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Summary 
 
 
Cell-based food production encompasses a variety of techniques and technologies that enable the 
production of animal proteins from in vitro grown animal or microbial cells. Most of them are currently 
under development and some are ready to be scaled up for commercialization. Cell-based food 
production can aim at producing a wide variety of products with different animal proteins from beef, 
pork, poultry, fish, shellfish and many others, including dairy and egg products. Therefore, it is not 
optimal to develop a detailed overview of the production process of cell-based food as a whole, but a 
generic understanding of a high-level process for cell-based food production can be illustrated. By 
having such a basic understanding, potential hazard identification, the first step in food safety 
assessment, can be initiated. To ensure the food safety of cell-based food products, it is important for 
the food safety competent authorities to identify specific potential hazards for effective national food 
control systems. The scientific literature review was conducted to provide an overview of the cell-
based food production processes currently being practised. The document also illustrates a limited 
number of the key potential hazards that have been identified through the review of the available 
literature, although further work is necessary to provide a comprehensive list of food safety hazards. 
The document serves as a basis to initiate the first step of the appropriate food safety assessment, 
which will eventually support both cell-based food developers and regulators worldwide in making 
informed decisions on setting up food safety assurance systems. 
 
 
Keywords: cultured meat, cultivated meat, cell-based food, alternative proteins, production process, 
large-scale production, food safety, standards, risk assessment, food safety hazards  
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1. Introduction
1.1. Background 
Food safety is an essential element to achieve food security, and regardless of how food is produced, 
consumers expect all food products to be safe to eat. While various steps are involved in overall food 
safety assurance, one of the first practical and important steps to ensure food safety is the 
identification of potential hazards in food production chains, in order to further assess the risks 
associated with implementing measures to reduce or mitigate any adverse health impact. 

Cell-based food production encompasses the in vitro cultivation of animal cells or microbial cells for 
the production of analogues of animal or plant products (e.g. animal tissues or specific animal or plant 
proteins and fats), with nutritional properties matching those of conventionally produced 
components. Technologies in this area are rapidly developing and various types of large-scale cell-
based food production are on the horizon. These technologies could possibly play an important role 
in supporting the increasing global demand for animal-sourced protein (Henchion et al., 2021) and 
provide more sustainable ways of producing animal protein in the so-called “protein transition” 
(Aiking and de Boer, 2020). 

It is important to apply the same level of food safety assurance of currently commercialized food 
products to animal cell-based food products as well, thus a basic understanding of the cell-based food 
production processes is an important preliminary step prior to food safety hazard identification. To 
this end, the aim of this technical report is to provide an overview of the available literature for a 
generic understanding of the relevant technologies and production processes for animal cell-based 
food and the potential food safety hazards and/or relevant concerns. 

1.2. Scope 
Animal cell-based food production can employ a wide variety of cells to initiate the production 
process in order to develop cellular products such as proteins, fats or tissues from whole animal 
cells of poultry, cattle, pork, fish (e.g. salmon and tuna), game animals (e.g. kangaroo and quail), 
shrimp, crab, and lobster (Hong et al., 2021; Miller, 2020). The specific production processes for 
each cell-based food product may vary considerably. This document therefore primarily focuses on 
the processes that are common for the majority of production chains for animal cell-based food 
products. Therefore, this document can be interpreted as an overview of the main characteristics of 
generic production process steps and the relevant potential food safety hazards or concerns. In 
addition, as the Food and Agriculture Organization of the United Nations (FAO) aims to provide 
scientific information to the relevant competent authorities, particularly those in low- and middle 
income countries (LMICs), key considerations for countries with limited knowledge, resources 
and capacity are included. This document is being published as one of the background document 
series for the expert consultation in November 2022, thus the contents will be further added to, 
modified and refined in the final publication in 2023. Therefore, the present document can be 
considered as valid until that time. 
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2. Methodology 
A systematic literature search strategy for the collection of data on aspects of cell-based food products 
was defined, using search strings related to the production technologies for cell-based food products, 
in relation to potential food safety hazards and concerns. The strategy covers the collection of data 
from both English-language scientific literature and from “grey” sources for the period 2013-
2021.  The latter include national/supranational/regional competent authorities, international 
organizations, private sectors, academia, research institutions, civil societies and non-governmental 
organizations, amongst others. Information from these grey sources was collected from publicly 
available websites, white papers, reports, reviews and guidelines.  Data from scientific literature were 
collected from the databases Web of Science, Scopus and Centre for Agriculture and Bioscience 
International (CAB) Abstracts, and records retrieved from databases were searched through and 
screened for relevance before retrieval of full references and in-depth screening. 
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3. Results 
3.1. General processes for animal cell-based food production 
Manufacturing processes for animal cell-based food products may significantly vary depending on the 
type of cell line used (livestock, poultry, fish or seafood) and the nature of the final product (e.g. a 
burger, steak or nuggets). Nevertheless, a general process includes four key production stages (i) 
target tissue or cell selection, isolation, preparation and storage, (ii) cell proliferation and possible cell 
differentiation during large-scale biomass production (iii) tissue or cell harvesting, and (iv) processing 
and formulation of food products (Ong et al., 2021). Depending on the commodity and desired final 
product, each of these stages can have different sub-steps for completing the specific stage. To 
present a high-level understanding of the production process, an overview of the common cell-based 
food production process has been summarized in Box 1. 
 

Box 1. A generic overview of the cell-based food production process 
1. Cell selection 

a. Cell sourcing 
b. Cell isolation  
c. Cell preparation 
d. Cell storage 

2. Production 
a. Cell proliferation 
b. Cell differentiation 

3. Harvesting 
4. Food processing and formulation 

Source: FAO. 2022. Thinking about the future of food safety - A foresight report. Rome. 
www.fao.org/3/cb8667en/cb8667en.pdf. 

 
3.2. Cell selection – sourcing, storage, isolation and preparation 
3.2.1. Cell sourcing 
Production of cell-based food starts with the selection of the desired cell sources (livestock, poultry, 
game, fish, seafood) and cell types (e.g. non-differentiated stem cells, muscle precursor cells, 
fibroblasts or adipose-derived cells) to be used for developing the final product. Small tissue samples 
can be obtained by taking a biopsy from live or slaughtered animals, after which the desired cell type 
can be isolated or reprogrammed for in vitro cultivation. It is important that, before taking biopsies, 
the health status of the animal is confirmed. Cells used for cell-based food production can be e.g. 
embryonic stem cells,  which are pluripotent cells that are located within blastocysts and have an 
unlimited capacity for self-renewal and the ability to differentiate into any somatic cell type, induced 
pluripotent stem cells (iPSCs) that are derived from reprogrammed adult somatic cell and have 
regained their capacity to differentiate into any cell type found in the body, mesenchymal stem cells 
or adult stem cells such as myosatellite cells (Ben-Arye and Levenberg, 2019; Ong et al., 2021; Reiss, 
Robertson and Suzuki, 2021). For some products, primary cell lines that are freshly isolated from 
specific organ tissues and maintained for growth in vitro might be used, which is the case for most fish 
cell lines, as they are not readily available from cell culture collections (Rubio et al., 2019). 
Mesenchymal stem cells can readily be obtained from bone marrow or adipose tissue, while muscle 
precursor cells are sourced from muscle. 
 
3.2.2. Cell isolation 
Tissues obtained from biopsies are either explanted (a method whereby a sample adheres to a plate, 
which encourages cell migration to the culture surface) or further processed through mechanical and 
enzymatic steps that liberate the cells. One example is the isolation of muscle cells, where enzymatic 
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digestion uses e.g. trypsin or collagenase to release cells from muscle samples (see Figure 1 and Box 
2). In general, the use of digestive enzymes enables the isolation of muscle stem cells from a large 
piece of muscle without damaging the cells, though some digestion of cell surface antigens may occur. 
As for all isolation methods, it also carries the risk of contamination with other types of cells. 
Complementary methods are therefore warranted for further purification of muscle stem cells from 
these initial extracts. Methods that have been successfully used to this end can be cost-demanding 
(though negligible in the overall costs for the production process) and include selective plating, 
differential adhesion, cytochasalin-B-based detachment of myogenic cells from myoblast cultures 
(Choi et al., 2021), cell capture using magnetic beads with cell-specific antibodies or fluorescence-
activated cell sorting (FACS) (Post et al., 2020; Rubio et al., 2019), or Percoll density gradient 
centrifugation. It may therefore be important to develop alternative pre-plating methods amenable 
to industrial-scale production (Guan et al.). Figure 1 shows a general scheme for isolation of muscle 
satellite cells from livestock and poultry for cultured muscle tissue (CMT) production. Specific cell 
isolation procedures may apply, depending on the desired cell types; thus two examples for livestock 
and poultry have been provided in Box 2 and Box 3 to illustrate the different cell sourcing and isolation 
processes. Detailed isolation procedures also exist for other cell types, such as adipose-derived stem 
cells (Lu et al., 2014; Sampaio et al., 2015), mesenchymal stem cells (Feyen et al., 2016; Vassiliev and 
Nottle, 2013) or fibroblasts (Park et al., 2022). For cells derived from fish or seafood, protocols are 
currently not publicly available.  
 
Figure 1. Flow diagram for the sourcing and isolation of cultured muscle satellite cells 

 
Source: Joo, S.-T., Choi, J.-S., Hur, S.-J., Kim, G.-D., Kim, C.-J., Lee, E.-Y., Bakhsh, A. & Hwang, Y.-H. 

2022. A Comparative Study on the Taste Characteristics of Satellite Cell Cultured Meat 
Derived from Chicken and Cattle Muscles. Food Science of Animal Resources, 42(1): 175–185. 
10.5851/kosfa.2021.e72. 
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Box 2. Cell sourcing and isolation of chicken and bovine muscle satellite cells 
 
The flow diagram for the cultured muscle satellite cell isolation is shown in Figure 1.  
 
Cell sourcing 
Skeletal muscle samples were derived from 4 to 6 week-old broiler chickens or 24 to 27 month-old 
cattle steers. Animals were euthanized following approved humane methods. Several small pieces 
of the pectoralis major muscle from chickens and the biceps femoris muscle from cattle were 
removed from the carcasses immediately after slaughter. The collected muscle pieces were 
sterilized with 70 percent ethanol, placed in Hanks' Balanced Salt Solution containing 3 percent 
antibiotic-antimycotic (containing penicillin, streptomycin, and amphotericin B), and transported to 
the cell culture laboratory. On a clean bench, muscle pieces were washed once with 70 percent 
ethanol and placed in a Petri dish. Each muscle tissue was rinsed 3–5 times with a 4-fold volume of 
cold phosphate-buffered saline (PBS), followed by the removal of visible adipose and connective 
tissue. Muscle tissue was cut into very small pieces using scissors after spraying with 0.25 percent 
trypsin-EDTA. Muscle tissue was minced and 4 grams of minced muscle were transferred and 5 
times the volume of 0.25 percent trypsin-EDTA was added. Muscle tissue was transferred to a tube 
and incubated in a water bath at 37 °C for 30 minutes while gently inverting every 10 minutes. The 
digested muscle tissue was collected by low-speed centrifugation, and after removing supernatant, 
10 mL of proliferation medium (PM) was added to the pellet and serially filtered through 100, 70, 
and 40 μm strainers. The filtered cell suspension was centrifuged to collect the cell pellet. 
 
Isolation of muscle satellite cells 
Muscle satellite cells (MSCs) were separated by the pre-plating method utilizing the difference 
between the cell adhesion rate and the growth rate. The cell pellet obtained after sourcing was re-
suspended in PM, and plated onto a cell culture dish coated with 0.2 percent gelatin. The cell culture 
dish was incubated at 37 °C in the presence of 5 percent CO2 for 1 hour (pre-plating 1, PP1). 
Fibroblasts quickly adhered to the bottom of the cell culture flask, while MSCs remained in the 
supernatant. The supernatant containing MSCs was collected in a centrifuge tube and centrifuged 
for 10 minutes at 500×g. The MSC pellet was re-suspended with PM, plated onto a cell culture dish 
and incubated at 37 °C with 5 percent CO2 for 2 hours (pre-plating 2, PP2). The supernatant and 
non-attached cell suspensions were recovered, centrifuged again, and only the cell pellets were 
cultured for 24 hours (PP3). This pre-plating process was repeated up to PP5 to isolate muscle 
satellite cells that are as pure as possible in the final PP5 fraction. Cells in all steps from PP1 to PP5 
were cultured in PM. 
 
Source: Example protocol from Joo Seon-Tea et al. A Comparative Study on the Taste 
Characteristics of Satellite Cell Cultured Meat Derived from Chicken and Cattle Muscles. Food Sci 
Anim Resour. 2022;42(1):175–185. https://doi.org/10.5851/kosfa.2021.e72]. 
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Box 3. Cell sourcing and fluorescence-activated cell sorting to enrich bovine muscle satellite cells   
 
Alternative isolation protocol for bovine muscle satellite cells (not related to Figure 1). 
 
Cell sourcing 
Bovine satellite cells were derived from fresh (within 30 minutes of euthanasia) muscle samples 
obtained from 1 to 2 year-old male cattle. Freshly harvested bovine muscle was immediately 
transferred to the lab on ice and washed with 75 percent ethanol for 1 minute, followed by washing 
2 times in phosphate-buffered saline (PBS). Tissues were mechanically dissected and dissociated 
with collagenase II (CLS-2, 0.2 percent) in Dulbecco's Modified Eagle Medium (DMEM) 
supplemented with 1 percent penicillin-streptomycin at 37 °C for 1.5 hours. The mixture was mixed 
by vortexing or triturated with a pipette every 10 minutes. After digestion, 20 percent fetal bovine 
serum (FBS) in DMEM was added and mixed well with a pipette. Muscle fragments were centrifuged 
at 80 g for 3 minutes and the supernatant was collected as mononuclear cell suspension. The 
precipitated debris was again triturated with a 20-gauge needle in PBS and centrifuged at 80 g for 
3 minutes. The supernatant was collected and mixed with previous mononuclear cell suspensions. 
After centrifugation at 1,000 g for 5 minutes, the cells were washed twice with PBS followed by 
DMEM with 20 percent FBS. After that, the cells were filtered through a 100 µm cell strainer 
followed by a 40 µm cell strainer. The cells were then centrifuged at 1,000 g for 5 minutes at 4 °C 
and incubated with the erythrocyte lysis buffer (ACK) buffer for 5 minutes on ice. The cells were 
washed twice with PBS and cell pellet was reconstituted with FACS buffer (1 percent bovine serum 
albumin [BSA] in PBS) or frozen in FBS supplement with 10 percent dimethyl sulphoxide (DMSO) 
until further use. 
 
Fluorescence-activated cell sorting 
Frozen cells were recovered in a 37 °C water bath and washed with PBS twice before further 
processing. The cells were resuspended in FACS buffer and stained with selected APC anti-human 
CD29 Antibody (1:10), PE-CyTM7 anti-human CD56 (1:10), FITC anti-sheep CD31 (1:10), FITC anti-
sheep CD45 (1:10) for 30–45 minutes on ice. After antibody incubation, the cells were washed twice 
with cold PBS and reconstituted in F-10 with 20 percent FBS. The viable CD31−CD45−CD56+CD29+ 
cells (bovine satellite cells) were isolated by cell sorting. Cell sorting was performed with a BD 
FACSAria cell sorter using 405 nm, 488 nm and 640 nm lasers. Unstained cells were routinely used 
to define FACS gating parameters. 
 
Source: Example protocol from: Ding, S., Swennen, G.N.M., Messmer, T. et al. 2018. Maintaining 
bovine satellite cells stemness through p38 pathway. Sci Rep 8, 10808. 
https://doi.org/10.1038/s41598-018-28746-7. 

 
3.2.3. Preparation of robust production cell lines 
Many cell lines currently used for cell-based food production are not genetically modified (Hadi and 
Brightwell, 2021; Post et al., 2020; Zhang et al., 2020). These cell lines therefore may not necessarily 
possess the exact physiological or genetic characteristics desired for optimized growth and prolonged 
cultivation in large-scale bioreactors, such as a limited number of cell divisions, or low resistance to 
shear stress and sub-optimal oxygenation. Developing so-called immortalized cell lines is one of the 
approaches that could lead to cells with an extended proliferation capacity. This can be achieved by, 
for example, targeting the telomerase activity through genetic modification and thereby preventing 
senescence (Soice and Johnston, 2021), but  can also be obtained through non-GM methods whereby 
primary cells are serially subcultured until clonal populations of immortalized cells arise from 
spontaneous genetic variation over time.  
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3.2.4. Cell storage 
The cell type used for cell-based food production has a large impact on the parameters used in the 
production process, as each cell type has its particular requirements that might be beneficial for or 
detrimental to efficient production. For consistent production of cell-based food products, it is also 
vital to use stable cell lines that maintain the same genetic and physiological characteristics and exhibit 
uniform/consistent production performance over time. This necessitates storage of cells after 
isolation from animals (primary cells) or storage of cells from specific stages of the production process. 
To this end, cells are stored as frozen aliquots in master cell banks after the addition of 
cryopreservation fluid  (Ong et al., 2021). Individual vials of the master cell bank can then be used to 
generate large “working” cell banks from which individual vials are used to initiate cultures for each 
production run or period of experimentation (Healy, Young and Stacey, 2011). Prior to 
cryopreservation, cell lines are screened for the presence of microbial contaminants, and may be 
verified for the species cell line identity to ensure that cell cultures are not contaminated during the 
seed phase of biomass production (Andriolo et al., 2021). Cell banks for animal cell lines have not been 
developed yet for many animal species, in particular for fish, and establishing such cell banks is 
therefore an important factor for future large-scale cell-based food production (Ramani et al., 2021). 
 
3.3. Production - cell proliferation and differentiation and large-scale production 
3.3.1. Cell proliferation 
For large-scale production, isolated cells need to be proliferated on a large scale and to a high cell 
density and in many cases differentiated into specific cell types, which will involve several scale-up 
steps from the seed stage to full scale production in large bioreactors (1 000–10 000 L volumes or 
higher). The cell source and type used have an important impact on the proliferation and scale-up 
requirements. Cell types such as skeletal muscle cells, fibroblasts, satellite cells, and iPSCs are in 
general being favoured, on their own or in combination with adipogenic stem cells, and each have 
their particular benefits and requirements for proliferation factors such as oxygenation, pH and 
temperature (Swartz, 2021). While most mammalian cells typically need to be proliferated at a narrow 
range of temperatures from 36.5 to 37.5 °C (Choi et al., 2021), fish cells can be grown at much lower 
temperatures in a wider range between 15 and 30 °C. Moreover, fish cells are expected to tolerate 
lower oxygen levels compared with mammalian cells and to be more adaptable to a wider pH range, 
based on the physiology of fish and aquatic invertebrates (Fernandez et al., 1993; Rubio et al., 2019). 
The use of a fresh/non-exhausted medium is also considered important, as it was found that medium 
exchange was critical in maintaining good cell growth (Hanga et al., 2020). 
 
For creating cell-based fat, mesenchymal stem cells isolated from fat or bone marrow may be an 
option as these multipotent stem cells have the capability to develop into fat cells (adipocytes) (Fish 
et al., 2020). iPSCs, for example, can still develop into myotubes, a propensity also exploited in 
research into human tissue engineering for medical purposes. In addition, adipose tissue-derived stem 
cells (ADSCs) can also be triggered to develop into various types of cells, such as bone-, muscle-, and 
fat-cells (Balasubramanian et al., 2021). The tendency of the isolated cells to proliferate and 
differentiate may differ depending on the tissues from which they are sourced, as shown for muscle 
satellite cells (Choi et al., 2021). Reiss et al. (2021) point out that pluripotent stem cells may be costlier 
to obtain and to grow, and that more time may be needed to have them differentiate into cells with 
the desirable phenotype. They also note that primary adult stem cells, for example, may be easier to 
obtain from e.g. biopsies of animal muscle tissue.  For seafood, the fact that fish muscle consists of 
three different types of muscle (red, white, pink) opens up possibilities when designing cultivation 
systems (Rubio et al., 2019). 
 
Co-cultures of different types of cells, such as muscle and fat cells, may not only help to mimic the 
structure and characteristics of meat, poultry or fish closely (e.g. marbling) but different types of cells 
may also secrete factors and matrices that induce other cell types to proliferate and differentiate 
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(Balasubramanian et al., 2021). Various authors, for example, used a technique to layer alternating 
sheets of muscle and fat cells on top of each other (Pandurangan and Kim, 2015; Shahin-Shamsabadi 
and Selvaganapathy, 2021). Co-cultures may also be used for the creation of “self-organizing” methods 
of cell-based food production, as an alternative to methods employing scaffolds. One challenge in this 
regard is the transport of nutrients and oxygen throughout the mixed-cell-type tissues being formed, 
which may be done with the aid of artificial blood-circulation-imitating concepts (Bhat, Sunil and Hina, 
2015). 
 
3.3.2. Cell differentiation 
After cell proliferation, cells need to be induced to differentiate into cell types with the desired 
characteristics for the cell-based food product. Cell differentiation can be stimulated e.g. by changing 
to a culture medium with an altered composition of signalling molecules, environmental conditions or 
by changing scaffolds. Medium composition for cell differentiation can be achieved by addition or 
removal of growth factors, vitamins, amino acids or trace minerals. The media used are complex, and 
besides the proper amounts of, e.g. lipids, amino acids, and vitamins, the addition of essential growth 
factors is also required to stimulate the proliferation and differentiation of those cell types that do not 
produce such factors themselves in culture (Arshad et al., 2017). The chemical and biochemical 
compounds that could act as hormones or growth factors for this purpose range widely, including for 
example steroids, signalling molecules, insulin and insulin-like growth factors (IGFs), fibroblast growth 
factors (FGFs), transforming growth factor beta-2 (TGF-βs), and interleukins (Choi et al., 2021). As cell 
differentiation is never 100 percent efficient, further purification might still be required of the target 
cell type. Whilst plasma and serum from animals, such as foetal calf serum, may be added for cell 
proliferation and differentiation (up to 20 percent), this might not align with the strategy directed 
towards animal-slaughter-free production. Alternatives that can be used include recombinant growth 
factors, the recycling of growth factors used by cultured cells themselves and adapting cell lines to 
grow in serum-free media or in alternative media containing plant or microbial components (O'Neill 
et al., 2021). Besides or as an alternative to growth factors, mechanical stimulation such as 
contraction, fluid flow, or magnetic particles may be used to stimulate muscle cells in particular. 
 
3.3.3. Process design for large-scale production  
Bioreactor configuration and process design takes into account factors such as oxygenation, shear 
stress, pH through carbon dioxide concentration and temperatures that are optimal for proliferation  
of the selected mammalian, fish or seafood cell line (Allan, De Bank and Ellis, 2019; Arshad et al., 
2017). Fish and seafood cell lines might be more amenable towards temperature, oxygen and pH 
ranges than other animal cell lines and might therefore be proliferated using a more simple (and 
cheaper) reactor design. In contrast, avian cell lines might require optimal growth temperatures higher 
than 37 ᵒC. Different types of bioreactors might be used for cell-based food production, such as stirred 
tank bioreactors and rocking bed bioreactors, but also those using fluidized or packed beds, or hollow 
fibres (Allen, 2013; Choi and Hyun-Jae, 2019; Djisalov et al., 2021; Hanga et al., 2020). It is important 
that the reactor configuration that is used for a specific cell line is scalable without negative effects on 
the cell proliferation and differentiation capacities that could, for example, be introduced by increased 
shear stress or reduced oxygenation. The stirred tank bioreactor is currently preferred for the large-
scale and cost-effective growth of animal cells for food production and elsewhere in the 
biopharmaceutical sector (Eibl et al., 2021). In all reactor set ups it is important to monitor the process 
carefully, such as for pH (controlled via carbon dioxide), dissolved oxygen, temperature, nutrients (e.g. 
ammonia, glutamate, glucose), biomass, cell density and proliferation, as well as cell image analysis 
(Djisalov et al., 2021). Medium exchange is expected to be critical to maintaining good cell growth, as 
was demonstrated in a lab-scale stirred flask model for growing fat cells (Hanga et al., 2020), and is 
therefore a key part of the process design.  
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Cells used for cell-based food production in many cases might need to utilize an adherent surface for 
proliferation (Ong et al., 2021). These surfaces can be microcarriers (MCs, small beads) or more robust 
scaffolds that allow the formation of more complex cell structures such as sheets. MCs are often 
composed of materials such as gelatin, dextran, collagen or polystyrene (Bodiou, Moutsatsou and 
Post, 2020). Scaffold materials might include natural components such as polysaccharides (cellulose, 
alginate, chitosan, decellularized plant materials), proteins such as gelatin and collagen (from animal 
or non-animal sources), textured soy protein or synthetic scaffold materials composed of polymers 
such as polyethylene glycol (PEG), polylactide (PLA) or polyacrylamide (Ben-Arye and Levenberg, 2019; 
Ng and Kurisawa, 2021; Seah et al., 2021). Composites of natural and synthetic materials may also be 
used. In all cases, microcarrier or scaffold materials are preferably biocompatible, biodegradable, 
edible and safe to use and, in the case of scaffolds, provide the final product with structure and texture 
(Bomkamp et al., 2022). Matrices may be structured such that the cells are stimulated to grow into 
fiber-like structures. Acevedo and co-workers (Acevedo et al., 2018; Orellana et al., 2020) employed 
an edible film with laser-cut microchannels and observed that cells after seeding did start to form 
muscle-forming (myogenic) structures. Eibl et al. (2021) note that the choice of MCs and media to be 
used in stirred bioreactors are mutually dependent for optimal results and affect the scalability of the 
process (Bodiou, Moutsatsou and Post, 2020; Eibl et al., 2021). For example, when using an air-lift 
reactor design, the air bubble size needs to be chosen carefully as the use of MCs requires a smaller 
bubble size in order to prevent cells from being dislodged from the carrier and harmed (Li et al., 2020).  
 
Biopolymers used as microcarriers or scaffolds can also serve a function as an additional fibrous 
substance in the final product, or to contain molecules that emulate the action of hormones (Ng and 
Kurisawa, 2021). Park et al. (2021), for example, describe a porous multilayer film containing different 
polysaccharides with C-phycocyanin. The latter is an algal protein with proliferation-inducing 
properties and hence a possible substitute for foetal bovine serum as a media additive. Results showed 
that muscle cells grown on this substrate displayed increased proliferation (Park et al., 2021). 
Alternatively, they can also be selected or designed to be biodegradable, with their degradation 
possibly leading to the release of flavour or nutritional compounds. Edible biopolymers are generally 
not cell-adhesive and modifications may be needed for this purpose (Ng and Kurisawa, 2021). 
 
3.4. Harvesting 
Once cells have reached their maximum density during proliferation and have differentiated into the 
desired cell type they are harvested in a way that maintains cell/tissue integrity and avoids microbial 
contamination. Cells can be collected using sedimentation, centrifugation or filtration techniques, and 
when cells were grown on scaffolds/MCs that are not edible or biodegradable, they must first be 
dissociated from the scaffold before further processing. Dissociation can be done using enzymatic, 
chemical or mechanical methods (Allan, De Bank and Ellis, 2019; Bodiou, Moutsatsou and Post, 2020; 
Rodrigues et al., 2019). Depending on the production system used, only part of the cells might be 
harvested, after which fresh (or recycled) media can be added to the remaining cells for further 
cultivation. The implementation of automated cell harvesting systems instead of manual harvesting 
could be a development that can greatly reduce the risk of contamination during the harvesting stage 
(Specht et al., 2018;Tan et al., 2017). The literature review did not find any technical articles describing 
specific harvesting processes for cell-based food products. However, Bodiou et al (2020) discuss three 
cell proliferation and harvesting scenarios as described in Box 4. 
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Box 4. Cell harvesting scenarios in cell-based food production 
 
Scenario 1: Temporary microcarriers (MCs) for satellite cells proliferation 
MCs that are used as temporary substrates for the proliferation of satellite cells (SCs) need to be 
removed before further processing, which requires (1) a high detachment (dissociation) yield and 
(2) easy separation from the cells. 
 
Dissociation of SCs from MCs can be based on (i) chemical, (ii) mechanical or (iii) thermal principles 
to detach cell from MCs while maintaining cell viability, proliferation and differentiation capacity. 
(i) Chemical detachment consists of the enzymatic and non-enzymatic dissociation of cells. The 
enzymatic detachment is based on proteases in combination with chelating agents for Ca2+ to 
reduce cell binding. Non-enzymatic dissociation agents, such as dextran-sulphate, N-acetyl-L-
cysteine and dithiothreitol, mimic enzyme activity that cleaves or degrades MCs’ coating;  (ii) 
mechanical methods to detach cells from MCs include pipetting, high agitation and vibration and 
can be used in combination with enzymes and chelators like trypsin-EDTA; and (iii) thermal response 
materials used for cell detachment from MCs can undergo a phase transition and/or morphological 
modification in response to a variation of temperature, leading to cell detachment. The advantages 
of mechanical and thermal techniques over chemical techniques are that they do not require the 
use of dissociation agents and do not have washing steps before and after dissociation which leads 
to longer processing times and extensive manipulation of the culture. 
 
Separation systems for separating detached cells from MCs are based on one of the following four 
principles: filtration, centrifugation, inertia and magnetism. The most common filtration methods 
use dead-end filtration systems, (alternate) tangential flow filtration or continuous centrifugal 
separators. Magnetism can be used as a separation method when magnetic particles (made from 
iron, nickel, cobalt or their alloys) are incorporated into the MCs’ core. After dissociation of the cells 
from the surface of the MCs, the introduction of a magnetic field separates the MCs from the cells. 
 
Scenario 2: Non-edible, degradable microcarriers 
MCs that serve as a temporary substrate for cell proliferation are separated at the end of the 
process through MC degradation instead of dissociation in order to obtain the cells. Diverse natural 
or synthetic degradable materials have been used for MC production, including polystyrene, 
cellulose, collagen, gelatin, alginate, chitosan, Poly(L-lactic-co-glycolic acid) (PLGA), polylactide 
(PLA), or poly(+-caprolactone)(PCL). These polymers can be degraded according to five principles: 
thermal, chemical, mechanical, photo and biological degradation. The degradation of MCs needs to 
be controlled in order to be robust, fast and prevent damage or interaction of the SCs with the 
degradation products. In addition, premature degradation of MCs should be prevented during cell 
proliferation. Up to date, only one MC has been commercialized and developed with the purpose 
of being totally and rapidly biodegradable for cell harvesting. It is made of cross-linked 
polygalacturonic acid (PGA) and can be easily dissolved within 10–20 minutes using an EDTA 
solution in combination with pectinase, which that digests the polymer. Other polymers including 
dextran, cellulose, collagen, pectin or gelatin could be enzymatically digested in a similar way. 
 
Thermal and photo degradation, are likely to be less suited for cell culture, as the high temperatures 
required to thermally degrade polymers, or the ultraviolet radiation needed to induce photo-
degradation are known to cause protein and DNA denaturation and damage. Mechanical forces 
such as stirring speeds, shaking or fluidization can also be used in combination with chemical 
degradation (enzymatic or non-enzymatic) to facilitate/accelerate the degradation process and 
reduce the concentration of enzymes. Finally, slowly degrading materials compatible with SC 
culture could also be performed. The use of degradable MCs eliminates the need for separation,  
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Box 4 (Cont.) 
 
thereby simplifying the process and resulting in increased cell recovery. The resulting cell 
suspension can be washed and directly used for downstream processing. 
 
Scenario 3: Edible microcarriers (MCs) embedded in the final product 
MCs composed of edible materials can be embedded in the final product. As opposed to scenario 1 
and 2 where MCs are considered as a food contact material, in this scenario, MCs should comply 
with the regulations for use as a food ingredient or additive. Edible polymers that can be used as 
substrates for cell expansion belong to four categories: polysaccharides (e.g. starch, alginate, 
carrageenan, chitosan, cellulose, carboxymethylcellulose, pectin), polypeptides (e.g., collagen, 
gelatin, gluten), lipids (e.g., paraffin, shellac) and composites/synthetics (e.g., PGA, PEG). They have 
been widely used in the food industry as stabilizers, thickeners, coatings and emulsifiers. Less 
stringent separation methods through sedimentation or centrifugation are more relevant in this 
context. Edible MCs with controllable degradation properties can also be used and be partially 
degraded, remaining in the cell harvest for further processing. The dissociation step can be omitted 
completely when using edible MCs, and the edible polymer to be used as a cell substrate during cell 
proliferation can be designed to enhance or introduce desired properties, such as texture, taste or 
colour. 

 
3.5. Food processing and formulation 
Harvested cells/tissues are further processed and formulated into a specific type of cell-based food 
product for commercialization. In most cases, this involves the addition of other food ingredients for 
flavour and in some cases it may involve the addition of preservatives. Different cell types may also 
be combined (e.g. muscle and fat cells) to replicate the structure and texture of conventional meat or 
meat cells/tissue combined with plant-based components to produce blended products. Common 
techniques to achieve structure and texture in cell-based food products include shear-cell technology, 
extrusion or 3D-printing, depending on the desired final product type (Handral et al., 2020). In 
addition, biopolymers can be used to impart structure to the cell-based meat structure. Ideally, such 
biopolymers are already used during the cultivation stage as a cost-effective means for triggering 
myotube formation, for example, in the final stage of cell cultivation within a scaffold in a fixed bed 
reactor, following passages through stirred and suspension reactors for the multiplication of cells.  
Alginate (besides many other polysaccharides such as carrageenan, pectin, gellan, xanthan, etc.) 
appears to be an attractive candidate for this purpose as this biopolymer can accommodate smaller 
parts of cultured tissue into a kind of reconstituted meat product. Its gelatinization can be induced at 
low temperatures by the addition or release of calcium ions.   
 
3.6. Potential food safety hazards and concerns 
3.6.1. Overview 
Cell-based food production involves various processes, techniques and steps and in some cases, novel 
inputs, meaning added steps, materials, technologies or techniques that have not commonly been 
used in conventional food production (i.e. scaffolds or modified cell properties) can be used. To be 
able to properly identify potential hazards, a generic mapping of potential hazards and concerns is 
presented in the simplified table in Table 1. 
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Table 1. A generic map of potential hazards/concerns in production processes 

 Transmission of 
zoonotic infectious 
diseases 

Residues and by-
products 

Novel 
inputs 

Biological 
contamination 

1. Cell selection x x  x 
2. Production x x x x 
3. Harvesting  x x x 
4. Food processing  x x x 

Source: FAO. 2022. Thinking about the future of food safety - A foresight report. Rome. 
https://www.fao.org/3/cb8667en/cb8667en.pdf.  

 
3.6.2. Potential hazards/concerns during cell selection 
The cell sourcing, isolation and storage steps in cell-based food production may introduce microbial 
contaminations that could be propagated during subsequent production phases. A potential hazard is 
the transmission of zoonotic infectious diseases and foodborne pathogens from the source animal 
that is used to obtain biopsies, although the chances are considerably lower compared with 
conventional livestock breeding (Treich, 2021). Commonly encountered pathogenic bacteria that 
reside on or in animals and their faeces include Salmonella, Campylobacter, Escherichia coli and 
Listeria, and also of specific importance is the transmission of pathogenic Mycoplasma species (see 
3.6.3) Along with these bacteria other pathogens that might contaminate cell lines are animal-derived 
viruses and parasites (FAO/WHO, 2014; Ong et al., 2021). 
 
To prevent contamination by microorganisms during cell sourcing, isolation and storage, it is common 
practice to use antibiotics (see Boxes 1 and 2) and some of these antibiotics might be used further in 
the initial cell proliferation phase (seed stage). Cryoprotectants are used for cell storage of production 
cell lines in cell banks. Common cryoprotectants used for the cryopreservation of cell lines include 
dimethyl sulfoxide, (poly)ethylene glycol, trehalose and sucrose (Choi et al., 2021), where DMSO has 
been shown to exert negative toxicological effects (Awan et al., 2020). Antibiotics and cryoprotectants 
are diluted to very low concentrations or washed out during production scale-up and their levels in 
the final products will be safe for consumption. 
 
3.6.3. Potential hazards/concerns during production  
Cell cultivation is sensitive to microbial contamination and is therefore performed under sterile 
cultivation conditions. Among the bacteria that commonly infect eukaryotic cell lines, Mycoplasma 
species are of chief concern, as several Mycoplasma species are known human pathogens and they 
are known to cause crashing of cell culture growth and are difficult to eradicate during 
biomanufacturing (Nikfarjam and Farzaneh, 2012). During manufacturing, contamination by other 
bacteria, yeast and fungi from the production environment can also occur, in particular spore-forming 
bacteria and fungi that are difficult to kill off and can spread easily by air are of concern (Møretrø and 
Langsrud, 2017, Snyder, Churey and Worobo, 2019). The risk of contamination by viruses and 
infectious prions may also exist when animal-derived serum or animal-derived medium components 
are used for cell cultivation (Hadi and Brightwell, 2021, Ong et al., 2021). While testing or controlling 
such viruses and infectious prions is a significant challenge, sufficient heat processing may provide a 
solution. To limit the occurrence of contaminations, early detection of infections in cell cultures via 
regular monitoring is critical, as well as following good hygiene practices (GHPs) throughout the whole 
production process, such as common cleaning and sterilization practices for equipment. Replacing 
animal-derived components with non-animal derived components from plants or recombinant 
sources can also reduce the chance of contaminations. As cell cultivation is performed in strictly 
controlled sterile culture conditions, the use of antibiotics is drastically reduced or can be eliminated. 
It will thereby reduce the risk of human exposure to antibiotics as well as the development of 
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antimicrobial resistance. Alternatives to antibiotics to prevent microbial contamination could be the 
use of approved chemical preservatives such as sodium benzoate or other antimicrobial compounds 
(Zidaric et al., 2020). 
 
At the level of the cell lines used, there is a risk of (epi)genetic drift in cell lines due to constant sub-
culturing, where mutations build up over time that may eventually cause changes in phenotypes (Soice 
and Johnston, 2021). The use of quality-controlled cell banks of cryopreserved cell lines is a way to 
mitigate the risk of losing cell-line fidelity to genetic drift, as well as protecting against the presence 
of viruses, bacteria, yeast and mycoplasma. 
 
3.6.4. Potential hazards/concerns during harvesting  
Common media used for cell cultivation are complex mixtures of salts, sugars (glucose), vitamins, 
amino acids, organic acids, growth factors and hormones (O'Neill et al., 2021). A substantial part of 
these chemical and biological components and their residues are removed during cell harvesting or 
destroyed in subsequent processing steps, e.g. due to heating. However, harvesting may also 
introduce enzymes or chemicals, e.g. those that are required for the dissociation of microcarriers, 
including enzymes such as proteases, non-enzymatic dissociation agents such as dextransulphate, N-
acetyl-L-cysteine and dithiothreitol, or chelating agents like EDTA (Bodiou, Moutsatsou and Post, 
2020; Ong et al., 2021). Of special attention is the use of biological components such as growth factors 
and hormones from animal (serum) or non-animal origin, as these biologically active molecules might 
interfere with the metabolism or have been associated with the development of certain cancers (Ong 
et al., 2021). Harvesting is also a step that can introduce microbial contamination, and harvesting 
methods should be designed in a way that minimizes the chance of microbial contamination (Box 4). 
 
3.6.5. Potential hazards/concerns during food processing and formulation 
To process cultivated cells or tissues into cell-based food products for consumption, they are 
formulated with other ingredients and additives to improve e.g. the structure, texture, taste, colour 
or shelf-life of the end product (Zhang et al., 2020; Zhang et al., 2021). This can be edible and 
biocompatible microcarrier or scaffolding material that was already included for cell proliferation and 
differentiation, or e.g. binders, flavour agents and preservatives that are added after harvesting. These 
ingredients may exert an allergenic effect, and the allergenicity of the components of the cell-based 
food products is therefore an important factor for assessment. The cell line used might also have 
allergenic potential by itself, which in particular is the case for cell lines from fish or shellfish (Hallman 
and Hallman, 2021). Moreover, ingredients added to improve product characteristics, such as wheat 
gluten/hydrolysates, soy protein or milk components might be the cause of allergic reactions. All 
additives, ingredients, nutrients and all other substances added will need to be approved for 
application (i.e. considered to be safe and allowed for the specific cell-based food) and all applicable 
food labelling requirements will apply (including allergen labelling). As in the other stages of cell-based 
food production, potential microbiological hazards also exist during food processing, which should be 
minimized using GHPs.  
Oxidation processes (such as lipid oxidation) or unwanted biological degradation through enzymatic 
or thermal action can also occur during the processing and storage of cell-based food products, and 
the formation of undesired by-products resulting from such processes therefore should be limited 
(Fraeye et al., 2020). 
 

4. Discussion 
Technological developments for cell-based food products have matured in recent years, but have not 
yet reached the point of large-scale production or commercialization in most countries. Although the 
common steps of the production process can be identified in the four major steps (Box 1), each 
product may employ different cell source, scaffold/microcarrier, culture media composition, 
cultivation conditions and reactor design. Therefore, it is possible that a case-by-case approach is 
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suitable for the food safety assessment of cell-based food products. While there are many existing 
tools that can be useful for safety assessment, additional steps may be employed for some particularly 
novel processes or products. Therefore, with cell-based food products, it is important to focus on the 
significant differences from existing foods, so that effective methodologies to assess the safety of all 
elements can be established. Figure 2 shows some potentially new food safety hazards or concerns at 
different phases of cell-based food production. 
 
Figure 2. Examples of potential food safety hazards and concerns at different phases of cell-based 
food production 

 
 
Source: Author’s own elaboration. 
 
Based on the literature review, the majority of the potential food safety hazards in the cell-based food 
production process, such as microbiological contamination and residue issues, are not new. For such 
common food safety hazards, there are many risk-mitigating tools available, such as good hygiene, 
manufacturing, cell-culture, and Hazard Analysis Critical Control Point practices, as well as the general 
principles and methodologies for the end-product whole food safety assessment (FAO, 2009). Thus, it 
is important to learn from various past experiences and consider an effective application of the risk 
analysis paradigm (Ong et al., 2021). In adopting several established safety assessment methodologies 
and detection methods from a range of disciplinary fields, such as pharmaceuticals and food 
biotechnologies including both conventional and modern technologies, various hazards can be 
systematically identified, and relevant safety assessments can be appropriately conducted. It is 
important that these methodologies are also validated for the new matrices that are presented by the 
cell-based food products. 
 
Many countries have not yet experienced an urgent need to conduct food safety assessments of cell-
based food products (FAO, 2022). However, it is important for the competent authorities to be 
prepared and to start dialogues with the various stakeholders including consumers, the private sector, 
civil society, partner agencies and policy makers. For LMICs, it is also important to initiate the 
assessment of the technical capacity to ensure the safety  of cell-based food products as they may 
benefit from having dialogues with other countries and international organizations to learn from their 
experiences and to obtain technical assistance. Engaging in the relevant global discussions is 
recommended for all countries, as shared information and data can only contribute to the global good, 
with no duplication of efforts. 
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Active and transparent communications through public-private collaboration are crucial, not only to 
better prepare industries and governments, but to maximize the effectiveness of their safety 
assurance programmes. If the competent authorities can provide clear food safety guidelines for the 
private sector, this would enable and promote the Safe-by-Design approach to jointly aim at ensuring 
the food safety of cell-based food production, where this approach aims to address safety issues as 
early as the R&D and design phases of new technologies (van de Poel and Robaey, 2017).
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