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Abstract

For sustainable production of cultured meat, we propose a novel circular cell culture (CCC) system in which microalgae
are used as nutrient supply for the mammalian cell culture and as a waste-medium recycler. Chlorococcum littorale, RL34
hepatocytes, and C2C12 myoblasts were used as cell sources for microalgae, growth factor-producing cells, and muscle
cells, respectively. In the first cycle, C2C12 cells were amplified 4.0-fold after 48 h of culture in an RL34 cell-conditioned
medium. In the second cycle, C2C12 cells were cultured in the C. littorale culture waste medium to which the C. littorale-
derived nutrients were added. The proliferation rates of C. litforale and C2C12 and the nutrient extraction efficiency from
C. littorale were the same in the first and second cycles. Therefore, this CCC system, which works without additional grain-
derived nutrients and animal sera, will help drastically reduce environmental load, resource/energy consumption, and costs
in future cultured meat production.
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Introduction

The agricultural sector is responsible for 9% of the global
carbon dioxide emissions, 37% of the methane emissions,
which is a greenhouse gas (GHG) potentially 20-28 times
more harmful than carbon dioxide, and 65% of the nitrous
oxide emissions, which is potentially 300 times more harm-
ful than carbon dioxide (Miranda et al. 2015; Pandurangan
and Kim 2015; Cassia et al. 2018; EPA 2021; Simdi and
Seker 2022). Livestock farming contributes to 14.5-18%
of the global GHG emissions, which is more than the
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contribution of the transport sector (Tuomisto and Teix-
eira de Mattos 2011; Tuomisto 2019; FAO 2021). Pres-
ently, 30% of global ice-free land and 25% of the available
fresh water are used for livestock (Tuomisto and Teixeira
de Mattos 2011; Tuomisto 2019). Furthermore, 33% of the
global arable land is used to produce livestock feed. Climate
change, environmental contamination, and livestock diseases
have threatened the stability, safety, and sustainability of
livestock-dependent meat production. To solve the problems
associated with the conventional meat production system,
“cultured meat” has attracted attention worldwide as a sus-
tainable alternative to meat (Post 2014).

The high demand for cultured meat requires large-scale
production of mammalian cells, which consume large quan-
tities of culture media. Approximately 50 L of culture media
is required to produce 1 kg of cultured meat (approximately
5% 10'° cells) (Post 2014). The increased demand for cul-
tured meat leads to increased media production. However,
the mass production of culture media is limited by the treat-
ment of the resulting waste and the availability of materials,
such as nutrients.

The culture media consist of nutrients such as glucose,
amino acids, and animal sera such as fetal bovine serum
(FBS). Currently, these nutrients are directly or indirectly
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derived from grains. The use of grain-derived nutrients for
cultured meat would compete with the needs for food pro-
duction and potentially increase grain prices. In addition,
large amounts of energy and natural resources are expended
on producing grains, which require chemical fertilizers and
agrochemicals. The most commonly used chemical ferti-
lizer is ammonia, which is industrially produced through
the Haber—Bosch process using fossil-fuel-derived hydro-
gen. Ammonia production consumes 1-2% of the annual
global energy supply and 3-5% of the global natural gas and
is related to 3% of global carbon dioxide emission (Ye et al.
2018; Song et al. 2018). Additionally, most agrochemicals
are derived from petroleum, and the increase in their pro-
duction can cause significant environmental stress. Further-
more, animal sera are essential components of the culture
medium. However, their use is directly linked to the high
cost of cultured meat and may cause zoonoses (Gottipamula
et al. 2013). Moreover, the use of animal sera contradicts
the idea of cultured meat, which aims to generate a new
source of proteins independently from the livestock. Thus,
cultured meat production using culture media containing
grain-derived nutrients and animal sera can eventually lead
to a high environmental burden.

The second issue associated with culture media is the
mode of waste treatment. While mammalian myoblasts
vigorously deplete the glucose and glutamine in the cul-
ture media, only 26% of other amino acids are consumed
(Haraguchi and Shimizu 2021). In addition, the amounts of
pyruvate, vitamins, and inorganic salts in the waste media
after the culturing step remain unchanged (Haraguchi and
Shimizu 2021). In contrast, the amount of ammonia, which
adversely affects mammalian cells, increases after cul-
turing (Schneider et al. 1996; Price 2017; Haraguchi and
Shimizu 2021). Generally, the waste medium is discarded
and replaced with a new culture medium because of the
reduction in nutrients and accumulation of waste products.
The discarded medium can lead to environmental problems,
including the eutrophication of water bodies (Mattick et al.
2015). The large volumes of waste media generated during
cultured meat production will represent an inevitable issue
in the future.

Thus, cultured meat production faces diverse issues
associated with the culture media. To address this issue, we
propose a novel mammalian cell culture system using micro-
algae. We have previously reported that mammalian cells
can be cultivated using nutrients extracted from microalgae
(Okamoto et al. 2020 and 2022). In addition, we have also
demonstrated successful microalgal culture in mammalian
cell waste medium (Haraguchi and Shimizu 2021). In this
study, we aimed to demonstrate an unprecedented circular
cell culture (CCC) system that combines mammalian muscle
cell culture with microalgal nutrients and microalgal cul-
ture with mammalian muscle cell waste medium as a more
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advanced and sustainable technology for cultured meat
production. Microalgae are used for supplying nutrients to
the mammalian cell culture and as a recycler of the waste
medium in the CCC system. The whole process of the CCC
system is illustrated in comparison with the conventional
culture meat production system in Fig. 1.

Materials and methods

The study design and detailed experimental process are sum-
marized in Fig. 2.

Mammalian cell culture

C2C12 mouse myoblasts were used as muscle cells, and
RL34 rat hepatocytes were used as producers of growth
factors for muscle cell proliferation. These cells were cul-
tured according to previous methods (Nishihashi et al. 2006;
Haraguchi et al. 2012a) RL34 cells (5.0x 109 cells/dish) sus-
pended in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% FBS (Thermo Fisher Scientific, MA, USA) and 1%
penicillin/streptomycin (PS; Invitrogen, Carlsbad, CA,
USA) were seeded on a 100 mm-diameter polystyrene dish
(Greiner bio one, Gasthaus Huthmayr, Austria) and cultured
for 16 h for cells to adhere to the dish. After disposing of
the medium, the cells were washed twice with phosphate-
buffered saline (PBS; Sigma-Aldrich) cultured in serum-free
DMEM for 24 h. The three processes of (i) medium change,
(i) 24-h cultivation, and (iii) medium harvesting were
repeated daily until seven days after cell seeding. Subse-
quently, the conditioned medium was centrifuged (2300 X g
for 5 min), and the supernatant was filtered (0.2 pm; Thermo
Fisher Scientific). For the C2C12 cell culture, the cells sus-
pended in DMEM (Sigma-Aldrich) supplemented with 10%
FBS and 1% PS were seeded on a 100 mm-diameter poly-
styrene dish (1.0 % 10° cells/dish) (Greiner bio one). After
4 h of culture, the medium was discarded, and the cells were
washed twice with PBS. For myoblast culture in the first
cycle, the C2C12 cells were cultured for 48 h with a mixture
of RL34 conditioned medium and DMEM (vol:vol=1:1).
In contrast, for myoblast culture in the second cycle, the
cells were cultured for 48 h with a mixture of the waste
medium from the first cycle and the newly extracted nutri-
ents from microalgae. Then, for both first and second cycles,
cultured cells were harvested using a trypsin—-EDTA solu-
tion. The cells were centrifuged at 4 °C (300 X g and 5 min)
and suspended in DMEM. Trypan blue staining solution
(Nacalai Tesque, Kyoto, Japan) was added to an aliquot of
cell suspension (vol:vol =1:1). Unstained cells were con-
sidered viable cells. The viable cell count was determined
using a hemacytometer (Waken B Tech, Kyoto, Japan), and
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Fig. 1 Conventional cultured
meat production (a) and innova-
tive cultured meat production
using circular cell culture
(CCC) system (b). The CCC
system is a resource-recycling
meat production system using
microalgae and mammalian
cells independently of grains
and livestock

Fig.2 Schematic diagram of the
detailed experimental process of
the CCC system using microal-
gae and mammalian cells
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the medium volumes were measured using micropipettes  (2300X g and 5 min), and the centrifugal supernatant was fil-
(M&S Instruments, Osaka, Japan). Viable cell counts were tered (0.2 um, Thermo Fisher Scientific). This C2C12 waste
calculated based on the cell concentrations and the medium  medium was used for microalgal culture and biochemical
volumes. The C2C12 culture supernatant was centrifuged  analyses. Mammalian cell images were captured using a

@ Springer



615 Page4of11

Archives of Microbiology (2022) 204:615

microscope (ECLIPSE TS2; Nikon, Tokyo, Japan) and the
NIS-Elements BR software (Nikon).

Microalgal culture

The seawater Chlorophyta, C. littorale (NBRC 102,761,
National Institute of Technology and Evaluation, Tokyo,
Japan) (Satoh et al. 2004) was maintained using an Erlen-
meyer flask (AsOne, Osaka, Japan) capped with a silicone
plug (AsOne) in a mixture of Daigo IMK medium (Nihon
Pharmaceutical, Tokyo, Japan) and Daigo artificial seawa-
ter SP (Nihon Pharmaceutical) in a plant growth chamber
(Biotorn; Nippon Medical & Chemical Instruments, Osaka,
Japan) at 25°C and under 1% CO, concentration and con-
tinuous light (photosynthetic photon flux density, PPFD:
approximately 30 umol/m?/s) and was agitated using a stir-
rer (60 rpm, As One). PPFD was measured using a quantum
light meter (Ogawa Seiki, Tokyo, Japan). For microalgal
culture in the first and second cycles of the CCC, C. litto-
rale was cultured with a waste medium after the cultivation
of C2C12 cells in the same condition as described above.
Microalgae were observed by a microscope (ECLIPSE
TS2; Nikon) using the NIS-Elements BR software (Nikon)
(Supplementary Fig. 1). Microalgal growth was analyzed
by measuring turbidity and wet weight as described below:

(i) Turbidity: The microalgal suspension (100 pL) at O
or 48 h after the cultivation was seeded in a 96-well plate
(AGC Techno Glass, Shizuoka, Japan) and was measured at
an optical density of 750 nm (OD750) using a spectropho-
tometer (Nivo F; PerkinElmer, Waltham, MA, USA). The
OD750, which was subtracted by the OD of blank without
microalgae, was measured at O or 48 h. The average values
of duplicate experiments were used.

(i1) Wet weight: Microalgae were harvested in a centri-
fuge tube (Greiner Bio-One) by centrifugation (2300 % g,
5 min), and the supernatant was harvested using a micropi-
pette (M&S Instruments). The weights of the centrifuge tube
without/with microalgae were measured using an electronic
analytical scale (Mettler Toledo, Columbus, OH, USA), and
the wet weight of microalgae was calculated by subtracting
the weight of the centrifuge tube without microalgae from
that of the tube with microalgae.

Nutrient extraction/analysis from microalgae
cultured by waste medium

After C. littorale was cultured in the mammalian cell waste
medium for 48 h in the first and second cycles, the microal-
gae were harvested by centrifugation (2300 X g and 5 min).
Nutrients were extracted from the microalgae using hydro-
chloric acid, as previously described (Okamoto et al. 2020
and 2022). Briefly, the microalgae were treated with 0.5 N
hydrochloric acid (Fujifilm Wako Pure Chemical, Osaka,
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Japan) at a concentration of 330 g (wet weight)/L at 100°C
for 24 h. After neutralization using sodium hydroxide (Fuji-
film Wako Pure Chemical) and centrifugation (12,500 X g
and 5 min), the supernatant was harvested and used for
mammalian cell culture. Microalgal extraction was added
at 5% concentration (V/V) in C2C12 cell culture.

Glucose, amino acids, and ammonia levels of the microal-
gal extract and waste medium were analyzed by the hexoki-
nase method, liquid chromatography-mass spectrometry, and
a colorimetric method, respectively, as described in previous
reports (Haraguchi et al. 2017; Okamoto et al. 2020 and
2022).

Statistical analysis

Two-group or multi-group comparisons were conducted by
unpaired Student’s ¢ test and one-way ANOVA with post-hoc
Tukey’s HSD test, respectively.

Results

Serum-free myoblast culture (first myoblast culture
process)

In this study, we used RL34 cell-conditioned medium as an
alternative for FBS. Almost all C2C12 myoblasts adhered
to the culture dish surface after 4 h from cell seeding; the
cells efficiently proliferated when cultured in the RL34 cell-
conditioned medium even in serum-free conditions (3.7-fold
in 44 h; Fig. 3a, 3b). After 48-h cultivation, C2C12 cells
amplified 4.0 + 1.2-fold (Fig. 3b). The results showed that
the conditioned medium of RL34 cells was a valuable alter-
native to FBS.

Microalgal culture using myoblast waste medium
(first microalgae culture process)

C. littorale cells were cultured with the waste medium of
C2C12 myoblasts generated from the first myoblast culture
process described above. After 48 h, the turbidity and wet
weight of the microalgae increased 2.8-fold (Fig. 4a-i and 4b-1)
and 2.2-fold (Fig. 4a-ii and b-ii), respectively, indicating that
C. littorale efficiently proliferated in the culture waste medium
without the use of an algal-specific medium. Moreover, while
C. littorale effectively consumed ammonia (91.8 +8.6%;
Fig. 4c-i), the microalgae hardly consumed glucose and amino
acids (Fig. 4c-ii and c-iii). Therefore, the microalgae culture
promoted the clearance of ammonia from the medium and
resulted in effective microalgal proliferation without reducing
the amount of remaining glucose and amino acids, which are
essential nutrients for mammalian cells.
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Fig. 3 Amplification of C2C12
cells with serum-free medium
(first myoblast culture process).
The photomicrographs of
C2Cl12 cells at 4 (a-i) and 48 h
(a-ii) after cell seeding. The
cell numbers of C2C12 cells

at 4 and 48 h after cell seeding
(b). Initiation cell numbers:

1% 10° cells/100 mm-diameter
dish. Data are presented as

the mean =+ standard deviation
(n=3)

/15‘
ccc .
(a-i) 4 hours

Nutrients extracted from microalgae cultured
with myoblast waste medium (first nutrient
extraction process)

While ammonia was cleared in the microalgal culture,
whether the nutrients in the myoblast waste medium from
the first culture step would be sufficient was determined
by extracting nutrients from microalgae that proliferated in
the waste medium. The glucose yield from C. littorale was
42.7 + 8.4 mM,; this concentration was higher than that in
DMEM (24.6 +0.4 mM) (Fig. 5a). Moreover, 14 of 15 pro-
teinogenic amino acids were present in DMEM, and five
more proteinogenic amino acids—aspartic acid, asparagine,
glutamic acid, proline, and alanine—although absent from
DMEM, were detected in the microalgal extract (Fig. 5b).
While glutamine was absent in the microalgal extract, highly
concentrated glutamic acid was detected (Fig. 5b), indicative
of glutamine oxidation to glutamic acid during acid hydrolysis.
The total amount of proteinogenic amino acids in the micro-
algal extract was two-fold more than that in DMEM (Fig. 5b).
These results indicate that the nutrients required for myoblast
culture were efficiently extracted from the microalgae cultured
with the waste medium.

(a-ii) 48 hours

First myoblast culture

(b) Trypan blue exclusion assay
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w
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Myoblast cultivation by recycling of waste medium
combined with microalgal nutrients (second
myoblast culture process)

Next, C2C12 myoblasts were cultured by combining the
waste medium generated in the first microalgal culture pro-
cess with microalgal nutrients extracted in the first nutri-
ent extraction process. C2C12 cell proliferation increased
5.0+ 1.2-fold when cultured in DMEM with FBS for
48 h, whereas the cells hardly proliferated in DMEM
without FBS (Fig. 6). C2C12 cells amplified in the waste
medium from the first microalgal culture (2.2 + 0.4-fold,
Fig. 6). However, when the microalgal nutrient extracts
were added to the waste medium, the proliferation rate
of C2C12 cells was markedly enhanced (4.5 + 1.5-fold,
Fig. 6). The growth rate was comparable to that of DMEM,
containing 10% FBS (Fig. 6). The growth rate of the sec-
ond myoblast culture process was also comparable to that
of the first myoblast culture process (Figs. 3 and 6). These
results showed that RL34 cell-derived growth factors were
maintained without degradation even after the first CCC
cycle, and myoblasts proliferated without the use of animal
sera. Moreover, the nutrients that were depleted in the sec-
ond myoblast culture were successfully supplied by adding
the microalgal-derived nutrients.
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Fig.4 Cultivation of C. littorale using waste medium of myoblasts
(first microalgal culture process). The photographs of Erlenmeyer
flasks in which C. littorale was cultured in the waste medium of
C2C12 cells at 0 (Before cultivation) and 48 h (After cultivation)
after microalgal seeding (a-i). b Harvested microalgae at 0 (Before
cultivation) and 48 h (After cultivation) after the seeding. After cul-
turing for 48 h, the turbidity of the waste medium increased 2.8-fold

Microalgal culture with the second myoblast culture
waste medium (second microalgae culture process)

Next, C. littorale was cultured with the waste medium gen-
erated in the second myoblast culture process. After 48 h,
the turbidity and wet weight of the microalgae increased
2.4- and 2.7-fold, respectively (Fig. 7a and b). The result
shows that C. littorale also efficiently proliferated in the
waste medium after the second myoblast culture. In the
cultivation, C. littorale also consumed ammonia effec-
tively (93.2+4.0%, n=6) and hardly consumed glucose
and amino acids (Fig. 7c). Therefore, the second micro-
algal culture also led to the clearance of a waste product,
ammonia, from the waste medium and led to effective

@ Springer

(b-i), and the wet weight of microalgae increased 2.2-fold (b-ii). ¢
Fluctuation of waste product and nutrient levels in the microalgal cul-
ture. The fluctuation of ammonia (c-i), glucose (c-ii), and proteino-
genic amino acids (c-iii) levels in the waste medium without or with
C. littorale for two days. Data are presented as the mean =+ standard
deviation (n=15)

microalgal proliferation without causing a reduction in
glucose and amino acid levels.

Nutrients extracted from microalgae proliferated
in the second culture (second nutrient extraction
process)

Finally, nutrients were extracted from the microalgae that
proliferated in the second microalgal culture process.
The glucose concentration of the C. littorale extract was
66.3 +17.6 mM, which was higher than that of DMEM
(Fig. 8a). Nineteen proteinogenic amino acids, excluding
glutamine, were present in the extract (Fig. 8b). The total
amount of proteinogenic amino acids in the microalgal
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Fig.5 Nutrients extracted from
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extract was over two-fold that in DMEM (Fig. 8b). The effi-
ciency of the second nutrient extraction process was similar
to that of the first extraction. These results highlight that
the nutrients necessary for myoblast culture were efficiently
extracted from the microalgae cultured in the waste medium
from both the first and second nutrient extraction processes.

Discussion

To establish a sustainable cultured meat production system,
we developed the CCC system, which combines mammalian
cell culture and microalgal culture. The use of microalgae
is a distinctive feature of the CCC system. Microalgae are
used as both a nutrient supplier for mammalian cell culture
and a recycler of the waste medium in the system. Another
feature of the system is that the culture medium is circulated
throughout the mammalian cell and microalgal cultures.
The critical factors affecting mammalian cell proliferation
include inorganic salts, nutrients such as glucose and amino

(b-ii) Proteinogenic amino acids (individual)

= DMEM = Microalgal extract

acids, growth factors, and waste products (Schneider et al.
1996; Price 2017; Hegde and Behr 2012).

The optimum concentration of inorganic salts in culture
media varies with mammalian cells and microalgae. Since
mammalian cells lack a cell wall, they are susceptible to
these differences. Therefore, we used a mammalian cell cul-
ture medium as the base medium in the CCC system. The
medium contained approximately 160 mM sodium chloride,
and the osmotic pressure of the waste medium was approxi-
mately 330 mOsm/KgHzou. Therefore, seawater or eury-
haline microalgae'® rather than freshwater microalgae are
suitable for this system. In this study, seawater microalgae,
C. littorale, were selected based on previous data (Hara-
guchi and Shimizu 2021). Because mammalian cells and
microalgae hardly consume inorganic salts, such as sodium,
calcium, and potassium, during their cultivation (Haraguchi
and Shimizu 2021), these inorganic salts need not be added
until several cycles of CCC are completed.

Next, mammalian cells consumed glucose and amino
acids for their proliferation. Because these nutrients
decrease with each CCC cycle, they had to be added to
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ond Second myoblast culture
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DMEM with microalgal with algal culture
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Fig.6 Cultivation of myoblasts by recycling of waste medium com-
bined with microalgal extracts (second myoblast culture process).
After 48 h of cultivation, the proliferation rates of C2C12 cells by
recycling the C2C12 cell waste medium combined with the micro-
algal extracts were comparable to those using Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS. In contrast,
the proliferation rates of C2CI12 cells cultured in only the waste
medium were similar to those cultured in DMEM supplemented with-
out FBS. Data are presented as the mean + standard deviation (n=3)

the culture medium before the mammalian cell culture
(Fig. 2). Both glucose and amino acids were efficiently
extracted from C. littorale that proliferated in the myo-
blast waste medium (Figs. 5 and 8) and were added to
the microalgal waste medium for the subsequent mam-
malian cell culture (Fig. 6). Regarding the composition
of amino acids, DMEM contains glutamine and lacks
glutamic acid; in contrast, C. littorale-derived extracts
obtained by acid hydrolysis had a high concentration of
glutamic acid and lacked glutamine (Figs. 5b and 8b)
since glutamine is converted into glutamic acid during
the acid hydrolysis process. However, as we have previ-
ously reported, C2C12 cells can proliferate using glutamic
acid as an alternative to glutamine (Okamoto et al. 2020).
Additionally, the total proteinogenic amino acid concentra-
tions of the first and second mammalian cell culture wastes
were almost equivalent (first cycle: 8.1 +£0.6 mM; second
cycle: 8.5+0.2 mM), indicating an efficient supplemen-
tation of microalgal extracts (Figs. 4c-iii and 7c-iii). In
contrast, the glucose concentration (9.3 + 1.2 mM) of the
waste medium after the second myoblast culture was lower
than that (14.8 +4.8 mM) after the first myoblast culture
(Figs. 4c-ii and 7c-ii). Therefore, considering the amount
of microalgal nutrient added, glucose can become insuf-
ficient after further cycling in the CCC process. In each
process of the CCC system, the concentrations of critical
nutrients such as glucose and amino acids will need to be
monitored, and the amount of added microalgal nutrients
will need to be modified accordingly.
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Alternative growth factors to FBS are required for cul-
tured meat production. Stem cells such as mesenchymal stem
cells, which produce multiple growth factors and cytokines,
have the ability to regenerate tissue via a “paracrine effect”
(Miyahara et al. 2006; Haraguchi et al. 2012b). Mammalian
cells produce secretomes that contain growth factors such
as fibroblast growth factor-2, which promotes the prolif-
eration of mammalian myoblasts (Shima et al. 2020). We
examined the growth effect of the conditioned medium and
determined that C2C12 myoblasts efficiently proliferated in
the conditioned medium from RL34 cells (Fig. 3). The pro-
liferation rate of C2C12 myoblasts using the first myoblast
culture process (4.0 + 1.2-fold) was comparable to that using
DMEM with FBS (5.0 + 1.2-fold, Fig. 4c). The proliferation
rate using the second myoblast culture process (4.5 +1.5-
fold) was also maintained without a reduction as compared
with that of the first myoblast culture process, indicating
that the activities of the RL34 cells-derived growth factors
were maintained during at least two cycles. However, their
growth factors could become inactivated during multiple
CCC cycles. Therefore, adding RL34 cell-derived growth
factors will be necessary every few cycles. We also suc-
ceeded in the efficient proliferation of primary bovine myo-
blasts, which are the main cell source of cultured meat, in
the conditioned medium of RL34 cells (Unpublished obser-
vation). The serum-free culture system using the RL34 cell
supernatant will contribute to the establishment of a sustain-
able cultured meat production system.

Mammalian cells excrete ammonia generated from the
amino acid metabolism as waste products, adversely affect-
ing cell viability at concentrations higher than 0.6 mM
(Schneider et al. 1996; Price 2017). In contrast, ammonia is
an essential source for microalgal proliferation and is used
by microalgae to synthesize all proteinogenic amino acids
(Lupatini et al. 2017). Therefore, culture media waste, which
is harmful to mammalian cells due to the accumulation of
waste products, is a nutrient-rich culture medium for micro-
algae. C. littorale effectively consumed ammonia in the
C2C12 myoblast waste medium (more than 90%, Fig. 4c-i
and 7c-i). In contrast, the microalgae hardly consumed the
nutrients such as glucose and amino acids still present in
the waste medium (Figs. 4c and 7c). Therefore, microalgal
culture using the mammalian cell waste medium allows the
clearance of harmful wastes, and the remaining nutrients can
be recycled in the next mammalian cell culture.

In the CCC system, carbon dioxide obtained through
microalgal photosynthesis (Vecchi et al. 2020) is the source
of carbon; therefore, the CCC system requires no additional
carbon sources such as glucose. However, the system bears
a limitation by requiring the replenishment of nitrogen and
phosphorus sources as they decrease. Using microalgae with
nitrogen-fixing capacity (Kumar et al. 2010) could elimi-
nate the requirement for additional chemically synthesized
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Fig. 7 Microalgal proliferation in myoblast re-cultured waste medium
(second microalgal culture process). The photographs of Erlenmeyer
flasks in which C. littorale were cultured in the waste medium of
C2C12 cells at 0 (Before cultivation) and 48 h (After cultivation)
after microalgal seeding (a-i). b Harvested microalgae at 0 (Before
cultivation) and 48 h (After cultivation) after seeding. After culturing

nitrogen compounds. We are currently working on further
improvements to optimize the system thoroughly.

In the present study, the growth rate of microalgae cul-
tured with mammalian cell culture waste medium was sig-
nificantly higher than that in our previous report (this report:
2.2-2.8-fold after two days, previous report: 2.2-fold after
seven days) (Haraguchi and Shimizu 2021). In this study, we
examined and optimized the culture conditions of microal-
gae, which differed in some aspects from those in the previ-
ous report: (i) While in the previous study, microalgae were
cultured statically on a mammalian cell culture dish, in this
study, a spinner culture system was used on an Erlenmeyer
flask. (ii) In the previous study, microalgae were cultured
in a CO, incubator for mammalian cell culture, whereas
in this study, microalgae were cultured in a plant growth
chamber. (iii) In the previous study, the light irradiation
source was only placed above, whereas, in this study, the

for 48 h, the turbidity of the waste medium (b-i) and the wet weight
of microalgae (b-ii) were measured. ¢ Fluctuation of re-cultured
waste products and nutrients in the microalgal culture. The fluctua-
tion in ammonia (c-i), glucose (c-ii), and proteinogenic amino acid
(c-iii) levels in the waste medium without or with C. littorale for two
days. Data are presented as the mean + standard deviation (n=3-6)

light was irradiated from all directions. Thus, the improve-
ment in culture conditions increased microalgal prolifera-
tion. This implies increased carbon dioxide fixation in the
CCC system, which may lead to more efficient mammalian
cell proliferation.

By changing meat production from using livestock to
mammalian cells cultured with microalgal nutrients, the
environmental load and resource/energy consumption
will drastically decrease, that is, (i) 99% of the land, (ii)
78-96% of GHG emissions, (iii) 82-96% of water, and (iv)
7-45% of energy will be saved (Tuomisto and Teixeira de
Mattos 2011). The CCC system might contribute to a more
efficient cultured meat production system because micro-
algae are cultured using the muscle cell waste medium
without an algal-specific medium. Additionally, FBS is
replaced by a culture supernatant of growth factor-produc-
ing cells. These features minimize the cost of the culture

@ Springer
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Fig.8 Nutrients extracted from

C. littorale cultured in re-cul- 2nd
tured myoblast waste medium CCC (a) Glucose
(second nutrient extraction 90 -

process). The concentrations of
glucose (a) and proteinogenic
amino acids (b-i) in acid-hydro-
lyzed extracts of C. littorale cul-
tured in the C2C12 cell waste
medium were higher than those
in Dulbecco’s modified Eagle’s
medium (DMEM). Fourteen of
15 amino acids present in the
DMEM and five more proteino-
genic amino acids, which were
absent from the DMEM, were
extracted from the microalgae
(b-ii). Data are presented as

the mean + standard deviation
(n=3)
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medium required to produce cultured meat and drastically
reduce the disposal volume of the culture media. There-
fore, the CCC system will drastically reduce the environ-
mental load, resource/energy consumption, and cost asso-
ciated with cultured meat production.

This is the first report on the potential application of a
CCC system using microalgae as a nutrient supplier for
mammalian cell culture and simultaneously as a recycler
of the mammalian cell culture waste medium. Further
research on the factors that are depleted and accumu-
lated during further CCC cycles and whether those fac-
tors affect cell proliferation is required. Identifying and
controlling these factors will allow the development of an
ideal CCC system for producing cultured meat sustainably.
In the future, the CCC system may contribute not only to
cultured meat production but also to other fields such as
biopharmaceuticals, antibody therapeutics, and vaccine
development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00203-022-03234-9.
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