supply of cultured meat in the future.

For cultured meat production, it is important to efficiently

collect high-quality cells and maintain that cell quality

throughout the production process (Baquero-Perez et al.,

2012). Cryopreservation is a promising technique providing a

consistent supply of high-quality cell sources for cultured meat

production. This technique is fundamental to the preservation

of cultured cells by freezing at very low temperatures for a long

time (Jang et al., 2017; Miyamoto et al., 2018), and is required in

a wide range of cell culture experiments (Grant et al., 2019; Fu

et al., 2020; Erol et al., 2021). Although damage to cells caused by

freezing and thawing are of concern, this technology has been well

established and various kinds of commercial products such as cell

freezing media have been developed. Therefore, most researchers

in medicine and biochemistry use cryopreservation on a routine

basis. For clinical applications, various kinds of human stem cells

such as haematopoietic stem cells can be safely cryopreserved to

store the therapeutic cell without any severe damage (Hunt, 2011;

Meneghel et al., 2020). When cells are cryopreserved, an important

evaluation point is whether they retain not only their proliferative

capacity, but also their differentiation capacity (Hunt, 2011).

Similarly, for studies of muscle tissue engineering, myogenic cells

need to not only proliferate but also maintain their differentiation

ability into native-like muscle tissue after they are cryopreserved

(Grant et al., 2019).

The number of new studies related to cultured meat has been

increasing, but few research groups have achieved any practical

applications for cultured meat production (Chriki and Hocquette,

2020; Furuhashi et al., 2021; Kang et al., 2021). Long-term storage

of cultured cells, as a cell source for cultured meat, is one

technique urgently needed to be addressed. Stig Skrivergaard et al.

demonstrated in their previous study that bovine satellite cells

were able to maintain their important properties after muscle

tissue storage at 4◦C for up to 5 days (Skrivergaard et al., 2021).

Since cryopreservation is a well-established procedure in other

research fields, few studies demonstrated that bovine myogenic

cells were frozen in studies of cultured meat production (Ding

et al., 2018; Kolkmann et al., 2020; Skrivergaard et al., 2021;

Andreassen et al., 2022). However, there is no paper on the impact

of cryopreservation on the quality of primary bovine myogenic

cells. Ensuring a reliable and consistent source of cells by using

cryopreservation will allow us to increase the stable supply of

promising cells for cultured meat production. In fact, the need for

cryopreserving cells has already been recognized and prompted the

creation of a cell bank for cultured meat production in the future

(Soice and Johnston, 2021). Establishing a method to cryopreserve

myogenic cells from livestock meat samples, including bovine

myogenic cells, will allow long-term storage of quality-controlled

materials and contribute to the stable supply of raw materials

required for cultured meat production.

Our group has established a primary culture method to harvest

myogenic cells from bovine meat and successfully expanded

them in vitro to be able to produce cultured meat in the

future (Takahashi et al., 2022b). Since the primary bovine cells

showed high proliferative and differentiation abilities, they have

the potential to be used as a high-quality cell source for cultured

meat production. On the other hand, we need to frequently

harvest the cells through our primary culture procedure every

single time. This is problematic since it requires not only effort

and time but also a number of sacrifice animals to obtain muscle

tissue. In addition, depending on the characteristics of animals

from which cells are taken, there is a risk that the harvested

cells could have different properties from each primary culture

procedure. To improve the first step in cultured meat production,

we confirmed in this study the possibility to cryopreserve bovine

myogenic cells while maintaining their quality. To evaluate the

quality of bovine myogenic cells, we focused on the ability

to maintain proliferation and differentiation after freezing and

thawing. Furthermore, to ensure the quality of the cells with specific

conditions, we demonstrated how long and how many times they

were able to be cryopreserved at −80◦C with no severe damage.

Although cryopreservation techniques have long been discussed in

cell culture research, this study uniquely focused on the possibility

to preserve not only cell life but also their quality as a cell source

for cultured meat production. The aim of this research is to give

valuable insight into the potential of cryopreservation for bovine

myogenic cells with a hope to establish one cell culture method for

cultured meat production.

2. Materials and Methods

2.1. Harvest of primary myogenic cells from
bovine meat

Primary cell culture derived from bovine meat was conducted

in the same way as our primary culture method (Takahashi et al.,

2022b). Bovine myogenic cells were isolated from cheek meat of

Japanese Black cattle slaughtered and kindly supplied by Tokyo

Shibaura Zoki (Tokyo, Japan). The meat was first immersed in

0.5% chlorhexidine gluconate (5% Hibitane, Sumitomo Pharma,

Osaka, Japan) for a few minutes to disinfect its surface, and cut into

about 3× 4× 0.5 cm of skeletal muscle samples by using a scalpel.
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The samples were washed with povidone-iodine solution (Meiji

Seika Pharma, Tokyo, Japan) for disinfection, followed by rubbing

ethanol (Yoshida Pharmaceutical, Saitama, Japan) and Hanks’

balanced salt solution (HBSS) (FUJIFILM Wako Pure Chemical,

Osaka, Japan). The samples were minced into small pieces about

2mm by using a scalpel and scissors. Two g of the minced sample

was put into a 50mL conical tube and immersed in 10mL HBSS

containing 1 mg/mL pronase (Pronase from Streptomyces griseus,

Sigma-Aldrich, St. Louis, MO, USA), and placed in a water bath

for incubation at 37◦C while being gently stirred for 1 h. The

sample was immersed in 10mL HBSS with 10% fetal bovine

serum (FBS) (NICHIREI BIOSCIENCES INC., Tokyo, Japan) and

pipetted with a 25mL and then a 10mL measuring pipette each

for 10–20 times. The sample was then passed through a 40µm

cell strainer in order to get rid of large segments and the cell

suspension was centrifuged at 1,000×g for 10min. The supernatant

was removed and the precipitated pellet was resuspended with

10mL Dulbecco’s Modified Eagle Medium-high glucose (DMEM)

(FUJIFILM Wako Pure Chemical) with 10% FBS, 1% penicillin-

streptomycin-amphotericin B (FUJIFILM Wako Pure Chemical),

and 10 ng/mL basic fibroblast growth factor (bFGF) (KAKEN

PHARMACEUTICAL, Tokyo, Japan). The solution was placed in

a φ10 cm culture dish and incubated for 1 h at 37◦C to remove

any early adhering cells, such as fibroblasts. After pre-plating, the

culture supernatant was transferred to a 5 ∼ 6 of φ10 cm culture

dish coated with iMatrix-511. For preparation, the coated dish was

incubated with Easy iMatrix-511 (Nippi, Tokyo, Japan) for 1 h at

37◦C. The supernatant was cultured in growth medium for 6–7

days. The medium was changed the day after seeding and every 1

or 2 days thereafter.

2.2. Cryopreservation procedure of bovine
myogenic cells

Figure 1 illustrates the experimental timeline with some

different conditions. First, primary bovine myogenic cells (passage

0) were harvested from culture dishes by treatment with trypsin

and the cell suspension containing 5 × 106 cells was placed in

a centrifuge tube. Then, the cell suspension was centrifuged at

300×g for 5min at 4◦C. The supernatant was removed and the

cells were resuspended with 1mL of CELLBANKER 1 (ZENOGEN

PHARMA, Fukushima, Japan). The cell suspension (5 × 106

cells/mL) was placed in a cryogenic storage vial. To control freezing

rate, the vial was placed in a freeze treatment container, BICELL

(NIHON FREEZER, Tokyo, Japan), and then the cells in the

container were preserved at −80◦C in a deep freezer. After 7 or

8 days (1-week cryopreservation), the frozen cells were thawed in

a 37 ◦C water bath for a few seconds, and the cell suspension

was added to 3mL of DMEM containing 10% FBS in a 15mL

centrifuge tube. The cells were then centrifuged at 300×g for

5min at 4◦C. The supernatant was removed and the cells were

resuspended with 10mL of DMEM containing 10% FBS. Each 1mL

of the solution (5 × 105 cells) was placed in a φ10 cm culture dish,

and the cells were cultured for several passages. To compare the

effects of different cell freezing media, three other different media

were also used: CELLBANKER 2 (ZENOGEN PHARMA), LABO

Banker 1 (TOSC Japan, Tokyo, Japan), and the mixture of 90% FBS

and 10% Dimethyl Sulfoxide (DMSO) (NACALAI TESQUE, INC.,

Kyoto, Japan). After each cryopreservation, the cells were cultured

from passages 1 to 3 (Figure 1A). For experiments of repeated

cryopreservation, three samples were made: control samples (0-

time cryopreservation), “1 week × 1 time” samples, and “1 week ×

3 times” samples (Figure 1B). After the cryopreservation of primary

cells (P0), the frozen cells were thawed and passaged nine times (“1

week × 1 time”). To determine the influence of repeated freezing

and thawing, the cells were again frozen before passage 4 and then

thawed after 1 week (second time). They were then cultured from

passages 4 to 6, and frozen again for 1 week (third time). After

a total of three times cryopreservation, the cells were cultured

to passage 9 (“1 week × 3 times”). All samples were prepared

from the bovine cells harvested at the same time (the same meat

sample each time). In addition to the 1-week cryopreservation

samples, bovine cells were also frozen for 1 year to investigate the

influence of longer-term cryopreservation (Figure 1C). After the

“1-year cryopreservation”, the cells were thawed and passaged nine

times (“1 year× 1 time”).

2.3. Proliferation and di�erentiation of
bovine myogenic cells in repeated
passaging

The primary bovine cells were cultured on normal cell culture

dishes to increase the population through several passages. For

each passage, they were seeded to non-coated dishes and cultured

for 2 days in DMEM containing 10% FBS, 10 ng/mL bFGF

and 1% penicillin-streptomycin-amphotericin B. Every 2 days,

they were harvested by treatment with trypsin and repeatedly

seeded at a density of 5 × 105 cells/dish (φ10 cm culture

dishes) to expand the cell population over 3 passages (Figure 1A),

or over 9 passages (Figure 1B). To confirm the differentiation

capability, the bovine myogenic cells were seeded at a density

of 1 × 106 cells/dish on normal φ3.5 cm dishes and cultured

for 2–4 days in the growth medium (10% FBS-DMEM). This

procedure was conducted at passages 3, 6, and 9. For all

the experiments of 1-week cryopreservation (Figures 1A, B), this

procedure of repeated passaging was independently performed

three times for the primary culture. For the experiments of 1-year

cryopreservation (Figure 1C), the procedure was independently

performed four times.

2.4. Preparation of micropatterned
thermoresponsive substrate

In this study, polymer micropatterning was performed using

our previously reported method to prepare a micropatterned

thermoresponsive substrate (Takahashi et al., 2013; Takahashi

and Okano, 2015). To produce the micropatterns on a

hydrophilic polymer, acrylamide (AAm) aqueous solution

(50 w/w%) (FUJIFILM Wako Pure Chemical), containing a

water-soluble photo-initiator camphorquinone (7,7 dimethyl-

2,3-dioxobicyclo[2.2.1] heptane-1-carboxylic acid) (1 w/w%)

was poured into an “UpCell” dish (CellSeed, Tokyo, Japan),

a commercially available thermoresponsive cell culture dish
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FIGURE 1

Experimental timeline and the conditions of cryopreservation. (A) As control samples, bovine cells were cultured from passages 0 to 3 without

cryopreservation. To compare with the control samples, the cells harvested at the same time were cryopreserved for 1 week with one of four

di�erent cell freezing media. After thawing, the cells were cultured from passages 1 to 3. (B) In the control samples, bovine cells were cultured from

passages 0 to 9 without cryopreservation. The primary cells (passage 0) were cryopreserved once for 1 week, and cultured to passage 9 after thawing

(“1 week × 1 time” samples). To repeatedly freeze and thaw the cells, the cells at passages 3 and 6 were cryopreserved again (“1 week × 3 times”

samples). (C) To determine the influence of cryopreservation for 1 year, the primary cells (P0) were cryopreserved for 1 year and then cultured to

passage 9 after thawing (“1 year × 1 time” samples).

(Takahashi and Okano, 2019). Then, visible light was irradiated for

20min onto the culture surface through an appropriate photomask.

Stripe-shaped micropatterns (the width of non-irradiation and

irradiation regions were 50µm) were fabricated by grafting

polyacrylamide (PAAm).

To confirm the formation of micropatterns on the substrate,

fluorescently labeled fibronectins were immobilized on the

patterned surface, then the relative immobilized amounts on each

of the two different polymer patterns were estimated by the

fluorescence intensity (Takahashi et al., 2022b). HyLyteFluor488-

labeled bovine fibronectins (Cytoskeleton, Denver, CO, USA)

were dissolved in phosphate buffered saline (PBS) (10 µg/mL),

and incubated with the micropatterned culture substrate at

37◦C for 6 h. After being washed thoroughly with PBS, the

difference in the protein immobilization on the micropatterns

was observed using a fluorescence microscope (ECLIPSE Ti2-U)

(Nikon, Tokyo, Japan).

2.5. Structural and functional maturation of
bovine muscle tissue

To produce functionally mature muscle tissue with fibrin-

based gel, 1-year cryopreserved bovine myogenic cells were grown

to the second passages, and then seeded at a density of 1 ×

106 cells/dish onto the micropatterned thermoresponsive culture

substrate (irradiation time: 20min, seeding area: 15 × 15mm)

(Takahashi et al., 2018, 2022a,b). The bovine cells aligned on

the patterned substrate were cultured in growth medium for 4

days. Next, to transfer the aligned muscle cells to a fibrin-based

gel, a mixture of fibrinogen (from bovine plasma, 20 mg/mL,

2mL) (Sigma-Aldrich), thrombin (from bovine plasma, 20 U/mL,

500 µL) (Sigma-Aldrich), CaCl2 solution (8mM, 1mL), and

Matrigel (500 µL) (Corning, Corning, NY, USA) or Basement

Membrane Extract (500 µL) (R&D Systems, Inc., Minneapolis,

MN, USA), was poured onto the cells (900 µL per a dish). Finally,

a square-shaped silicon ring was inserted into the mixture to

prevent gel shrinkage and incubated for 30min at 37◦C. After

the gel formation was complete, a growth medium [10% FBS-

DMEM with anti-fibrinolytic agents, aprotinin (500 KIU/mL,

from bovine lung) (FUJIFILM Wako Pure Chemical) and 6-

aminocaproic acid (2 mg/mL) (FUJIFILM Wako Pure Chemical)]

was added to the culture dish. After 4 days, the medium was

replaced with a differentiation medium (DMEM with 2% horse

serum (HS; Thermo Fisher Scientific, Waltham, MA, USA) and

anti-fibrinolytic agents) and cultured for 7 days. To release the

bovine muscle tissue from the culture substrate, the samples were

incubated at 20◦C for 30min, and then placed upside down in the

growth medium on a 6-well culture plate (Takahashi and Okano,

2015, 2019).
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2.6. Immunofluorescence staining

To assess the differentiation ability of cells at passages 3, 6,

and 9, the cells were washed three times with PBS, and fixed with

4% paraformaldehyde for 15min at RT. After washing with PBS,

the cells were permeabilized with 0.5% Triton-X solution (Sigma-

Aldrich) for 15–30min at RT. The cells were then washed three

times with PBS, incubated in blocking solution [2% bovine serum

albumin (BSA) (Sigma-Aldrich)] for 30 min−1 h at RT, and treated

with anti-desmin antibody (1:1,000) (MA5-13259, Thermo Fisher

Scientific) diluted with 2% BSA at 4◦C overnight. After washing

with PBS, the cells were treated with fluorescently labeled secondary

antibodies (1:1,000) (Thermo Fisher Scientific) for 30–45min at

RT and then incubated with Hoechst 33258 (Dojindo Laboratories,

Kumamoto, Japan) for 5min at RT while being gently stirred. The

areas of fluorescent regions were analyzed using ImageJ software

(Takahashi et al., 2022b). Muscle tissues with the fibrin-based gel

were fixed with 2% paraformaldehyde overnight at 4◦C (Takahashi

et al., 2018, 2022a,b). After fixation, samples were incubated in

blocking solution (5% BSA with 0.2% Triton-X 100) for 12 h at

RT. The tissue samples were treated with anti-sarcomeric α-actinin

antibody (1:500) (ab9465, Abcam, Cambridge, MA, USA) at 4◦C

overnight, and then with fluorescently labeled secondary antibodies

(1:1,000) for 2 h at RT. For nuclei staining, tissue samples were

incubated with Hoechst 33258 for 10min at RT. Between all steps,

samples were washed three times with PBS. Images were acquired

using an FV1200 inverted confocal microscope and analyzed using

FV10-ASW software.

2.7. Cell viability assay

To determine viability of bovine myogenic cells after

cryopreservation for 1 year, trypan blue staining was performed.

The frozen cells were thawed using a water bath and the cell

suspension was added to 4mL of DMEM containing 10% FBS.

Subsequently, the diluted solution was mixed at 1:1 with 0.2%

trypan blue solution, then stained and unstained cells were

counted using a cell counting chamber. This cell viability assay was

independently performed for each primary culture (n= 3).

2.8. Microscopic observation of bovine
muscle tissue contractions

To induce muscle contraction, bovine muscle tissues were

electrically stimulated at 28 days after the seeding onto the

culture dish. Two carbon electrodes (C-Dish; IonOptix, Milton,

MA, USA) were immersed into the medium, then an electrical

pulse stimulation (EPS) was applied (voltage: 10V, frequency:

1Hz, duration time: 10 msec) using an electrical pulse generator

(IonOptix). The EPS-induced muscle contraction was recorded at

30 frames/sec by a CCD camera with phase-contrast microscopy.

The resulting tissue contraction distances were calculated using

the motion analysis tool ViewPoint (Glenallan Technology Inc.,

Clinton, NY, USA) (Takahashi et al., 2018, 2022a,b).

2.9. Statistical analysis

Date are expressed as the mean +/− standard error. Multiple

comparisons were analyzed by one-way ANOVA (Figures 4C,

5B) or two-way ANOVA (Figures 2B, C, 3A–C, 6D). Statistical

significance was considered at ∗P < 0.05. Statistical processing was

performed using R Software.

3. Results

3.1. E�ect of cell freezing media on
proliferation ability of bovine myogenic
cells

We have previously established a highly efficient primary

culture method of bovine myogenic cells for cultured meat

production (Takahashi et al., 2022b). In this study, to enhance the

value of our bovine myogenic cells as a cell source for cultured

meat, we focused on the feasibility to cryopreserve them while

maintaining their quality as a cell source. Since proliferation ability

is one of the most important properties for a cell source, we first

determined the impact of cryopreservation on the proliferation of

bovinemyogenic cells harvested using our primary culture method.

There are two key factors to consider for cryopreservation:

freezing temperature and medium (Whaley et al., 2021). In this

study, cryopreservation was performed using a freezer set to

−80◦C, while there are other procedures enabling freezing cells

at even lower temperatures. This is important to increase the

versatility of our result by avoiding the use of specialized equipment

such as a liquid nitrogen tank (Miyamoto et al., 2018). In this study,

three commercially available freezing media (CB1, CB2, and LB1)

were used as representative media (Yokonishi et al., 2014; Jang

et al., 2017; Balci-Hayta et al., 2018; Naraoka et al., 2021). CB1

and LB1 from two different companies have been widely used to

cryopreserve various kinds of mammalian cells, including bovine

cells. To determine influence of serum on cryopreservation, CB2

was also used instead of CB1. In addition, the mixture of 90%

FBS and 10% DMSO (FBS+DMSO) was also used as a traditional

freezing medium (Balci-Hayta et al., 2018). First, bovine myogenic

cells were harvested from bovine meat and seeded to culture dishes

by using our primary culture method. After 6 or 7 days, the

cells were cryopreserved once for 1 week with each of the four

different freezing media. In order to evaluate the proliferation

ability, the cells were thawed and cultured from passages 1 to 3.

Since primary bovine cells were unable to adhere on a normal

culture dish, the culture dish was coated with iMatrix-511. On the

other hand, the passaged cells adhered on a culture dish without

any biomolecule coating. Therefore, in this study, bovine cells were

cultured on normal culture dishes to evaluate their proliferation

ability. As shown in Figure 2A, bovine cells at passage 1 after

the cryopreservation (CB1, CB2, LB1, and FBS+DMSO) similarly

adhered on a culture dish as the cells without cryopreservation

(control). In addition, all the cells after the 1-week cryopreservation

proliferated similarly to the control samples (Figure 2B). Moreover,

the proliferation rate of the cells also showed no significant

difference among them (Figure 2C). These results indicated that the

cryopreservation had no impact on the proliferation ability of the
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FIGURE 2

E�ect of cryopreservation on proliferation ability of bovine myogenic cells. Primary cells were frozen with di�erent cell freezing media [CELLBANKER

1 (CB1), CELLBANKER 2 (CB2), LABO Banker 1 (LB1), and the mixture of 90% FBS and 10% DMSO (FBS+DMSO)]. (A) Representative microscopic

images of myogenic cells at passage 1 with or without cryopreservation (control). The cells were frozen for 1 week and then cultured in a dish after

thawing. Scale bar: 100µm. (B) Proliferation profiles of bovine myogenic cells with or without cryopreservation using CB1, CB2, LB1, and FBS+DMSO

from passages 1 to 3 (n = 3). Green circle: control (without cryopreservation), orange square: CB1, gray rhombus: CB2, yellow triangle: LB1, white

triangle: FBS+DMSO. (C) Proliferation rate of bovine myogenic cells at each passage with or without cryopreservation (n = 3). Green: control

(without cryopreservation), orange: CB1, gray: CB2, yellow: LB1, white: FBS+DMSO.

bovine myogenic cells. In addition, each freezing medium could

be used to cryopreserve our bovine myogenic cells without any

severe damage.

3.2. Influence of repeated cryopreservation
on proliferation ability of bovine myogenic
cells

To investigate the influence of repeated cryopreservation on

bovine myogenic cells, the cells were cryopreserved at passages 0, 3,

and 6 (Figure 1B). Consequently, during the passaging procedure

(nine passages), the “1 week × 3 times” samples had three kinds

of cryopreservation conditions [number of cryopreservation: 1

time (P1–P3), 2 times (P4–P6), and 3 times (P7–P9)]. Since the

result in Figure 2 indicated that the four freezing media were

equally acceptable for 1-week cryopreservation, this experiment

was performed using CB1 as representative freezing medium. The

primary cells without cryopreservation (“0-time” group) continued

to proliferate during several passages. On the other hand, the

bovine cells showed the same proliferation ability after 1-time

or 3-time cryopreservation (Figure 3A). This result indicated that

bovine myogenic cells were able to be expanded even after they

were repeatedly cryopreserved three times. As shown in Figure 1B,
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FIGURE 3

Proliferation ability of bovine myogenic cells with or without repeated cryopreservation. (A) Proliferation profiles of bovine myogenic cells

cryopreserved 0, 1, or 3 times from passages 1 to 9 (n = 3). Blue circle: 0 time (without cryopreservation), orange triangle: 1 time, green rhombus: 3

times. (B) Proliferation rate of bovine myogenic cells cryopreserved 0, 1, or 2 times from passages 4 to 6 (n = 3). Blue: 0 time, orange: 1 time, green: 2

times. (C) Proliferation rate of bovine myogenic cells cryopreserved 0, 1, or 3 times from passages 7 to 9 (n = 3). Blue: 0 time, orange: 1 time, green:

3 times. (D) Representative microscopic images of adherent bovine myogenic cells at passage 9 after cryopreservation (0, 1, or 3 times). Scale bar:

200 µm.

in this experiment the 3-time samples actually underwent 1-

time and 2-time cryopreserved stages. In order to examine the

impact of 2-time cryopreservation, the proliferation rates of the

cells at passages 4, 5 and 6 were compared. As a result, the

proliferation rates showed no significant difference among the

samples (Figure 3B). In addition, when the proliferation rates of

the cells at passages 7, 8, and 9 were compared, there was also

no significant difference among the samples cryopreserved 0, 1,

and 3 times (Figure 3C). Representative microscopic images of

adherent cells for the three samples (control, “1 week × 1 time”,

and “1 week × 3 times”) at passage 9 show similar numbers and

forms of bovine myogenic cells for each sample (Figure 3D). These

results suggested that the repeated cryopreservation did not affect

the proliferation ability of bovine myogenic cells, at least until

three times of freezing and thawing. This consistent proliferation

ability is important when considering a cell source for cultured

meat production.

3.3. E�ect of cell freezing media on
di�erentiation ability of bovine myogenic
cells

One of the main characteristics of myogenic cells as a muscle

precursor cell is their ability to differentiate into myotubes. As

described above, cryopreservation had no severe impact on the

proliferation ability of bovine myogenic cells harvested using

our primary culture method. However, to be used for cultured

meat, muscle precursor cells also need to undergo cell fusion

and become muscle fibers in order to more closely mimic

the microstructures of native muscle (Furuhashi et al., 2021;

Messmer et al., 2022; Takahashi et al., 2022b). Thus, we also

evaluated the impact of cryopreservation on the differentiation

ability of bovine myogenic cells. In general, myogenic cells

are cultured in low serum medium (e.g., 2% horse serum

containing medium) to promote differentiation into myotubes

(Dennis et al., 2001; Cai et al., 2018). As reported previously,

however, our bovine cells quickly formed myotubes and then

detached from culture dishes (Takahashi et al., 2022b). Although

this result indicates that our cells have a high differentiation

ability, the detachment makes it difficult to determine the

differentiation efficiency of the myogenic cells. Therefore, to

prevent the quick detachment, the cells were cultured in a

growth medium (10% FBS containing DMEM) in this study.

Even in the growth medium, the bovine myogenic cells showed

myotube formation just by culturing the cells at confluence

(Figure 4A). This consequence indicated that our bovine cells

at passage 3 without cryopreservation had a high differentiation

ability. Moreover, the cells after 1-week cryopreservation with

CB1 also showed similar myotube formation at passage 3

(Figure 4A). In this study, desmin-positive bovine myotubes
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FIGURE 4

Di�erentiation ability of bovine myogenic cells frozen with

representative cell freezing media. CELLBANKER 1 (CB1),

CELLBANKER 2 (CB2), LABO Banker 1 (LB1), and FBS+DMSO were

used as cell freezing media. (A) Representative microscopic images

of myotubes di�erentiated from bovine cells with or without

1-week cryopreservation using CB1 at passage 3. Scale bar: 200µm.

(B) Representative fluorescence images of myotubes di�erentiated

from bovine cells with or without 1-week cryopreservation using

CB1 at passage 3. Green: desmin, blue: nuclei. Scale bar: 200µm.

(C) Areas of desmin-positive myotubes formed by bovine myogenic

cells with or without cryopreservation using each of the four kinds

of cell-freezing media (n = 3).

were fluorescently stained to evaluate the areas of differentiated

myotubes. Figure 4B shows the myotubes formed by the cells

after 1-week cryopreservation with CB1 to represent the other

cryopreserved samples. These fluorescence images showed similar

myotube formations at passage 3 by the cells with and without

the cryopreservation. In addition, to quantitatively determine the

impacts of cryopreservation, the areas of desmin-positive myotubes

formed at passage 3 were analyzed by using ImageJ software.

The area of myotubes formed from myogenic cells without

cryopreservation was 35.9%, and this was not significantly different

from those after cryopreservation with each of the four kinds of

cell-freezing media (Figure 4C). Therefore, the cryopreservation

with these representative freezing media had no impact on the

differentiation ability of bovine myogenic cells, at least until

passage 3.

3.4. Influence of repeated cryopreservation
on di�erentiation ability of bovine
myogenic cells

In general, the differentiation ability of cultured cells is

gradually reduced by repeated passaging (Sabourin et al., 1999;

Machida et al., 2004). On the other hand, in our previous

study, bovine myogenic cells harvested using our primary

culture method showed a consistent differentiation ability

even after several passages (Takahashi et al., 2022b). In this

study, we confirmed the impact of repeated cryopreservation

on differentiation ability of myogenic cells up to passage

9. As shown in Figure 1B, cryopreservation was repeatedly

performed three times during nine passages and the cells at

P3, P6, and P9 were cultured at 100% confluency to induce

myotube differentiation. The impact of cryopreservation on

differentiation efficiency was estimated by comparing them to

the cells without cryopreservation (0 time), 1-time (1 time),

and 3-time cryopreservation (3 times). The representative

fluorescence images of differentiated myotubes for the three

groups exhibited similar forms of myotubes (Figure 5A). This

result implies that the bovine myogenic cells maintained

its differentiation ability at passage 9, even after they were

cryopreserved three times. In order to quantitatively verify

this implication, the areas of myotubes were calculated by

using Image J software (Figure 5B). The average areas of

myotubes for each condition were 17.0% (0 time), 23.2% (1

time), and 13.1% (3 times). Since there was no significant

difference among the three groups, it was confirmed the repeated

cryopreservation up to three times of freezing and thawing did

not have a negative impact on the differentiation ability of bovine

myogenic cells.

3.5. Cryopreservation period of bovine
myogenic cells while maintaining cell
quality

In this study, to evaluate the impact of repeated

cryopreservation using the same primary cells harvested

from one piece of meat (the same lot), the bovine myogenic

cells were cryopreserved each time for 1 week. On the other

hand, the length of the preservation period that maintains cell

properties is one of the most important factors for cryopreservation

applications (Miyamoto et al., 2018; Taylor et al., 2019). Therefore,

in this study, bovine myogenic cells were also cryopreserved

with CB1 for 1 year, and then the impact on cell quality was

evaluated by the same criteria: proliferation and differentiation

abilities. After freezing and thawing, the vitality of the bovine

myogenic cells was 97.9 +/– 0.5 %, and the myogenic cells

adhered on a culture dish similar to cells without cryopreservation

(Figures 2A, 6A). In addition, they continued to proliferate

during the nine passages even after cryopreservation for 1 year

(Figure 6B). Although the 1-year samples came from different

primary cells that were cultured on a different date from those

for the 1-week samples, the proliferation profile of “1-year

samples” was not significantly different compared to that of
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FIGURE 5

Myotube formation of bovine myogenic cells at passage 9 after cryopreservation (0, 1, or 3 times). (A) Representative fluorescence images of

di�erentiated myotubes from bovine myogenic cells cryopreserved 0, 1, or 3 times. Scale bar: 200µm. (B) Areas of desmin-positive myotubes

formed from bovine myogenic cells cryopreserved 0, 1, or 3 times (n = 3).

FIGURE 6

Proliferation and di�erentiation of bovine myogenic cells cryopreserved for 1 year. (A) Microscopic image of myogenic cells at passage 1 after

cryopreservation. The cells were frozen with CB1 for 1 year and then cultured in a dish after thawing. Scale bar: 200µm. (B) Proliferation profile of

1-year cryopreserved bovine myogenic cells from passages 1 to 9 (n = 4). (C) Representative fluorescence images of myotubes di�erentiated from

myogenic cells at passages 3 (P3), 6 (P6), and 9 (P9) after cryopreservation for 1 year (green: desmin, blue: nuclei). Scale bar: 200µm. (D) Areas of

myotubes formed by bovine myogenic cells cryopreserved for 1 week (n = 3) and for 1 year (n = 4). Orange triangle: 1 week, black circle: 1 year.
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FIGURE 7

Functional maturation of bovine muscle tissue formed from myogenic cells cryopreserved for 1 year. (A) Schematic illustration of photo-induced

micropatterning of PAAm on a thermoresponsive PIPAAm-grafted substrate. (B) Fluorescence image of fluorescently-labeled fibronectin

immobilized on the micropatterned substrate. Scale bar: 100µm. (C) Schematic illustration of the transfer process of aligned myogenic cells from a

micropatterned substrate to a fibrin-based gel. The thermoresponsive substrate allows the aligned cells to release from the surface by lowering the

culture temperature. After the cells attached to the fibrin-based gel, the cell/gel composite was incubated at 20◦C for 30min and then the construct

was placed upside down to a new culture dish. (D) Microscopic image of aligned bovine myotubes on the micropatterned substrate. Scale bar:

100µm. (E) Representative fluorescence images of functionally mature bovine muscle tissue (formed from cells cryopreserved for 1 year) with

sarcomere formation (green: α-actinin, blue: nuclei). Scale bar: 50µm. (F) Representative contraction displacement profile of a bovine muscle tissue.

Electrical stimulation was applied at a frequency of 1Hz.

the “1-week samples” (Figure 3A). These results suggest that

cryopreservation caused no impacts on the proliferation ability

of bovine myogenic cells at least until 1-year cryopreservation.

In addition, to confirm differentiation ability, the proliferating

cells were harvested at P3, P6, and P9, and seeded to culture

dishes for myotube formation. Fluorescence images of myotubes

differentiated from the 1-year samples at P3, P6, and P9 all

showed similar myotube formation (Figure 6C). The average

areas of myotubes at P3, P6, and P9 were 31.3, 28.3, and 24.9%,

respectively (Figure 6D). Statistically, there was no significant

difference between P3, P6, and P9. This result implies that

the bovine myogenic cells maintained their differentiation

ability during the repeated passages (at least until P9) even

after they were frozen for 1 year. Moreover, when the areas

of myotube formation were compared with those of 1-week

cryopreservation samples, there was no statistically significant

difference (Figure 6D). These results lead us to conclude

that even when our bovine myogenic cells were frozen for a

longer period, cryopreservation caused no severe damage to

the proliferation or differentiation ability of bovine myogenic

cells for at least 1 year of cryopreservation. Although in this

study cryopreservation was trialed for only 1 week and 1

year, Figure 6 indicates that cryopreservation for several weeks

or even several months also had no negative impact on the

cell abilities.

3.6. Functional maturation of bovine
muscle tissue made from cells
cryopreserved for 1 year

Native skeletal muscle has the potential to form sarcomere

structures and generate contractile force in its maturation process.

Our previous study confirmed that bovine myogenic cells that

did not undergo cryopreservation formed sarcomere structures

and showed muscle contraction (Takahashi et al., 2022b). These

next-step maturations are necessary for bovine cells sourced for

cultured meat to mimic native bovine muscles and have the

ability to contract. In this study, we further confirmed that

after cryopreservation bovine myogenic cells had the ability to

functionally mature into contractile muscle fibers. To mimic the

aligned structure of native muscle, bovine myogenic cells were

first seeded onto a micropatterned substrate. In our previous

study, bovine myogenic cells without cryopreservation formed

an aligned structure on the substrate (Takahashi et al., 2022b).

In this study, the micropatterns were fabricated through the

same procedure (Figure 7A). We previously confirmed that the

micropatterns were fabricated at a nanoscale thickness (Takahashi

et al., 2011). Therefore, the bovine cells were unable to recognize

the difference in thickness between the two pattern regions.

On the other hand, the fluorescently-labeled protein allowed us
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to visualize that the two kinds of micropatterns had different

affinities for protein immobilization (Figure 7B). The bovine cells

recognized the difference in immobilized proteins underneath

themselves, and then aligned their orientation on the substrate

(Takahashi et al., 2022b). As reported previously, the cells after

1-year cryopreservation also formed an aligned structure on the

substrate in the same direction as the micropatterns. After the

aligned cells reached to confluence, using our thermally-induced

cell detachment technique, the cells were transferred as a tissue

sheet onto a fibrin-based gel promoting functional maturation

(Figure 7C). The myogenic cells differentiated into myotubes while

maintaining the aligned orientation (Figure 7D), and then the

aligned myotubes were further cultured on the gel for the next-

stage of maturation. Consequently, the aligned myotubes on the

gel platform showed striated patterns of sarcomere structures

(Figure 7E), which is necessary to produce muscle contraction.

In fact, when the cells were electrically stimulated at a frequency

of 1Hz, the bovine tissue contracted according to the electrical

stimulation (Supplementary Video 1). Displacements of the twitch

contractions were ∼15–20µm (Figure 7F). These results indicate

that even after 1 year of cryopreservation, our bovine myogenic

cells had the ability to form sarcomere structures and produce

muscle contraction. This ability is very important for cryopreserved

cell sources to be effectively used for biomimetic bovine muscle

tissue engineering.

4. Discussion

Cultured meat has recently attracted the attention of the world

because of the low environmental burden and absence of ethical

concerns, compared to the current livestock industry (Tuomisto

and Teixeira de Mattos, 2011; Post et al., 2020). The world has just

seen the first industrial production of cultured meat, and future

proliferation of the technologies for cultured meat production will

need to rely on a stable supply of cells such as bovine myogenic

cells. We have previously reported on a method to collect primary

bovine cells, and also demonstrated that the bovine myogenic

cells had a high proliferation ability and showed potential to

become a source of high-quality cells to be used in cultured meat

production (Takahashi et al., 2022b). Therefore, we believe that

our myogenic cells will have an important role in the future of

meat technologies. From this background, our study focused on

the feasibility to cryopreserve quality-controlled bovine myogenic

cells. Cryopreservation has been widely used for various kinds

of cell culture experiments in the fields of biochemistry and

medical research to store mammalian cells (Wennerholm et al.,

2009; Pashaiasl et al., 2013; Miyamoto et al., 2018). Similarly,

in studies of cultured meat production, cryopreservation will

be a powerful tool for storage of high-quality cells to produce

beef, pork, and chicken; however, primary cells immediately

harvested from meat have the best quality (Kaur and Dufour,

2012). Therefore, to confidently apply cryopreservation in studies

of cultured meat production, we first needed to experimentally

confirm that a specific cryopreservation process would maintain

the quality of bovine myogenic cells harvested using our primary

culture method. This study demonstrated that the fundamental

qualities of our bovine myogenic cells were successfully maintained

even after repeated or year-long cryopreservation. To the best of

our knowledge, this study is the first to clarify the influence of the

number of time and the length of cryopreservation on the quality

of primary bovine cells to be used in cultured meat production.

There are several commercially available cell freezing media

(Yokonishi et al., 2014; Balci-Hayta et al., 2018; Fu et al., 2020;

Naraoka et al., 2021). In this study, three representative media

were selected to compare the effect of cryopreservation. We found

that there was no significant difference between the three kinds

of commercial products (CB1, CB2, and LB1). More importantly,

the traditional cell freezing medium, a mixture of FBS and DMSO

was also similarly suitable for cryopreserving our bovine myogenic

cells. That is, any specific freezing medium is not required to

preserve the quality of our bovine myogenic cells. On the other

hand, DMSO or similar components are typically contained in

freezing medium to prevent cells from severe damage, and ideally

the use of these components should be avoided in cultured meat

production. Therefore, the risks and benefits of cryopreservation

need to be further discussed to regulate the use of cultured food

production in the future, although we strongly believe that these

components must be removed from medium during the culture

process. In addition, this study demonstrated that the commonly

used freezing method (suspending in a cryovial and cooling in a

freezer at −80◦C) was suitable for storing the cells, which means

that it is not necessary to use liquid nitrogen and a controlled-rate

freezer. Although we have not yet confirmed that the cells were

able to be cryopreserved under mild conditions such as in a

freezer at −20◦C without severe damage for 1 year, this study

does show that no special equipment for freezing the cells at lower

temperatures than −80◦C (e.g., liquid nitrogen tank) are required.

This application will be advantageous to expand high-quality cell

sources for cultured meat production all around the world.

We also investigated the influence of cryopreservation focusing

on the two key factors, freezing period and number of repeated

freezing. To demonstrate the possibility of long-term cell

cryopreservation, it was confirmed that cryopreservation for 1 year

caused no negative effects on the proliferation or differentiation

abilities of bovine myogenic cells. This result would allow frozen

bovine cells to be sent to remote places by commonly used

refrigerated transport for commercial cell products or stored for up

to 1 year when supplies are unreliable for sustainable production of

cultured meat in the near future. Thus, this result is meaningful in

terms of delivering a source of high-quality cells for cultured meat

anywhere in the world. This will contribute to solving regional food

crises in the future due for example to extreme weather. This study

confirmed that repeated cryopreservation did not decrease the

quality of bovine cells so researchers do not need to avoid multiple

freezing and thawing steps in future studies. It is well known that

to store protein samples in the long-term repeated freezing and

thawing should be avoided since the both processes can cause

severe damage to proteins (Cao et al., 2003; Jain et al., 2021).

Similarly, researchers generally refrain from repeatedly freezing

cells, even if the cells are still alive after the procedures (Jang et al.,

2017). Contrary to accepted methods, our study demonstrated

that the quality of primary bovine myogenic cells was maintained

after cryopreservation for at least three times, which now makes

cryopreservation more useful to researchers. Currently, researchers

have not established a concrete method for industrial production
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of cultured meat so it is not always practical to prepare the exact

necessary amounts of materials such as cells andmedia. Now, when

there are surplus bovine cells, they can simply be frozen and used

again for future studies. This repeated usage makes more efficient

use of the materials for cultured meat and prevents wastage, which

will eventually lead to sustainable cultured meat production.

We have now confirmed that cryopreservation will allow

us to use bovine myogenic cells whenever needed (within 1

year) and as many times (3 times or less) as required by just

thawing and refreezing cells, which will make the stock of high-

quality bovine cells more useful and stable. Another possibility

is that when we find any ideal cells from selected livestock,

we will be able to enjoy meat made from these animal cells

anytime by cryopreserving the cells beforehand and thawing them

when more meat is required. In addition, this study suggested

that the frequency of primary culture can be reduced. This

is meaningful in terms of reducing not only the time and

effort required for primary culture, but also the number of

sacrifice animals from which muscle tissues are obtained. Even

though we still need to investigate further to understand the

expiration period (the limitation of freezing period) of high-

quality cell sources, the findings in this study are sufficient

for researchers to accelerate their experiments of cultured meat

production.

We believe that our native-like tissue production process

(growth from muscle progenitor cells to maturated myofibers)

can replicate the native-like texture of meat and possibly mimic

as-yet recognized native-like nutrients inside cultured meat. Our

previous study reported that our tissue engineering method had

the potential to produce “tissue-engineered meat”, which is nearly

indistinguishable from native muscle tissue (Takahashi et al.,

2022b). Based on our tissue engineering technique, this study

demonstrated that our cryopreserved bovine myogenic cells had

the ability to form sarcomere structures and produce muscle

contraction, even after they were frozen for 1 year. However,

there is still room for improvement to make muscle tissue

indistinguishable from native muscle. In particular, although this

study produced cell sheet-based muscle tissue with biomimetic

microstructures and function, future cultured meat needs to be

scaled up to be acceptable as a popular food item. In our

previous study, we demonstrated that 3D bovine muscle tissue

was producible by layering multiple muscle sheet tissues (Tanaka

et al., 2022). Therefore, this tissue engineering method will be

a promising approach for scaling-up of future cultured meat.

On the other hand, this technique is time-consuming to prepare

a large number of muscle sheet tissues and stack them one-

by-one. Therefore, in future work this limitation needs to be

solved to produce biomimetic cultured meat on a large scale.

In addition, the muscle contractions produced by our bovine

muscle tissue need to be improved in order to better mimic the

texture of conventional meat. Further research is also needed

to identify the nutrients included in our bovine muscle tissue.

Lastly, in the future some other quality check approaches, such

as the expressions of specific proteins in the bovine cells might

be necessary to examine if the nature of cells is affected in

some other way by cryopreservation. Although the bovine muscle

tissues made here require more mature structures and functions

in order to better mimic native muscle tissue more closely; our

verification showed the potential to produce biomimetic cultured

meat, not just an aggregation of bovine myogenic cells. The

functional maturation reported in this study gives us a clue to

understand how bovine cells can be frozen while maintaining their

important properties.

5. Conclusion

This study examined the feasibility to cryopreserve bovine

myogenic cells at −80◦C while maintaining the cell quality

of the cell source in cultured meat. The four representative

cell freezing media (CB1, CB2, LB1, and FBS+DMSO) caused

no negative influence on the proliferation and differentiation

abilities of bovine myogenic cells up to passage 3. This suggests

that no specially prepared cell freezing medium is needed to

preserve the cell quality. In addition, the repeated (up to 3

times) cryopreservation did not cause any severe damage in either

of the important abilities of bovine myogenic cells. Moreover,

long-term (1-year) cryopreservation was able to maintain the

quality of bovine myogenic cells. These results not only make

the cryopreservation more useful, but also make it possible to

deliver the quality-controlled frozen cell source at any time they

are needed anywhere in the world. Lastly, our study demonstrated

that the 1-year cryopreserved cells had the ability to form sarcomere

structures and produce muscle contraction. This verification

showed the possibility to produce native-like bovine tissue from

cryopreserved cells. While many researchers are investigating

innovative technologies for future meat production, fundamental

techniques such as the cryopreservation process must be developed

first to advance the industry. For instance, in the field of medical

and life science research, cell banks are created in order to

ensure the quality, safety, and traceability of cryopreserved cells

(Cobo et al., 2005; Soice and Johnston, 2021). Our findings,

cryopreservation of quality-controlled bovine cells, will support

the establishment of cell banks for cultured meat production.

The success of repeated and long-term cryopreservation of bovine

myogenic cells is an important step to scaling-up the mass

production of cultured meat in the near future.
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SUPPLEMENTARY VIDEO 1

Twitch contraction of a bovine muscle tissue induced by EPS application at

a frequency of 1Hz. The muscle tissue was formed from myogenic cells

cryopreserved for 1 year. The video is shown at a field of view of 1,470 ×

827 µm.
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