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Abstract: Reports have shown that meat production operations today contribute to the climate crisis, facilitating the
occurrence of infectious diseases, and contributing to environmental pollution. Consequently, the public demands al-
ternatives to traditional meat, such as in vitro manufactured meat. Several authors have suggested that improvements
should be made in the manufacturing of cell-cultured meat to make a more sustainable and scalable process. They re-
cently proposed using microalgae as a sustainable system to produce important nutrients such as oxygen from cellular
waste molecules of animal cultures such as ammonia and carbon dioxide. In this review, we discuss recent advances
of different microalgae applications in the production of lab-grown meat, with special emphasis on their use as a re-
placement for fetal bovine serum (FBS) or culture media, as well as its applicability as a source of cell oxygenation and
waste upcycling to extend the life of animal cell cultures. Also, we discuss the implementation and limitations of these
algae systems in large-scale in vitro meat manufacturing.
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Livestock production consumes almost 10% of the  Sabate et al. 2019). Specifically, it involves the produc-

world's water source and 70% of the agricultural land
area (Steinfeld et al. 2006). While consumers are
open to reducing meat consumption, technology of-
fers meat produced in a laboratory and without us-
ing animals from farms (European Commission 2013;
Vanhonacker et al. 2013; Graga et al. 2015; Sanchez-

tion of meat in a culture vessel. The relative increased
demand for this technology estimates by 2040, 35%
of market meat could have a laboratory origin (Gerhart
et al. 2020; Szejda et al. 2021).

It is assumed that producing 1000 kg of lab meat
would require only 1% of the land and 5% of the wa-
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ter used to produce the same amount of conventional
meat (Tuomisto and Teixeira de Mattos 2011). The key
factor should be the price margins. It is crucial to re-
duce such margins, as Garrison et al. (2022) estimated
that a large-scale production of in vitro meat would
have a sale price for retailers of USD 63 per kg, in con-
trast with a USD 6.17 per kg price for lean beef in the
U.S. Market (2022).

Recent estimations report that a million beef
burgers could be produced from a single cow mus-
cle biopsy through this system (Fang et al. 2017).
An equivalent amount of the latter product would
require slaughtering 500 cattle (Sans et al. 2017).
These days, the development of in vitro propaga-
tion techniques makes a possible synthesis of tissue
in lab conditions using animal cell culture systems.
However, the fabrication of in vitro meat by culturing
stem cells at a high scale still requires improvements.
Lab meat production must overcome the following
challenges before becoming available for consumers:
(i) The system is typically provided with fetal bovine
serum (FBS), an animal-derived component increas-
ing the costs of cultures. (ii) In vitro-produced meat
tissues typically experiment oxygen shortage issues
that complicate the ability to create larger and multi-
layered tissues in one vessel. (iif) The system produces
continuous and numerous waste components from
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Figure 1. Production of lab-grown meat assisted by diverse applications of microalgae

culture medium that limit cell growth and increase
fabrication costs.

In this review, we will discuss how microalgae can
contribute to mitigate these problems. Microalgae are
unicellular species of autotrophic photosynthetic mi-
croorganisms with multiple applications in the food,
cosmetic, and pharmaceutical industries (Sathasivam
et al. 2019, Pang et al. 2020). We emphasise the main
applications of microalgae in the production of lab-
grown meat, specifically for using microalgae extracts
as a replacement for FBS or basal defined medium.
Also, we discuss the co-culture of microalgae with
mammalian cells to provide oxygen promoting larger
tissues. The co-culture of microalgae with mammalian
cells aims to recycle toxic compounds extending the
lifespan of cultures. Finally, we argued the feasibility
of implementing high-scale production of lab-grown
meat in vitro and perspectives for future research.

APPLICATIONS OF MICROALGAE
IN CULTURED MEAT MANUFACTURING

The current process of in vitro meat production and
the incorporation of microalgae in each manufacturing
step is shown in Figure 1. The production of lab meat
starts with the biopsy from bovine muscle for the isola-
tion of muscle-derived stem cells (MDSCs); or mesen-
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chymal cell lines and adipogenic progenitors to create
in vitro meat (steps 1 and 2) (Kumar et al. 2021; Re-
iss et al. 2021). These cells are cultured in a bioreactor
to produce a biomass of 50 billion cells per kilogram
of meat approximately (step 3) (Post 2014). At this
stage, it is possible to replace FBS or the basal medi-
um with microalgae extracts (Song et al. 2012; Oka-
moto et al. 2019; Ng et al. 2020; Jeong et al. 2021).
Furthermore, microalgae can be introduced into
the system to mitigate toxic compounds and to pro-
vide oxygen (Haraguchi et al. 2017; Haraguchi and
Shimizu 2021a, b; Marko et al. 2022). Later cells are
transferred to scaffolds, which are built using gelatine
or collagen by means of 3D printing or solvent cast-
ing fabrication (Kumar et al. 2022; Lee et al. 2022).
The scaffold mimics the conditions provided by the
extracellular matrix of support and nutrition, pro-
moting cell maturation and proliferation allowing cell
differentiation in the required morphology, creating
a multilayer tissue originating the lab meat (Hopfner
et al. 2014). These scaffolds can also enhance oxygena-
tion of the cells through microalgae co-culture (Hop-
fner et al. 2014; Lode et al. 2015; Maharjan et al. 2021).
During the final stages of the process (steps 5 and 6),
tissue obtained is composed by muscle cells infused
with flavourings and vitamins and undergoes addition-
al treatments before being packaged and prepared for
customer presentation (Post 2014).

NEED FOR AN ALTERNATIVE TO FETAL
BOVINE SERUM (FBS)

Animal cells cultivated in vitro are nourished with
a culture medium, which are formulations to ensure
sustained proliferation. Nutritional requirements
of culture mammalian cells are considered in culture
medium providing a formulated variation in composi-
tion and supplements (O'Neill et al. 2020). Typically,
nutrients are composed of glucose, amino acids, vi-
tamins, inorganic salts, and growth factors (Yao and
Asayama 2017).

The FBS is an additive to the animal culture medium
at 2-10% concentrations. It provides nutrients and
hormones for in vitro cultured cells, and also factors
for protecting cells from endotoxins and pH altera-
tions (Puri et al. 2015). FBS is obtained from the blood
of unborn fetuses in the final months of bovine preg-
nancy. Around 800 000 L of FBS are consumed annu-
ally for in vitro cell culture. Consequently, two million
unborn calves are used to fulfil FBS demand (Jochems
et al. 2002). The production of one kilogram of in vit-
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ro cultivated meat involves the use of approximately
50 L of FBS (Brindley et al. 2012; Post 2014). Due to this
fact, the process of lab meat production remains con-
tradictory as potential consumers demand a product
free of animal suffering in the manufacturing process
(Jochems et al. 2002; Van der Valk and Gstraunthal-
er 2017; Sanchez-Sabate et al. 2019). Furthermore, the
high demand constantly creates considerable fluctua-
tions in the prices of FBS. In 2015, the cost of a half-
litre of FBS increased from EUR 80 to EUR 1 200 (Van
der Valk and Gstraunthaler 2017). In addition, batch-
es of FBS exhibit slight variations in the concentra-
tion of components, causing alterations in the quality
of in vitro-produced muscle, and modifying character-
istics such as the speed of muscle contraction (Jochems
etal. 2002, Khodabukus and Baar 20145 Usta et al. 2014
Stephens et al. 2018; Post et al. 2020).

Microalgae offer a good alternative as an FBS substi-
tute due to their high protein content and nutritional
values. Some efforts have demonstrated the use of mi-
croalgae in promoting the viability and proliferation
of mammalian cell lines. The mesenchymal stem cells
and C2C12 cell line are proven to mature in skeletal
muscle and cardiac muscle cells (McMahon et al. 1994;
Okamoto et al. 2019; Ng et al. 2020). Even though, mi-
croalgae have also been used to replace nutrients from
basal defined media in these mammalian cell cultures
(Okamoto et al. 2019).

COMPATIBILITY OF MICROALGAE
EXTRACTS IN MAMMALIAN
CULTURE MEDIA

Using microalgae extracts requires the isolation
of nutrients by means of the biomass extraction pro-
cess. The two main procedures are: acid/alkaline hy-
drolysis (Sekine et al. 2011); and hot water (100 °C) and
high-pressure extraction (Song et al. 2012; Okamoto
et al. 2019; Ng et al. 2020; Jeong et al. 2021). These
required a high biomass from microalgae, prefer-
ably lyophilised and diluted in distilled water to a de-
sired concentration.

The extraction in hot water comprises lyophilisa-
tion of microalgae biomass followed by boiling for
a few minutes and immediately freezing. Later, cen-
trifugation removes debris, and supernatant contain-
ing bioactive compounds is collected. The extraction
in hot water is the most commonly used method be-
cause it is economically affordable (Song et al. 2012;
Ng et al. 2020; Jeong et al. 2021). In contrast, sulfuric
acid and high temperature are used in acid/alkaline
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hydrolysis to extract glucose and amino acids from
biomass. The chemical analysis of hydrolysis extracts
showed the absence of glutamine and the presence
of glutamic acid instead due to the hydrolytic condi-
tions that facilitate the hydrolysis process of glutamine
into glutamic acid and other constituent amino acids.
At a concentration of 4 mM, glutamic acid could re-
place glutamine in mammalian cell cultures, although
higher concentrations are needed to maintain cell vi-
ability in contrast to glutamine (Okamoto et al. 2019).
A standardised system is yet to be implemented, in-
cluding microalgae extracts in the formulation, estab-
lishing an exact concentration in reproducible studies
for replacement of FBS.

The previously described manufacturing processes
of microalgae extracts have shown high levels of protein
and carbohydrates in composition. Independent stud-
ies reported a rate of 61-67% protein, 19-27% carbohy-
drates, and 4-5% ash. These analyses were conducted
after acid/alkaline hydrolysis in hot water using Chlo-
rella vulgaris biomass (Song et al. 2012; Ng et al. 2020).
A similar report, compared the composition of com-
mercial FBS and the extract from the cyanobacteria

Spirulina maxima, showing analogous concentrations
of protein and carbohydrates. The commercial FBS con-
tains 85% protein and 8.08% carbohydrates, whereas
Spirulina maxima extract, 79.2% and 13.2%, respective-
ly (Jeong et al. 2021). Table 1 summarises the nutrient
composition of extracts in different reports.

As depicted in Table 1, the fabrication method is the
procedure to extract nutrients from microalgae species.
C. vulgaris and S. maxima (cyanobacteria) were the
main sources for nutrient extraction assays. The con-
centration of crude protein, carbohydrates, lipids, and
ash is shown.

Animal culture supplements must meet commer-
cial certifications. Therefore, some efforts have fo-
cused on developing a chemically defined medium.
A precise composition medium for animal cell culture
could allow a rapid transition to marketing. However,
up to date, these formulations or extracts have only
been able to replace FBS in a limited number of mam-
malian cell lines. Some of such formulations are re-
ported in databases like the FCS-free database (https://
fcs-free.org/fcs-database), where there is no report
of a microalgae-based culture media formulation. Ex-

Table 1. Composition of microalgae extracts and fabrication methods: A comparison of fetal bovine serum (FBS) and

microalgae for medium replacement in animal cell cultures

Fabrication ) Extract composition (%) )
Species - — Observations Reference
method protein carbohydrates lipids ash
The authors evaluated
other 5 microalgae species
but C. vulgaris had better
amino acid yield.
Acid/alkaline  Chlorella Glutamine was not present Okamoto
hydrolysis vulgaris ND ND ND ND in microalgae extract, etal. 2019
but substituted by Glutamic acid.
Glutamic acid could effectively
replace Glutamine in cell culture,
but at higher concentrations.
Hot water Chlorella Yao
extraction vulgaris 67.10 2740 0.00 570 ND et al. 2020
Spirulina maxima
Spirulina is a photosynthetic cyanobacteria.
Hot water maxima 79.20 13.20 4.40 ND Extracts differed greatly Jeong
extraction in potassium (0.15% for et al. 2021
S. maxima and 0.01% for FBS), ’
and phosphorus (1.31% for
FB . . 1. D
S 85.00 8.08 75 N S. maxima and 0.03% for FBS).
Hot water Chiorella ¢, ¢ 20.17 0.00  14.98 ND Song
extraction vulgaris et al. 2012

ND - values were not determined
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tracts from microalgae are an excellent alternative for
specific mammalian cell lines, after a comprehensive
case-by-case evaluation considering specific nutri-
tional requirements. We review several reports on this
topic in the next sections.

MICROALGAE-BASED SUPPLEMENTS
PARTIALLY REPLACE FBS AND BASAL
MEDIUM IN MAMMALIAN CULTURES

The impact of microalgae extracts as a replacement
of culture medium nutrients or FBS is determined main-
ly by evaluating cell viability. The number of viable liv-
ing cells (capable of cell division) is evaluated estimating
the percentage of these relative to the total cell popula-
tion. The calculation is expressed in percentage or rela-
tive cell viability seeking 100% or value '1', respectively.
Cell viability is rapidly assessed by colourimetric assays
using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) or 2,3-bis(2-methoxy-4-ni-

https://doi.org/10.17221/69/2023-CJES

tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT) as chemical agents. Only viable cells can reduce
formazan salt producing a purple colour in samples.
Viability tests are commonly conducted 24 h following
the microalgae extract application or after starvation
or fasting periods. In the latter, cells are grown with
the regular medium with components to be replaced
(FBS of culture medium) for a period of time. Subse-
quently, cultures are transferred to a medium without
supplements using microalgae extracts in a certain pro-
portion instead. At this point, daily cell viability test-
ing is conducted (Okamoto et al. 2019; Ng et al. 2020).
Microalgae extract replacements are evaluated to yield
a concentration in which cell viability is maintained
at 100% across the study. Extracts using photosynthetic
cells such as microalgae and cyanobacteria are pre-
ferred for FBS or culture media replacements. To date,
microalgae extracts cannot fully replace FBS or me-
dium, only a percentage is tolerated by animal cells
in vitro. Table 2 comprehensively reviews efforts at-

Table 2. Summary of studies showing the effects of using cellular extracts from microalgae and cyanobacteria as a replace-

ment for fetal bovine serum (FBS) in mammalian cultures in vitro

Microalgae species Cell viability Mammalian cell line Reference
Chlorococcum littorale
Stichococcus sp A 10% of microalgae extract was used to obtain cell

’ viability of 1.4—1.8 in 90% DMEM medium without
Chlorella vulgaris glucose and aminoacids with A. platensis and C2C12 mouse Okamoto
Euglena gracilis C. vulgaris. The highest was obtained using myoblasts etal. 2019

Spirulina subsalsa

C. littorale: cell viability increase of 3.8 in 90%

DMEM with no glucose and 10% microalgae extract.

Arthrospira platensis

A 70% recovery in cell viability using 0.001 g-L™*
of microalgae extract with 0% serum, compared with
400% microalgae extract and 5-10% FBS serum.
Cell viability is affected using levels greater
than 0.25-1 g-L ™! of microalgae extract,
results are relative to the cell line.

Chlorella vulgaris

Cell viability is greater than 100% (optimal)
for three days. A 50% replacement of the volume

Spirulina maxima

Chinese hamster
ovary cells

mesenchymal stem
cells differentiated
into HDF, HaCaT,
hMSC, and ADSC

Ng et al. 2020

of FBS in the medium, was achieved.

Increase in cell viability to 124, 135.4, and 155%
using concentrations of 12.5, 25, and 50 pg-mL™!
from microalgae extract for a 24 h treatment.
Cell viability does not decrease
in the period of culture.

Chlorella vulgaris

human lung cancer Jeong
cell lines H460 etal. 2021
rat intestinal epithelial
cell line IEC-6 Song
etal. 2012

human hepatic
cell line WRL68

A list of microalgae species used for FBS replacement studies is shown; cell viability is represented in percentage regarding
viability of the mammalian cells in culture; the mammalian cell lines show variable response according to the extracts;
DMEM - Dulbecco's Modified Eagle Medium; HDF — human dermal fibroblast; HaCaT — human epidermal keratinocytes;
hMSC — human mesenchymal stem cells; ADSC — adipose-derived stem cells

410


https://cjfs.agriculturejournals.cz/

Czech Journal of Food Sciences, 41, 2023 (6): 406—418

Review

https://doi.org/10.17221/69/2023-CJFS

tempting culture medium and FBS replacements using
photosynthetic cell extracts. A summary of cell extrac-
tion procedures using microalgae species for mamma-
lian cell line medium supplements are presented. In all
cases, a successful assay is determined by cell viability
of 100% followed by colourimetric staining; most re-
ports aim for an FBS replacement.

Several studies showed that microalgae can re-
place only 20% of the volume of FBS or culture me-
dium. Increasing the amount of extract affects cell
viability due to toxicity (Song et al. 2012; Okamoto
et al. 2019; Ng et al. 2020; Jeong et al. 2021). Oka-
moto and colleagues (2019) showed the performance
of C2C12 mouse myoblast exposed to microalgae
extracts such as C. vulgaris, Chlorococcum littorale,
Stichococcus sp., Euglena gracilis, cyanobacteria Spi-
rulina subsalsa and Arthrospira platensis. These ex-
periments aimed a replacement for amino acids and
glucose from the basal medium. The C2C12 cells were
grown in Dulbecco's Modified Eagle Medium (DMEM)
basal medium in the absence of glucose and amino ac-
ids; supplemented with microalgae extracts instead.
The reported relative cell viability was 1.4-1.8, for
a 5—-10% volume of DMEM replaced using A. platensis
and Chlorella vulgaris extracts. A robust relative cell
viability of 3.8 was found using C. littorale replacing
5-10% of glucose volume in DMEM medium (Oka-
moto et al. 2019).

Additional efforts were also focused on the re-
placement of FBS. Extracts from C. vulgaris were
used as a supplement for human cell lines in vitro
(Ng et al. 2020). FBS substitution in Chinese hamster
ovary cells (CHO) and mesenchymal stem cells
(MSCs) was evaluated after the differentiation to hu-
man dermal fibroblast (HDF), human epidermal ke-
ratinocytes (HaCaT), human mesenchymal stem cells
(hMSC), and adipose-derived stem cells (ADSC) cell
lines. These differentiated cells were exposed to 24 h
FBS starvation conditions. Later, microalgae extract
was added to a final concentration of 0.001 g-L ! with
concentrations of 0—10% of FBS in the medium, calcu-
lating recovery in cell viability under starvation con-
ditions. C. vulgaris extract under a complete absence
of FBS fails to recover 100% cell viability during 7 days
post starvation. Conversely, in a culture medium sup-
plemented with 5 to 10% FBS, cells reach up to 400%
viability relative to initial values (Ng et al. 2020). These
results highlight that microalgae extracts act as a func-
tional supplement enhancing the nutritional proper-
ties of mammalian culture media. Microalgae extract
concentrations ranging from 0.21 to 1.0 gL ex-

hibit detrimental cytotoxic effects, obtaining cell vi-
ability values under 100% (Ng et al. 2020). Similar
reports found microalgae extracts promote an in-
crease in mammalian cell viability (Song et al. 2012;
Jeong et al. 2021). An increment in cell viability was
obtained after a 24 h treatment of mouse intestinal
epithelial cells (IEC-6) using an extract from C. vul-
garis. The increased values were 124, 135, and 155%,
corresponding to 12.5, 25, and 50 pg-mL™' extract
concentration, respectively (Song et al. 2012; Jeong
et al. 2021). Remarkably, an extract of the cyanobacte-
ria S. maxima is capable of replacing up to 50% of the
FBS volume without affecting cell viability in lung
cancer cell line H460, after three days of incubation
(Jeong et al. 2021).

Previous studies focused on evaluating C. vul-
garis as the 'model' microalgae species to conduct
studies with mammalian cells. However, C. vulgaris
extract has shown toxic effects when used as a re-
placement for DMEM medium or FBS, exceeding the
limit of 20% relative to the final volume (Okamoto
et al. 2019; Ng et al. 2020). In contrast, species such
as C. littorale and A. platensis showed better respons-
es promoting cell viability as a replacement for amino
acids and glucose-complementing DMEM. Despite
promising results, the latter microalgae species have
not been further explored as FBS or culture medium
replacement candidates. Non-model species from
microalgae and cyanobacteria are gaining attention
since recent advances showed better performance
as alternative sources for mammalian culture and
FBS replacements (Okamoto et al. 2019). Future stud-
ies should lead to a more profound analysis consid-
ering non-model species. Some of these alternatives
are commercially available for testing in lab proce-
dures. The South Korean company SeaWith is using
microalgae as an FBS replacement for manufactur-
ing lab-grown meat (Allan et al. 2019). The company
raised USD 7 million in venture capital investment
to achieve manufacture lab meat at a reduced price
of USD 3 by 2030 (Lee 2021).

APPLICATION OF MICROALGAE AND
MAMMALIAN CELLS CO-CULTURES
FOR OXYGEN PROVISION AND
WASTE REMOVAL

There are still few attempts to evaluate the co-culture
of mammalian cell lines in combination with microal-
gae cells for in vitro meat production. In a co-culture,
microalgae cohabit with mammalian cells in a mutu-
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alistic relationship. A complex culture system is es-
tablished in a specialised bioreactor supporting both
species types (Wu et al. 2010; Bachus and Fusseneg-
ger 2013; Goers et al. 2014; Okamoto et al. 2019).
The application of co-culture formats should provide
two important advantages: Providing a permanent
source of oxygen to promote thicker tissues; and in-
crease the removal and recycling of metabolic waste
byproducts to reduce maintenance costs. In the follow-
ing sections, we analyse achievements and drawbacks
of testing these strategies.

MAMMALIAN CELLS IN VITRO REQUIRE
A CONSTANT PROVISION OF OXYGEN

Manufacturing meat products in a laboratory de-
mands a massive proliferation of mammalian cells
by in vitro culture systems (Figure 1). Increasing expo-
nentially the biomass increases tissues in vitro, conse-
quently, oxygen demands are increased. However, the
oxygen supply in vitro is a complex task in tissue with
an increasing biomass. Results have shown that tis-
sues farther than 100-200 pm from an oxygen source
induce programmed cell death (Rowkema et al. 2008;
Sekine et al. 2011; Kolesky et al. 2016). Low oxygen
perfusion induces severe tissue damage such as mus-
cle atrophy, lack of cell differentiation, proliferation,
and maturation (Haraguchi and Shimizu 2021b). Al-
though it has been demonstrated that a multilayer tis-
sue is successfully produced under supra-physiological
oxygen levels, cellular energy metabolism fails to be ef-
ficient and cellular distribution is not uniform within
cellular scaffolds, affecting the quality of tissues in vitro
(Levorson et al. 2014).

Attempts of co-cultivation of microalgae cells with
mammalian cultures in vitro have been explored.
Microalgae or cyanobacteria cells produce oxygen
by means of photosynthesis as a permanent source
to animal cells, improving cell survival and increas-
ing multilayer tissue thickness for lab-cultured meat
demands (Hopfner et al. 2014; Lode et al. 2015; Hara-
guchi et al. 2017; Haraguchi and Shimizu 2021a, b; Ma-
harjan et al. 2021).

To quantify the effect of microalgae on tissue oxy-
gen levels, the concentration in samples is measured
through an electronic oxygen sensor in real-time,
as well as the metabolic indicator of the lactate/glucose
ratio (L/G). Monitoring the L/G ratio shows the cell's
predominance of aerobic or anaerobic respiration.
The parameter of L/G is based on Cori's Cycle, where
during anaerobic respiration, one molecule of glu-
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cose produces two molecules of pyruvate through
the process of glycolysis, which later is converted into
two molecules of lactate, yielding a lactate/glucose
ratio equal to 2. However, under aerobic respiration,
pyruvate is oxidised through the Krebs cycle and the
amount converted to lactate is reduced, obtaining a ra-
tio of L/G value that is less than 2. Therefore, a tissue
with predominant aerobic respiration (in the presence
of oxygen), will exhibit an L/G value considerably less
than 2 (Fraga et al. 2009).

Oxygen levels can also be determined by indicators
such as hypoxia-inducible factor 1a (HIF-1«), and cre-
atine kinase. Expression of HIF-1la can be monitored
by enzyme-linked immunosorbent assay (ELISA) as-
says. HIF-1a is a transcription factor that regulates
oxygen homeostasis; increasing levels indicate a dys-
regulation of aerobic enzymes (Fraga et al. 2009).
Similarly, the release of the enzyme creatine kinase
is an indicator of cell death in muscle and cardiac cells
(Haraguchi et al. 2017).

MICROALGAE CO-CULTURES INCREASE
CELL OXYGENATION AND PRODUCE
THICKER TISSUES

Reports showed co-cultures of microalgae and mam-
malian cells in 3D configurations (Hopfner et al. 2014;
Lode et al. 2015; Haraguchi et al. 2017; Haraguchi and
Shimizu 2021a, b; Maharjan et al. 2021) and in bioreac-
tors (Marko et al. 2022). The in vitro 3D culture using
microalgae has been tested with or without scaffold
structures. In scaffold-aided 3D cultures, microalgae
were used to create a printable bioink material to man-
ufacture the latter scaffold (Maharjan et al. 2021)
or cultivated in a commercial scaffold with mamma-
lian cells (Hopfner et al. 2014). In the 3D cultures with-
out scaffolds, a technique stacked layers of muscle cells
on top of layers with microalgae as the oxygen source
(Haraguchi et al. 2017; Haraguchi and Shimizu 2021a).
Modified hollow-fiber bioreactors have also been used,
where microalgae and the culture medium circulate,
nourishing the animal cells located above the in vitro
containers (Marko et al. 2022).

In all cases, the culture systems tested in bioreac-
tors or 3D in vitro configurations have demonstrated
an increment in oxygen levels using microalgae. Hara-
guchi et al. (2017) tested the distribution of stacked
layers of cells using Chlamydomonas reinhardtii and
C. littorale on C2C12 myoblast and mouse cardiac
cells, obtaining a 22-29% decrease in L/G ratio. A de-
crease of more than 80% in creatine kinase release was
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also obtained compared to cultures without microal-
gae. Also, these co-cultures successfully increased
thickness of tissue up to 160 um, around 2 times
the previously reported thickness of 40-80 um
in mouse cardiac cells cultivated in a medium de-
pleted of dissolved oxygen (Haraguchi et al. 2017).
To date, a breakthrough was obtained cultivating
mouse C2C12 in a three-dimensional co-culture with
C. vulgaris obtaining a thicker tissue of 200—400 pm.
Additionally, lactate dehydrogenase release and am-
monia levels were reduced, compared to control
cultures of mammalian cells without microalgae,
reducing a potential tissue damage (Haraguchi and
Shimizu 2021a).

The use of scaffolds with C. reinhardtii managed
to increase the oxygen concentration by 26% in mouse
embryonic fibroblast cells (NIH-3T3), as well as 84%
reduction of HIF-la transcription factor (Hopfner
et al. 2014). The co-cultivation of the human cell line
Sa0S-2 (human sarcome osteogenic cells) along with
C. reinhardtii successfully increased oxygen concen-
tration from 0.06 mg-L™! to 1.16 m-L™! on the first
day of growth (Lode et al. 2015). C. reinhardtii was
also used to implement a bioink for a scaffold in co-
cultures of C2C12 myoblast and HepG2 (hepatocel-
lular carcinoma cell line) tumor liver cells. Increased
cell viability of the mammalian lines and a reduction
in HIF-1a expression were achieved. Optimal results
were obtained upon C. reinhardtii biomass digestion
with cellulase, obtaining 90% oxygenation promoting
active vascular formation within HepG2 liver tissue
attached to microchannels of gelatin methacryloyl
(GelMA) hydrogels. The latter in vitro culture con-
figuration was enhanced using GelMa hydrogel in-
oculated with human umbilical vein endothelial cells
(HUVECs) (Maharjan et al. 2021). Similar results
were reported testing a hollow-fiber bioreactor hold-
ing co-cultivation of C. reinhardtii in combination
with PSBC (primary bovine satellite cells) blood cells,
showing a qualitative improvement in dissolved oxy-
gen with an increased concentration in the culture me-
dium (Marko et al. 2022).

MICROALGAE REMOVING TOXINS
FROM ANIMAL CULTURES

In vitro cell cultures in active proliferation normally
produce ammonia and lactic acid as waste metabo-
lites. Such compounds are highly toxic to cells, forcing
up to fifteen changes in fresh culture medium as a part
of the manufacturing process (Post et al. 2020). Rou-

tine replacements of medium increase substantially
the costs of obtaining multilayer meat cuts from
muscle cells produced in vitro (Stephens et al. 2018).
The lab-grown meat industry consumes 45 L of cul-
ture medium per kg of meat manufactured. This makes
the process economically challenging, considering
commercial production requires a continuous esca-
lation to satisfy market demands (Post 2014; Richelle
and Lewis 2017). In this sense, new methodologies
ensuring the removal and reuse of toxic byproducts
need to be implemented (Mattick et al. 2015; Al-
lan et al. 2019).

The toxic effects of lactic acid and ammonia are
evident at concentrations greater than 20-30 mM and
2-3 mM, respectively (Schneider et al. 1996; Haragu-
chi et al. 2017). These effects are harmful to cells, af-
fecting the density and metabolism of cellular energy
(Schneider et al. 1996). Microalgae such as C. vul-
garis are considered extremophile organisms (Pang
et al. 2020). Microalgae and cyanobacteria tolerate
high concentrations of ammonia, being able to metab-
olise these molecules with glutamate to synthesise glu-
tamine (Haraguchi and Shimizu 2021b). Since oxygen
provision in tissues and aerobic respiration of mam-
malian cells is promoted by microalgae co-cultures,
the conversion to lactate from pyruvate is reduced,
consequently reducing the concentration of lactic acid
in cultures (Hopfner et al. 2014; Lode et al. 2015; Hara-
guchi et al. 2017; Haraguchi and Shimizu 2021a, b;
Maharjan et al. 2021).

Cultures of C. vulgaris and C. littorale with C2C12
mouse myoblast cells were evaluated for ammonia
recycling. A consumption of 26% and 80% of to-
tal ammonia levels were reported in the cultures
with C. vulgaris and C. littorale, respectively (Hara-
guchi and Shimizu 2021b). Similar results showed
co-cultivation of C. littorale in combination with
C2C12 mouse myoblasts cells and mouse heart cells
without scaffolds, obtaining a reduction of up to 88%
content of ammonia (Haraguchi et al. 2017). The co-
cultivation of C. vulgaris and C2C12 cells, resulted
in increased utilisation of ammonia up to 91%, with-
out scaffold. Also, levels of lactic acid and lactate
are decreased by microalgae. A reduction of 29%
in the L/G rate was detected, meaning lower levels
of toxic lactate relative to glucose molecules synthe-
sised (Haraguchi et al. 2017; Haraguchi and Shimi-
zu 2021a). A summary of the results on applications
of microalgae as an oxygen source and for remov-
al of toxic compounds from mammalian cultures can
be found in Table 3.
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Table 3. The use of microalgae as source of oxygen and waste recycling in co-cultures with mammalian cells

Appl.lcatlons Microalgae species Mammalian cell line Results Reference
of microalgae
Oxygen source Chlamydomonas . increase of 26.1% Hopfner
(in scaffolds) reinhardtii fibroblast cell line 3T3 in oxygen concentration etal. 2014
Oxygen source Chlamydomonas primary bovine co-cultures showed Marko
(in bioreactor) reinhardtii satellite cells greater dissolved oxygen et al. 2022
human liver
cancer cell line HepG2 increased cell viability in cells .
Oxygen source Chlamydomonas . . Mabharjan
. . . C2C12 mouse myoblasts treated with microalgae
(in scaffolds) reinhardtii ; et al. 2021
e . in a 7-day culture
human umbilical vein
endothelial cells (HUVECs)
dissolved oxygen
Oxygen source Chlamydomonas human osteosarcoma concentration increased from Lode
(in scaffolds) reinhardtii cell line SaOS-2 0.06 mg-L™! to 1.16 mg-L~! etal. 2015
in 24 h cultures
Thicker lab-meat tissue
Oxygen source is obtained (200—-400 pm) .
and removal Chlorella vulgaris ~ C2C12 mouse myoblasts without tissue damage. Ha.raguchl and
. . Shimizu 2021a
of toxic compounds Ammonia levels were
reduced by 35-91%.
. : Thicker lab-meat tissue
mouse cardiac cell line
Oxygen source Chlorococcum is obtained (160 pm). Haraguchi
and removal . .
of toxic compounds littorale Cac1o bl Levels of ammonia etal. 2017
mouse myoblasts reduced by 85-88%.
Chlorococcum C. vulgaris depleted
Removal . . Haraguchi and
littorale 9 -
of toxic compounds C2C12 mouse myoblasts ~ 26% ammonia in co-cultures, Shimizu 2021b

Chlorella vulgaris

whereas C. littorale 80%

Microalgae was evaluated as a source of oxygen and its potential for removal of toxic compounds in co-cultures with
different mammalian cell lines; results are presented as increased levels of oxygen, reduction of ammonia, tissue strati-

fication, and cell viability

ECONOMIC CONSIDERATIONS FOR
MICROALGAE AND LAB MEAT
PRODUCTION

Microalgae biomass production systems are under
technological exploration. Exploitation of microal-
gae is economically sustainable, producing high-value
products for low-demand markets. Several companies
originally created for biofuels transitioned to these
industries. Carotenoids, polyunsaturated fatty ac-
ids and immunostimulatory polysaccharides make
microalgae production systems affordable for in-
vestors (Barsanti and Gualtieri 2018). Soybean pro-
duction is USD 1 per kg, beef is USD 3 per kg, and
microalgae biomass is around USD 3 per kg. Com-
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panies such as Unilever and Nestlé collaborate with
startups to develop novel products in microalgae
systems (Khalil 2021). Microalgae is still character-
ised by low energy conversion in aerobic photosyn-
thetic process. The goal is that genetic modifications
of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RUBISCO) in novel strains with high biomass will
promote the incorporation of microalgae in the mar-
ket. Also, the optimisation of photobioreactors for effi-
cient light transmission is expected to increase biomass
yields to 30 g per m? per day and fatty acid accumula-
tion by up to 40%, to be economically viable. According
to recent reports, 10 years of research and develop-
ment are required to reach microalgae economic sus-
tainability (Barsanti and Gualtieri 2018). Nevertheless,
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algae biodiesel and bioethanol are commercially avail-
able at USD 5 per gallon and USD 2.95 per gallon, re-
spectively. Companies like Algenol sustain industrial
production of biodiesel, costing up to 85 cents per liter
(Khan et al. 2018). Lab meat faces similar constraints;
the cells must perform at a high metabolic rate to in-
tensify the production with a drastic reduction of cul-
ture medium cost (Humbird 2021).

Lab meat technology underscores the urgent need
for alternative sustainable products. This technol-
ogy demands a complete reconstruction of agricultural
systems, ensuring social and economic sustainability.
Nevertheless, an important challenge involves over-
coming financial risk liability for investors (Tuomisto
and Teixeira de Mattos 2011). Only few examples
of economic value are available for lab-meat endeavors.
Startup initiatives normally do not release financial
expectations data (Li et al. 2022). The business model
demands the selection of two types of products: un-
structured cell biomass or structured tissue. The for-
mer should involve harvesting, enzymatic processing
for texturing, for obtaining a ground meat-like product
ready for extrusion. The latter requires an edible scaf-
fold of nursing cells, shaping a beef steak-like tissue.
The unstructured animal cell biomass could be used
in a great variety of meat substitutes and so would
be economically more feasible (Humbird 2021). Lab
meat affordability is the main concern for investors.
Technological improvements are required for a signifi-
cant reduction in manufacturing costs. Several feasibil-
ity studies show that lowering costs in culture medium
for animal cells make this meat's high-scale production
affordable. More than 25 companies are dedicating ef-
forts in replacing animal culture medium with alter-
native, cost-effective components derived from plants
and microalgae (Li et al. 2022).

Considering the latter, lab-meat and meat-like pro-
jects raise enthusiasm among venture capital investors.
Additional dedication should be applied on these pro-
jects, especially public initiatives funding on research
and development (R&D) to implement a profitable
product. A growing expansion business is the market
for plants and microalgae as feedstock in meat-like
products (Brevel, Chunk, Redefine Meat) and imple-
menting lab-grown meat (Mewery, SuperMeat, Aleph
farms). Recently, the company Mewery announced
the incorporation of microalgae to manufacturing
lab-grown meat pork. The latter and innovative en-
trepreneurs such as Upside Foods rely on the pend-
ing authorisation of these products. Singapore and
the United States are the only countries with author-

ised commercialisation under the 'novel food' category
(Barsanti and Gualtieri 2018).

CONCLUSION

In this review, we present a critical analysis of the
incorporation of microalgae in the manufacturing
of lab-grown meat. According to recent data, bio-
mass extracts from photosynthetic species can par-
tially substitute not only the use of FBS but also the
macro- and micronutrients from the basal defined
medium. Future research efforts should evaluate
if this partial replacement significantly reduces the
cost of lab-cultured meat production. Co-culture as-
says using microalgae nourishing mammalian cells
can also enhance oxygen concentration and stimulate
aerobic respiration to create meat tissues at least twice
as thick as previously achieved. Moreover, this system
has made possible the reutilisation of ammonia and
lower lactate to non-toxic levels, expecting to reduce
the costs relative to medium replacement during cul-
tured meat manufacture. The most suitable configura-
tion integrating microalgae towards industrial in vitro
meat production remains a subject for future studies.
Additional research is necessary to improve aspects
of production, such as affordable medium costs and
metabolic improvement of animal and microalgae cells
to yield cost-effective lab meat products. As reviewed,
the active collaboration between academia and indus-
try has been quite successful in lab-meat manufacture.
To date, emerging companies are using this technol-
ogy and have received significant investment funds
as financing, so a greater transfer of new solutions
to the market can be expected in the medium term.
The field of research on the use of microalgae in cul-
tured meat production is also expected to grow con-
siderably in the following years.
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