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Production of scaffold-free cell-based meat using cell sheet
technology
Ryu-ichiro Tanaka1, Katsuhisa Sakaguchi 2✉, Azumi Yoshida1, Hironobu Takahashi 1, Yuji Haraguchi1 and Tatsuya Shimizu 1✉

In the production of cell-based meat, it is desirable to reduce animal-derived materials as much as possible to meet the challenges
of sustainability. Here, we demonstrate the “cell sheet-based meat”: scaffold-free cell-based meat using cell sheet technology and
characterize its texture and nutrients. Bovine myoblast cell sheets were prepared using temperature-responsive culture dishes
(TRCDs) and 10 stacked cell sheets to fabricate three-dimensional tissue of 1.3–2.7 mm thickness. Hardness was increased by
incubation on the TRCD and was further increased by boiling as is characteristic of natural meat. The wet weight percentage of total
protein in the cell sheet was about half that of beef. In this method, large-sized items of cell sheet-based meat were also created by
simply scaling up the TRCD. This method promises an environment-friendly food product.
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INTRODUCTION
The global demand for meat is increasing in tandem with the
growth of the world’s population1,2. However, conventional meat
production emits large amounts of gases which contribute to
global warming. These arise from processes such as feed
production and manure management, which together account
for 14.5% of the total greenhouse gases3. Therefore, increasing
meat production to meet demand is expected to have an even
greater impact on the environment. In contrast, cell-based meats,
which are meat substitutes made from cultured animal cells, are
environmentally friendly4–6. Compared to livestock rearing, cell-
based meat production is estimated to significantly reduce
greenhouse gas emissions because it reduces land use, water
use, and food-crop consumption7,8. Cell-based meats are key to
addressing sustainability challenges.
By using a tissue engineering technique, 3-D tissues can be

made from cells9. There are two main methods of creating 3-D
tissue from cells: scaffold-based and scaffold-free10,11. The
scaffold-based method reproduces the muscle fiber structure
according to the shape of the formed scaffold and provides a
meat-like texture owing to the hardness of the scaffold12–14.
However, most of the scaffolds used in the reported studies were
based on animal-derived proteins. Therefore, it is desirable to
develop techniques that reduce the use of animal-derived
materials as much as possible, for cost reduction and sustainable
production5,15.
Cell sheet technology is one method used to create scaffold-

free 3-D tissues16. In this method, cell sheets are prepared using
temperature-responsive culture dishes (TRCDs). The TRCD’s culture
surface is covalently bonded with temperature-responsive poly-
mer: poly(N-isopropylacrylamide) (PIPAAm) using electron beam
irradiation, which makes the surface is hydrophilic below 32 °C
and hydrophobic at 37 °C17,18. This property allows cells to adhere
to the dish surface and remain attached to each other at 37 °C, yet
to detach from the dish surface while remaining attached to each
other below 32 °C, thereby producing cell sheets. 3-D tissues with
a thickness of several millimeters can be easily created by stacking
and attaching multiple cell sheets to each other. The stacked cell

sheets thus prepared are characterized by high cell density. Since
the area of the cell sheet depends on the area of the TRCD, cell
sheets having a large area can be easily produced using larger
TRCDs. Using this method, various functional tissues of different
function—such as skeletal muscle19,20, liver tissue21,22, and cardiac
tissue23–25—have been produced in vitro with the aim of
developing cell-based regenerative therapy and screening models
for drug discovery. This method is suitable also for producing cell-
based meat because it is relatively easy to scale up and can be
scaffold-free. Therefore, we aimed to create scaffold-free cell-
based meat by using cell sheet technology (cell sheet-based meat)
and to characterize the texture and nutrients.

RESULTS
Dimensional and structural characteristics of the bovine
myoblast cell sheets
In this study, we prepared cell sheets using bovine myoblast cells
and stacked 10 layers of these sheets to create cell-based meat
(Fig. 1). The bovine myoblast cells were seeded at a density of 5 ×
106 cells in a 3.5 cm diameter temperature-responsive culture dish
and cultured in an incubator at 37 °C for 1, 3, or 7 days; the
prepared cell sheets were then detached from the culture dishes
by further incubation at 20 °C (Fig. 2a). Ten sheets of the bovine
myoblast cells were stacked to form a 3-D tissue (Fig. 2a–c). The
diameters of the prepared sheets on days 1, 3, and 7 were
14.7 ± 0.6, 12.2 ± 0.7, and 11.2 ± 0.7 mm, respectively (Fig. 2d). The
diameter of the bovine myoblast cells sheets was significantly
smaller on days 3 and 7 compared to that on day 1. The
thicknesses of the individual sheets were 0.12 ± 0.01, 0.14 ± 0.01,
and 0.17 ± 0.04mm (Fig. 2e), while those of the 10-layered sheets
were 1.43 ± 0.11, 2.04 ± 0.01, and 2.28 ± 0.39mm (Fig. 2f) on days 1,
3, and 7, respectively. The volumes of the 10-layered tissue
construct on days 1, 3, and 7, calculated from the area and
thickness values, were 245.9 ± 35.0, 238.4 ± 50.6, and 229.2 ± 70.8
mm3, respectively, and did not differ significantly between each
other (Fig. 2g). To confirm the cytoskeleton of the bovine myoblast
cell sheets, the cells were seeded into normal culture dishes under
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the same conditions and seeding density as those used for cell
sheet preparation and were cultured for 1 or 7 days. F-actin
staining with phalloidin (Fig. 2h) revealed that the amount of
F-actin was higher on day 7 of culture compared to that of day 1.
Next, we investigated whether TRCDs can be reused. This was

done by detaching the bovine myoblast cell sheet from the used
TRCD, washing and sterilizing, and seeding bovine myoblast cells
again. The 1-day cultured bovine myoblast cell sheet was possible
to be detached again from the used TRCD. Supplementary Fig. 1

shows bovine myoblast cell sheets prepared using new or used
TRCDs. Three TRCDs were used simultaneously for the experiment,
and were all found to reusable. Thus, it was confirmed that the
TRCDs could be reused up to two times.

Histological analysis of bovine myoblast cell sheets
Histological evaluation of the hematoxylin and eosin (HE)-stained
sections showed that the thickness of the prepared bovine myoblast

Fig. 1 Production of cell sheet-based meat.

Fig. 2 Dimensional and structural characteristics of the bovine myoblast cell sheets. a–c One and 10-layered-bovine myoblast cell sheets.
a day 1 of culture. b day 3 of culture. c day 7 of culture. Scale bar: 1 cm. d Diameter and (e) thickness of the individual bovine myoblast cell
sheets (n= 4). f Thickness and (g) volume of the 10-layered-bovine myoblast cell sheets (n= 4). h Representative immunofluorescent images
of bovine myoblast cell cytoskeleton (Green: F-actin, blue: Hoechst). Left: day 1 of culture. Right: day 7 of culture. Scale bar: 50 μm. In (d–g) the
data points represent individual values and error bars represent SD. *P < 0.05, **P < 0.01 was considered significant in the analysis between
groups using one-way ANOVA, with Tukey’s HSD.
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cell sheets increased with the number of culture days, with no
significant structural differences (Fig. 3a). In addition, AZAN staining
performed to confirm the presence or absence of collagen fibers
(Fig. 3b) showed that most of the cells were stained red, and not
blue, on day 7, indicating the absence of collagen fibers. Fluorescent
immunostaining for PAX7 and MYOD, markers of myoblast cells, was
also performed (Fig. 3c, d). Most of the cells were positive for PAX7
and MYOD, indicating most were myoblast cells.

Texture profile analysis of stacked cell sheets and beef
The 10-layered cell sheet-based meat was then subjected to
texture tests on days 1, 3, and 7. The texture tests were performed

on both raw cell sheets (Fig. 4a, left) and boiled cell sheets (Fig. 4a,
right), which were prepared by heating the raw sheets in water at
85–90 °C for 90 s. The heating time was determined based on the
time required for cooking commercial beef with a thickness of
1–2mm. Supplementary Video 1 showed that boiled 10-layer cell
sheet-based meat pieces were picked, cut, and pulled. For the
texture test, a circular probe (10 mm diameter) was pressed twice
into the stacked bovine myoblast cell sheets and the force exerted
by the sheets was measured (Fig. 4b, Supplementary Video 2).
Based on the texture profile analysis curves obtained (Fig. 4c), the
maximum pressure (hardness) exerted during the first push was
compared (Fig. 4d). The hardness tended to improve with the
increase in the number of days of incubation, with a significant

Fig. 3 Histological analysis of a bovine myoblast cell sheet. a HE-stained sections of bovine myoblast cell sheets. b AZAN-stained sections of
bovine myoblast cell sheets. c PAX7 and d, MYOD staining of the bovine myoblast cell sheets. Left: day 1 of culture, center: day 3 of culture,
right: day 7 of culture. Scale bar: 1 cm.

Fig. 4 TPA of the stacked cell sheets and beef. a Left: raw cell sheet tissue. Right: boiled cell sheet tissue. Scale bar: 1 cm. b Image of the
indenter pressing the stacked cell sheet. c TPA curves, (d) hardness, and (e) Elastic modulus of raw and boiled stacked cell sheets (n= 4). f TPA
curves, (g) hardness, and (h) Elastic modulus of raw and boiled beef (n= 6). In (d, e), the error bars represent SD, and the data points represent
individual values. *P < 0.05 was considered significant in the analysis between groups using two-way ANOVA, with Tukey’s HSD. In (g) and (h),
the error bars represent SD, and the data points represent individual values. **P < 0.01 was considered significant in the analysis between
paired t tests.
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difference observed on days 1 (5.00 ± 1.31 kPa) and 7 (14.69 ± 7.03
kPa) for boiled cell sheets. The hardness of the boiled cell sheets
also tended to be higher than that of raw tissue, and there was a
significant difference between them on day 1 (raw: 2.80 ± 1.05
kPa, boiled: 5.00 ± 1.31 kPa) and day 7 (raw: 9.07 ± 5.11 kPa, boiled:
14.69 ± 7.03 kPa). The elastic modulus (Fig. 4e). As with hardness,
the elastic modulus tended to increase with the number of
incubation days, and also tended to increase with heating
compared to that before heating. The same method was then
used to test the texture of commercial beef with a thickness of
1–2mm. The TPA curves obtained from the texture measurements
(Fig. 4f) showed that the hardness of the raw and boiled beef was
87.19 ± 18.93 and 241.55 ± 88.88 kPa, respectively, and the elastic
modulus was 13.22 ± 1.28 and 22.66 ± 3.99 kPa, respectively.
Compared with the sheet tissue of day 7, which had the highest
hardness and modulus, the hardness of the raw and boiled beef
was 9.6 and 16.5 times higher, respectively, while the elastic
modulus was 14.2 and 23.22 times higher.
Cohesiveness, springiness, chewiness, brittleness, and adhesive-

ness were then evaluated using the analysis method of
Szczeniak26 (Supplementary Fig. 2a). Cohesiveness was expressed
as the ratio of the energy required for the first push to that
required for the second push (Supplementary Fig. 2b). The
cohesiveness of the stacked bovine myoblast cell sheets on days
1, 3, and 7 did not differ significantly between each other in both
raw and boiled tissues, while a significant difference was observed
between the cohesiveness of beef and stacked bovine myoblast
cell sheets, especially after heating. Springiness was expressed as
the ratio of the distance from the point at which the force was
detected at the beginning of the push to the maximum push
position (Supplementary Fig. 2c). The springiness of the stacked
raw sheets tended to decrease as the number of culture days
increased; however, the difference was not significant. On boiling,
the springiness of the stacked sheets decreased on days 1 and 3
and increased on day 7; this difference was also not significant.
Chewiness was calculated by multiplying the hardness,

cohesiveness, and springiness of the stacked tissues and beef
(Supplementary Fig. 2d). The chewiness tended to increase with
the number of culture days. Brittleness represents the amount of
force drop at which the sample is broken during the pressing
process (Supplementary Fig. 2e). The brittleness decreased with
the increase in the number of culture days and tended to be less
detectable in the boiled tissues, with the boiled tissue of day
7 showing no brittleness. Moreover, the brittleness of commercial
beef was lower than that of the stacked sheets and tended to be
smaller after heating compared to raw beef. Adhesiveness
represents the energy exerted per volume of the sample in the
negative direction when the indentation jig is pulled up
(Supplementary Fig. 2f). The adhesiveness of the stacked sheets
did not differ significantly between the different days of culture or
on heating; however, the values for commercial beef tended to
decrease on heating.

Nutritional analysis of cell sheets and beef
The nutrients contained in the stacked bovine myoblast cell
sheets on day 1 and day 7 of culture were compared with those in
beef, and the water content of bovine myoblast cell sheets and
beef was measured (Fig. 5a). The water content of bovine
myoblast cell sheets at day 1 of culture was 87.5 ± 0.4% while
on day 7 it was 88.1 ± 0.6%; that of beef was measured at
60.0 ± 6.4%. The water content of bovine myoblast cell sheets
varied only slightly with the number of culture days and was more
than 20% higher than that of beef.
The Bradford method was used to determine the percentage of

total protein (Fig. 5b, c). The wet weight percentage of total
protein in the bovine myoblast cell sheets was 6.3 ± 1.1% and
5.0 ± 0.5% on days 1 and 7, respectively, while that of beef was
11.3 ± 0.9%. The dry weight percentage of total protein in the
bovine myoblast cell sheets was 50.6 ± 7.9% and 42.3 ± 6.1% on
days 1 and 7, respectively, and that of beef was 28.8 ± 5.4%,
significantly lower than that of the bovine myoblast cell sheet on
day 1 of culture. Because of the high water content of bovine

Fig. 5 Nutritional analysis of cell sheets and beef. a Water content of cell sheets and beef. b Total protein in wet weight. c Total protein in
dry weight. d Carbohydrate in wet weight. e Carbohydrate in dry weight. f Unsaturated fatty acids in wet weight. g Unsaturated fatty acids in
dry weight. In (b–g), the data points represent individual values (Cell sheet: n= 3, Beef: n= 4), and the error bars represent SD. **P < 0.01,
***P= 0.0001, ****P < 0.0001 was considered significant in the analysis between groups using one-way ANOVA, with Tukey’s HSD.
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myoblast cell sheets, the percentage of total protein is lower than
that of beef when compared by wet weight, but higher than that
of beef when compared by dry weight.
The phenol-sulfuric acid method was then used to compare the

percentage of carbohydrates (Fig. 5d, e). The wet weight
percentage of carbohydrates in the bovine myoblast cell sheets
was 1.2 ± 0.2% and 1.3 ± 0.2% on days 1 and 7, respectively, with
no significant difference between the number of days, while in
beef it was 0.9 ± 0.1 %, slightly but significantly below that of the
bovine myoblast cell sheets. The dry weight percentage of
carbohydrates in the bovine myoblast cell sheets was 9.7 ± 1.5%
and 10.9 ± 1.4% on days 1 and 7, respectively, with no significant
difference between the number of days of culture, while that in
beef was 2.2 ± 0.4%, which was significantly lower than that in the
bovine myoblast cell sheets.
The vanillin-sulfate method was then used to compare the

percentage of unsaturated fatty acids (Fig. 5f, g). The wet
percentage of unsaturated fatty acids in the myoblast cell sheets
was 0.2 ± 0.1 and 0.2 ± 0.1% on days 1 and 7, respectively, while
that in beef was 0.8 ± 1.2%. The dry percentage of unsaturated
fatty acids in the myoblast cell sheets was 2.0 ± 0.6 and 2.0 ± 0.5%
on days 1 and 7, respectively, with no significant difference
between the number of days of culture, while that in beef was
2.5 ± 3.8%, with a large variation.

Production of large-sized cell sheet-based meat
To make large-sized cell sheet-based meat items, bovine myoblast
cell sheets were prepared using 10 cm diameter TRCDs (Supple-
mentary Fig. 3a). Twelve bovine myoblast cell sheets were stacked
to produce cell sheet-based meat (Supplementary Fig. 3b). Finally,
the large-sized cell sheet-based meat item was colored with red
food coloring and served with small tomatoes and watercress as a
demonstration of cooking (Supplementary Fig. 3c). The bovine
myoblast cell sheets shown in Supplementary Fig. 3 were fixed in
4% paraformaldehyde (PFA).

DISCUSSION
Reducing animal-derived materials as much as possible is
important to achieve sustainable production of cell-based meat.
In this study, we demonstrated to produce scaffold-free cell-based
meat by using cell sheet technology and clarified the character-
istics of the cell sheet-based meat. The prepared cell sheet-based
meat comprised a high density of bovine myoblast cells, prior to
the stage of differentiation into myofibers for understanding the
basic characteristics.
The diameter and thickness of the bovine myoblast cell sheets

decreased and increased, respectively, after detachment, with the
increase in the duration of culture (Fig. 2b, c). This shrinkage after
detachment has also been observed in other cell types27,28, and it
has been reported that this is because of the cell traction force
exerted by actin filaments towards the center of the adherent
cells, and that this force increases with time after seeding29,30. In
other hand, extending the culture period of cells on the TRCD did
not change the volume (Fig. 2g). The reason why the cells did not
increase after 7 days of culture on the TRCDs is that there was no
space for cell growth because of the overconfluent state (5.5 × 105

cells/cm2). No or low cell proliferation on the TRCD is not a
significant problem, as our method proposes separating the
stages responsible for increasing the cell growth and constructing
3-D tissues as two distinct stages. This study focuses on
developing a method for constructing 3-D tissue using TRCD,
rather than for increasing the cell growth.
The hardness of the stacked bovine myoblast sheets increased

with the extend in the culture days. Previous studies on cell
spheroid have reported similar results31,32. To investigate the
reason for this increase in hardness, HE and AZAN staining were

performed. However, there was no significant difference in HE-
stained cell sections after different culture durations, and no
collagen fibers were observed at any time during the culture
duration (Fig. 3a, b). However, the amount of F-actin tended to be
higher in the cultured bovine myoblasts (Fig. 2h). It has been
previously reported that actin filaments in cells affect hardness33.
Therefore, in this study, the hardness increase of cell sheets seems
to be due to the increase of F-actin expression. On the other hand,
collagen secretion is an effective method used to engineer texture
which can be achieved with cytokine34 or mechanical stimula-
tion35. In addition, it is possible to further improve texture via
long-term culture, manipulation of myoblast orientation, myotube
formation36, and electrical stimulation. The ability of natural meat
to increase its hardness upon heating was also confirmed in the
stacked bovine myoblast cell sheets. It is considered that the
process of intracellular protein denaturation and aggregation
observed in meat on heating may have contributed to the
improvement in the hardness of the stacked bovine myoblast cell
sheets37,38.
Nutrients of bovine myoblast cell sheets and beef were

compared. In wet weight, bovine myoblast cell sheets contain
only 5–6% protein due to their high water content (Fig. 5a, b).
However, in the case of dry weight, it was significantly higher than
that in beef (Fig. 5c). The number of culture days was not related to
the protein content of bovine myoblast cell sheets. Because
weighed the bovine myoblast cell sheets were washed with
phosphate-buffered saline (PBS) and the beef stored in air, wet
weight comparisons are not exactly under the same conditions. In
order to improve protein content, it will be necessary to produce
cell sheet-based meat containing myotubes. Characteristically, the
percentage of carbohydrates in bovine myoblast cell sheets was
significantly higher than in beef. It is thought that glycogen
accounts for the most of carbohydrates in the cell sheet. In this
experiment, cell sheets were cultured in a high-glucose (4500mg/L)
medium; therefore, the percentage of carbohydrate in cell sheets is
higher than that in beef. It may be possible to reduce stored
glycogen and make healthier cultured meat by incubating cell
sheets in a lower glucose medium. The unsaturated fatty acids in
the bovine myoblast cell sheets are part of the phospholipids that
make up the cell membrane39,40. The value of the percentage of
unsaturated fatty acids varied widely because the percentage of fat
in beef varied depending on cut of meat and individual differences.
We estimated the cell growth rate and the number of culture

days required to produce 1 kg of cell-based meat from 1 g of
bovine cheek muscle myoblast cells. 6–15 × 106 cells can be
obtained from 1 g of bovine cheek muscle using our method, and
2.9 × 1011 cells are required to produce 1 kg of cell-based meat if
the cells don’t enlarge41. Thus, to produce 1 kg of meat from 1 g of
meat, 2–5 × 104-fold multiplication would be required. In this
study, bovine myoblast cells were grown in culture in uncoated
10 cm culture dishes. Doubling time of bovine myoblasts under
these culture conditions is 2–3 days. Thus, the time required to
grow (0.5–2) × 105-fold myoblast cells taken from 1 g, to prepare
1 kg worth of cells, is approximately 29–47 days.
We used some disposable plastic products in this study, but

plastic materials need to be used less to reduce environmental
impact and avoid fragment contamination in food production. In
contrast to plastic materials, metal and glass materials can be re-
molded to reuse materials and reduce environmental impact. In
addition, metal materials have higher wear resistance than plastic
materials, thus reducing the risk of fragment contamination of
food products. It is possible to culture cells on metal or glass
surfaces42–44. Since PIPAAm has been reported to graft onto metal
and glass, we believe that production of TRCDs based on these
materials may be possible45–47. Based on the above, we believe
that it is possible to change the equipment in this study from
plastic materials to metal or glass materials in the future.
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Regarding cell sheet safety, various types of cell sheets have
already been clinically transplanted in accordance with medical
regulations. Although the number of transplanted cell sheets is
limited in clinical application, large numbers of cell sheets might
be consumed as food. Therefore, we should apply standard food
regulations, including repeated dose oral toxicity experiments, to
cell sheet-based meat to ensure its safety.
In this study, we showed that scaffold-free cell-based meat can

be produced using cell sheet technology. Our findings demon-
strate the feasibility of producing scaffold-free cultured meat
using cell sheet technology, and scale-up. This method will
contribute to the further development of sustainable food
production technology.

METHODS
Isolation of bovine myoblast cells
Isolation of bovine myoblast cells was performed as previously described36.
Briefly, bovine myoblast cells were isolated from bovine cheek muscles.
The bovine cheek muscles were minced with a scalpel. Minced muscles
were transferred to a 50ml centrifuge tube and soaked in Hanks’ balanced
solution (Fujifilm Wako Pure Chemicals, 084-08345) with pronase (Sigma-
Aldrich, 7433). The 50ml tube was incubated at 37 °C in a water bath for
1 h with shaking. After incubation, the contents were added to Dulbecco’s
modified Eagle’s medium (DMEM, Fujifilm Wako Pure Chemicals, 043-
30085) supplemented with 10% fetal bovine serum (FBS, Gibco, 10270-106)
and 1% Penicillin-Streptomycin-Amphotericin B Suspension (Fujifilm Wako
Pure Chemicals, 161-23181). This suspension was passed through a 40 μm
cell strainer (Falcon, 352340) and centrifuged at 1000 × g for 10 min. The
supernatant was removed, and the remaining precipitate was added to
DMEM supplemented with 10% FBS, 1% P/S and 10 ng/ml basic fibroblast
growth factor (Fiblast Spray, Kaken Pharmaceutical). The cells were then
seeded into 10 cm culture dishes (Greiner Bio-One) coated with laminin-
511 (Easy iMatrix-511, Matrixome, 892018). The laminin-511 of the culture
dishes was achieved by spreading Easy iMatrix-511 on the bottom of the
dish and incubating at 37 °C for at least 1 h. The medium was changed
every 2–3 days. Passaging was performed when the cells became
confluent on day 6 or 7 after seeding and the bovine myoblast cells were
collected.

Preparation of bovine myoblast cell sheets
Bovine myoblast cells were cultured by passaging at 6- or 7-day intervals in
DMEM with 10% FBS, 1% Penicillin-Streptomycin (P/S, Fujifilm Wako Pure
Chemicals, 168-23191) in 10 cm culture dishes. The bovine myoblast cells
were cultured in TRCDs to prepare the cell sheets. The cells were seeded at
5 × 106 cells/dish in 3.5 cm TRCDs, CellSeed, CS3017), coated with laminin-
511 (Easy iMatrix-511, Matrixome, 892018), along with 2 ml of DMEM
supplemented with 10% FBS and 1% P/S. Laminin-511 coating was
performed by spreading Easy iMatrix-511 on the bottom of the dish and
incubating at 37 °C for at least 1 h. The cells were then cultured in a CO2

incubator at 37 °C. The medium was changed on the day after seeding and
again on day 4. Bovine myoblast cell sheets were detached from the TRCDs
after incubating at 20 °C for 30min in an incubator on the day after
seeding day 1, day 3, or day 7.
Large-sized bovine myoblast cell sheets were prepared using 10 cm

TRCDs (CellSeed, CS3017). The cells were seeded at 3 × 107 cells/dish in
10 cm TRCDs along with 10ml of DMEM supplemented with 10% FBS and
1% P/S. After 1 day culturing in a CO2 incubator at 37 °C, followed by 20 °C
for 30min, bovine myoblast cell sheets were detached from the TRCDs.

Preparation of stacked cell sheets
For preparing the 3-D tissues, two bovine myoblast cell sheets were placed
one on top of the other on a culture dish and allowed to stand in an
incubator at 37 °C for 15min to adhere. Another cell sheet was spread on
top of the adhered bovine myoblast cell sheets and the above process was
repeated. The procedure was repeated until a 3-D tissue consisting of 10
bovine myoblast cell sheet layers was prepared.
The detached large-sized bovine myoblast cell sheets were stacked in

the same method and 8, 10 (Supplementary Fig. 3c) or 12 (Supplementary
Fig. 3a) bovine myoblast cell sheet layers were prepared. After stacking, the
large-sized cell sheet-based meat was fixed with 4% PFA. In Supplementary

Fig. 3c, the cell sheet-based meat was colored with red food coloring
(Kyoritsu foods, 1100460).

Reuse temperature-responsive culture dishes
After 1-day cultured bovine myoblast cell sheets were prepared as
described above, used TRCDs were sonicated in ultrapure water for 20min
by using an ultrasonic cleaner (ASONE, ASU-6D). Ultrasonic washing was
performed while cooling below 20 °C with ice to remove proteins adhered
to the surface. To sterilize the dishes after washing, 70% ethanol was
placed in the TRCDs and allowed to stand for several minutes, after which
the 70% ethanol was rinsed off in PBS. Bovine myoblast cell sheets were
prepared again using washed TRCDs.

Diameter, thickness, and volume measurements of the bovine
myoblast cell sheets
The diameter of the bovine myoblast cell sheets was determined from the
area of the sheets calculated using Image J software as follows: Diameter=
2 ´

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Area=π
p

. The thickness of the individual and stacked bovine myoblast
cell sheets were measured using the cross-sectional images obtained by
optical coherence tomography (Santec, IVS-2000). Three cross-sectional
images were taken from one sample. For each of three images, the average
of 5 thickness measurements (using ImageJ software) was calculated, then
the average of the three images was used as the thickness value of the
sample. The volume of the 10-layered-bovine myoblast cell sheets was
determined as follows: volume= πðDiameter=2Þ2 ´ Thickness.

TPA
The texture of the stacked bovine myoblast cell sheets and commercial
beef was measured using a texture analyzer (Japan Instrumentation
System, TEX-100N). A sample on a dish was placed in the texture analyzer,
and the dish surface was set as point 0. A circular probe with a diameter of
10mm was pressed twice into the sample at a speed of 0.04m/s from
heights of 0.3–2mm to measure the force exerted by the samples.
Hardness was determined as the maximum value of stress. The stress was
calculated by dividing the measured force by the area of the probe.
Cohesiveness, springiness, chewiness, brittleness, and adhesiveness were
evaluated based on the analysis method defined by Szczeniak26

(Supplementary Fig. 2a). Elastic modulus is the slope of the approximate
line obtained from the strain-stress plot.

Histological analysis
The bovine myoblast cell sheets were fixed with 4% paraformaldehyde
(Muto Pure Chemicals, 33111) overnight at 4 °C, and paraffin-embedded
sections with a thickness of 5 μm were prepared. HE staining and AZAN
staining were performed as previously described. The sections were
photographed using an optical microscope. PAX7 and MYOD were
incubated with 1:200 dilution of anti-PAX7 (Abcam, ab34360) and anti-
MYOD (Santa Cruz, sc377460) at 4 °C overnight, and positive cells were
detected. For the secondary antibody staining, a 1:500 dilution of Alexa
Fluor 488 goat anti-rabbit IgG (H+ L) (Invitrogen, A-11034) and Alexa Fluor
568 goat anti-mouse IgG (H+ L) (Invitrogen, A-11031) were used for
immunolabeling by overnight incubation at 4 °C.

Phalloidin staining
Bovine myoblast cells were seeded in 96 well plates (Corning, 353072)
coated with laminin-511 (Easy iMatrix-511, Matrixome, 892018) at a
concentration of 5.2 × 105 cells/cm2 and cultured for 1 or 7 days. Laminin-
511 coating was performed by spreading Easy iMatrix-511 on the bottom
of the dish and incubating at 37 °C for at least 1 h. The culture medium was
changed on the day after seeding and again on day 4. The cultured bovine
myoblast cells were fixed with 4% paraformaldehyde (Muto Pure
Chemicals, 33111) for 20min, washed three times with PBS, left to stand
in PBS added with 0.1% Triton X-100 surfactant for 15min, and then
washed three times with PBS. The cells were then added with 100 μl of
reagent (Abcam, ab176753) diluted 1000-fold in 1% BSA, and allowed to
stand for 45min, following which they were washed three times with PBS.
Thereafter, 100 μl of Hoechst solution (Thermo Fisher Scientific, H3570)
diluted 500-fold in PBS was added and the cells were allowed to stand for
15min. The cells were then washed three times with PBS. The stained cells
were observed by fluorescence microscopy.
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Nutritional analysis
The bovine myoblast cell sheets cultured in the temperature-responsive
culture dishes were detached at day 1 or 7 of culture, placed in 1.5 ml
tubes, and washed thrice with PBS. The PBS solution was removed after
precipitating the cell sheets by centrifugation. Similarly, minced bovine
cheek meat was placed in a 1.5 ml Eppendorf tube. The weight of the
Eppendorf tube containing the cell sheets and bovine cheek meat was
measured, and the wet weight was calculated by subtracting the weight of
the Eppendorf tube. The cells were dried overnight by freeze-drying, and
the dry weight was calculated. Thereafter, 1 ml of saline solution was
added to each of the tubes containing the dried cell sheets and bovine
cheek meat, and the samples were homogenized using an ultrasonic
grinder (BIORUPTOR, Cosmo Bio), which was repeatedly switched on and
off at 30-s intervals, for 30 min.
Proteins were quantified using the Bradford method. In brief, the

homogenized samples were mixed with 2% sodium dodecyl sulfate
solution in the ratio 3:1 and heated at 95 °C for 3 min. The samples were
then cooled at 4 °C for 5 min and centrifuged at 3500 × g for 10 min. Ten
microliters of the samples were placed in the wells of a 96 well plate and
300 μl of Bradford assay reagent (23246, Thermo Scientific) was added to
each well and mixed. After incubation at room temperature for 10min, the
absorbance was measured at 595 nm using a spectrophotometer. The
protein concentration of the cell sheets on days 1 and 7 were compared
with that of the minced bovine cheek meat.
Carbohydrates were measured by the phenol-sulfuric acid method using an

assay kit (STA-682, CELL BIOLABS). In brief, the homogenized sample solutions
were centrifuged at 3500 × g for 10min to remove debris. Thirty microliters of
each sample was mixed with 150 µl of sulfuric acid in a 1.5ml Eppendorf tube
and heated at 90 °C for 15min. After heating, the samples were transferred to
a 96 well plate and the background was determined from the absorbance at
490 nm. Thereafter, 30 µl of 5% phenol solution was added to the samples
and stirred using a rotary shaker for 30min. The absorbance was measured at
490 nm, and a standard curve was prepared from the glucose standard to
determine the carbohydrate concentration of the samples.
Unsaturated fatty acids were measured using the vanillin-sulfate

method. In brief, lipids were extracted from the homogenized sample
solutions using a lipid extraction kit (STA-612, CELL BIOLABS) and dissolved
in dimethyl sulfoxide. Fifteen microliters of each sample was then mixed
with 150 µl of sulfuric acid in a 1.5 ml Eppendorf tube and heated at 90 °C
for 10min. After heating, the samples were transferred to a 96 well plate
and the absorbance was determined at 540 nm. Next, 100 μl of vanillin
reagent was added to each well and incubated at 37 °C for 15min, after
which the absorbance was measured at 540 nm and a standard curve was
prepared using the lipid standard to determine the unsaturated fatty acid
concentration of the samples.

Statistical analysis
One-way or two-way analysis of variance (ANOVA) was used for statistical
analysis, and Tukey’s post-hoc test was used to compare multiple groups.
Prism 9 (GraphPad) was used for the statistical analyses.

DATA AVAILABILITY
The data that support the findings of this study are available upon reasonable
request from the authors.
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