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Abstract 

Cultivated meat, grown from stem cells in vitro, has the potential to supply ever-growing demand for 

meat products while alleviating negative impacts of intensive animal farming on the environment, 

food security and animal welfare. Despite recent advances, several challenges concerning scalability 

of production and affordability have impeded access to cultivated meat, even in countries where it 

has received official approval. 

This study uses silk fibroin, degummed from Bombyx mori cocoons, to design edible irregular 

microcarriers that mimic the extracellular matrix of skeletal muscle. Using both laboratory needle and 

industrial-scale needleless electrospinners, a 12% (w/w) silk fibroin in formic acid polymer solution 

was formed into non-woven nanofibrous mats (diameter: 98-166 nm) that were subsequently 

stabilised by immersion in monohydric alcohols to induce β-sheet crystallinity and prevent dissolution 

in aqueous solutions. Upon contact with bovine mesenchymal stem cells (bMSCs), the supports 

demonstrated excellent cytocompatibility, and good attachment and proliferation. Blending silk 

fibroin with 6.25% (w/w) zein enhanced the performance of the supports in static cell cultures without 

compromising their physical characteristics.  

To improve the surface-to-volume ratio and enable use in stirred tank reactors, non-spheroid fibrous 

microcarriers were formed by hand-slicing or cryomilling the electrospun mats. These promoted bMSC 

expansion, with cell yields comparable to those of commercial microcarriers. The blended silk 

fibroin/zein microcarriers outperformed all others in static conditions.  

In parallel, supermarket beef and plant-based burgers were tested to quantify their mechanical and 

textural properties. Seven burgers, with varying compositions of beef, fat and secondary ingredient 

contents, and social markers (e.g. price, brand), were tested. The results provided a range of sensory 

properties of traditional meat, which can inform the upstream production of cultivated meat products.  
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𝑫𝑻 Doubling time (h) 

𝑬 Young's modulus (MPa) 

𝑬𝑺 Seeding efficiency (%) 

𝒇𝒂 Density of the amide I spectrum (1600-1708 cm-1) - 

𝒇𝒂
′′ Second derivative of the amide I spectrum - 

𝒇𝑿𝒊
 Density of Gaussian distributions - 

𝑭 Force (N) 

𝑭𝑰 Fold increase - 
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𝑮𝑹 Growth rate (h-1) 
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𝑰 Intensity ratio - 

𝒌 Categories - 
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𝑴𝒄𝒐𝒐𝒌𝒆𝒅, 𝑴𝒓𝒂𝒘 Cooked mass, raw mass (g) 

𝑴𝑺𝑬 Mean Square Error - 

𝒏 Observations or number - 

𝑵𝟎 Seeding density (cells/cm2) 

𝑵𝒍𝒊𝒗𝒆 𝒄𝒆𝒍𝒍𝒔 Density of live cells (cells/square) 
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Ø Fibre diameter (nm) 

𝑷 Precision - 

𝒑 𝑝-value - 

𝑷𝒄𝒐𝒄𝒐𝒐𝒏 Price of cocoons, regenerated silk fibroin, or commercial silk fibroin (GBP/g) 

𝑷𝒄𝒐𝒎 Price of commercial silk fibroin GBP/g) 

𝑷𝑹𝑺𝑭 Price of RSF or cocoons (GBP/g) 

𝒒 Studentised range distribution (cm) 

𝑹 Resilience - 

𝒓 Radius (cm) 

𝑹𝑨𝒊 Relative area of Gaussian distributions - 
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%𝑹𝑯 Relative humidity (%) 

𝑹𝒓 Regeneration ratio (%) 

𝑺 Springiness - 

𝒔 Span (mm) 

𝑺𝑨 Surface area (cm2) 

𝑺𝑫 Standard deviation - 

𝑺𝑺𝑨 Specific surface area (cm2/g) 

𝑻 Tukey's criterion - 

𝑻(%) Transmittance (%) 

𝑻𝒎 Melting temperature (°C) 

𝑻𝒔 Sampling time (s) 

𝑼 Uncertainty - 

𝑽𝒔 Volume of haemocytometer square (mL) 

𝑾 Weight (mg) 

𝒘 Wavenumber (cm-1) 

𝑿𝒊 Gaussian distribution  

𝒀𝒇(%) Final regeneration yield (%) 

𝒀𝑴, 𝒀𝑽 Yield by volume, Yield by mass - 

𝜺 Strain (%) 

𝜺𝒚 Yield strain (%) 

𝝀 Wavelength (nm) 

𝝁 Shear modulus (MPa)  

𝝁𝒊 Summit of Gaussian distribution i (cm-1) 

𝝂 Poisson ratio - 

𝝆 Density (g/cm3) 

𝝈, 𝝈𝒇 Stress, Flexural stress (MPa) 

𝝈𝒎𝒂𝒙 Ultimate tensile strength (MPa) 

𝝈𝒊 Standard deviation of Gaussian distribution i - 

𝝋 Porosity (%) 

𝝎 Deflection (mm) 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 
 

1.1 Background 

How can we continue to feed an ever-growing population? At 8.2 billion in 2024, the global population 

is predicted to reach 9.7 billion by 2050 (UN, 2024) driving up the demand for meat, despite its 

production being strongly associated with environmental degradation, climate change, animal welfare 

and public health issues (Tilman, 1999). While a growing collective awareness of these problems in 

developed countries, has led to an increasing number of individuals reducing their meat consumption 

(flexitarianism) or shifting entirely to vegetarian or vegan diets (Salehi et al., 2023; Strässner et al., 

2024), there has also been strong reluctance globally, especially in emerging countries, to cut down 

on meat consumption (Chikri and Hocquette, 2020; Mensah et al., 2022). In fact, it has been shown 

that in emerging countries meat consumption increases with rising income, mainly due to urbanisation 

and the expansion of the middle class (Delgado., 2003; Mensah et al., 2022), and only peaks at high 

levels of GDP per capita (Whitton et al., 2021). At the global scale, increases in both population and 

per capita meat intake in low- to middle-income countries, particularly in Sub-Saharan Africa and the 

Indian subcontinent, will be likely to dwarf the impacts of flexitarianism in high-income countries 

(Mensah et al., 2022, OECD/FAO,2024). 

To maximise food production and keep costs as low as possible, most farms operate as factories or 

intensive farming systems which are known to be more destructive than traditional farming models. 

Consequently, animal farming is considered to be the most polluting and damaging industry to the 

environment (Figure 1), being responsible for 14.5% of all greenhouse gas (GHG) emissions 

(7.1 Gt/year), including 37% of all methane (CH4; FAO, 2011), released as part of the natural digestive 

process of ruminants (e.g. cattle, sheep, buffalo). The industry also uses up to 30% of terrestrial land 

and 8% of global freshwater (FAO, 2011), mostly to grow livestock feed, of which 97% of ingested 

calories, throughout an animal’s life, will end up being used for the maintenance of its vital systems 

and non-edible parts (Ben-Arye and Levenberg, 2019). With more farms being built to sustain meat 

demand, more arable land is needed, leading to the clearing of large forest areas and in turn resulting 

in ecocide (Vale et al., 2019). It was recently reported that the Amazon Rainforest, once the largest 

carbon dioxide (CO2) sink in the world, had become a neutral or net contributor of CO2 (especially parts 
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of the Brazilian Amazon), partly due to deforestation for cattle farms (Brienen et al., 2015; Kruid et al., 

2021). Another environmental concern is the heavy use of pesticides employed in the production of 

animal feed which has been shown to contribute to the disappearance of pollinating insects that are 

essential for the reproduction of plants (Brühl et al., 2021). Moreover, uncontrolled intensive farming 

can cause loss of organic matter in soil, as well as soil contamination, thereby further reducing 

agricultural yield, and threatening food safety and sanitation (Kopittke et al., 2019).  

 

Figure 1: Source of livestock GHG emissions (Reproduced from Grossi et al., 2019). 

Raising animals is very costly, and even more so when done in a humane manner (Fernandes et al., 

2021). It can therefore be difficult to incentivise lower-income farmers to invest in animal welfare 

(Nollkaemper, 2023). As a result, animals are often raised under minimum legal standards, with many 

reports of abuse and poor legal enforcement (Anomaly, 2015). To maximise output, animals can be 

raised in tight spaces sometimes preventing free movement, and with high population densities, low 

ventilation and rudimentary diets, livestock animals are prone to disease (FAWC, 2012). To avoid 

outbreaks, farm animals are fed large quantities of antibiotics and vaccines that have been shown to 

positively correlate with the rise of antimicrobial resistance (AMR) in developed countries (Martin et 

al., 2015; Yang et al., 2018). By the year 2050, it has been predicted that AMR will be a leading cause 

of mortality in humans, ahead of cancer, creating a significant financial burden as well as a negative 

impact on health (WHO, 2012; O’Neill, 2014; WHO, 2014). In addition, prolonged human contact with 

diseased animals can lead to zoonotic infections. Antigenic shifts in viruses can create new viral 

subtypes, capable of animal-to-human transmission, which can mutate further to acquire human-to-
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human transmission as was the case in the H5N1 swine and H1N1 bird influenza epidemics (Schmidt, 

2009; Wibawa, et al., 2011). According to the UK’s National Risk Register of Civil Emergencies, 

pandemic flu scores highest in likeliness and severity amongst the emergencies likely to happen within 

five years (Nokes, 2017).  

Given the increasing global demand for meat and the associated environmental damage, global 

warming, public health risks and animal welfare issues, it is clear that current animal protein 

production systems are no longer sustainable. As a result, there is a critical need for alternative 

sources of protein. 

1.2 Sustainable Alternative Protein 

To be successful, new foods must be sustainable, appealing to consumers and capable of competing 

in the current food market, without compromising dietary habits and cultural models (Bryant, 2020). 

Given the popularity of meat, alternative protein products should aim to replicate its organoleptic 

properties at a competitive price while addressing environmental, health and animal welfare issues 

(Post et al., 2020). Currently, the following four groups of meat alternatives have been developed and 

commercialised: plant-based analogues (PBAs), insect-based meats, mycoprotein and cultivated 

meats. PBAs (Figure 2A) are readily available, and are popular meat substitutes that appeal to vegans, 

vegetarians and flexitarians. The first PBA products were developed in the late 1960s and popularised 

by the hippie movement that promoted vegetarianism and healthy lifestyles. One of the first 

commercial products, often attributed as the 1982 “VegeBurger”, was assembled from dry textured 

vegetable protein, a hallmark of the first generation of PBAs that was only popular with vegetarians 

(Smith, 2014; Penna Franca et al., 2022). In recent years, however, a lot of research and development 

has gone into developing a new generation of PBAs, designed for flexitarians, that accurately mimic 

the look, feel, smell and taste of traditional meat products (Rubio, et al., 2020; Penna Franca et al., 

2022; Benković et al., 2023). Insect-based meats (Figure 2B) are generally composed of crushed insects 

extruded into meat-like products. Unlike PBA, these products are virtually non-existent in many 

Western countries as insects are viewed as unappetising or even disgusting (de Koening et al., 2020). 

Moreover, the products are not vegetarian, and insects must be reared and slaughtered, which poses 

ethical issues. Despite this, insect-based meats represent an excellent source of animal protein with a 

relatively low carbon impact (van Huis and Oonincx, 2017). Mycoprotein products (Figure 2C) such as 

Quorn, have been developed since the 1960s by using mycelia to convert agro-industrial waste-

products into mycoprotein biomass through microbial fermentation processes (Majunder et al., 2024). 

These products are created in large-scale solid-state or submerged fermenters. Similarly to PBAs, 
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mycoprotein products are vegan and are popular with flexitarians due to the unique texture and 

flavour of mycoproteins that closely resembles meat (Souza Filho et al., 2019).     

 

Figure 2: Alternative protein burgers. A) Plant-based (Beyond meat, n. d.), B) Insect-based (Space10, 2019), (C) Mycoprotein 
(Quorn, n. d.), (D) Cultivated meat (Parry, 2013) 

Finally, cultivated meats (Figure 2D) are the latest development in alternative protein. Despite having 

been developed since the start of the 21st century, less than a handful of products have been approved 

for commercialisation anywhere in the world, making these cultivated products virtually inaccessible 

at this time (Benjaminson et al., 2002; Reynolds, 2024). Unlike other alternative proteins that aim to 

replicate the sensory properties of meat, cultivated meat is meat that has been grown and assembled 

in a laboratory, in vitro, using tissue engineering techniques instead of being grown in an animal, in 

vivo, as is traditional meat. As such, cultivated meat can be considered slaughter- and cruelty-free 

(Bryant, 2020). The principle of cultivated meat relies on the in vitro proliferation and differentiation 

of stem cells into the tissues that constitute meat (i.e. skeletal muscle or specific organs). 

The main steps of cultivated meat production are schematised in Figure 3. First, stem cells are isolated 

from a live animal by means of a non-invasive biopsy. The stem cells are then cryopreserved, and if 

necessary immortalised, to create a cell bank, entirely removing the need for animals from this point 

on. The cells are then proliferated on engineered scaffolds or microcarriers in stir tank bioreactors to 

produce a cell biomass. The expanded stem cells are then differentiated into myocytes and adipocytes 

and the tissues are matured to form microtissues that can be assembled into unstructured products 
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(e.g. sausages, nuggets and burgers) or structured products (e.g. steaks, ribs and fillets). Meanwhile, 

the animal that the cells were harvested from continues to live on. 

 

Figure 3: Schematic representation of the production of cultivated beef. Starting cells which can be either (1a) embryonic 
stem cells derived harvested from embryos; or (1b) mesenchymal stem cells, induced pluripotent stem cells and precursor 
cells, such as satellite cells, harvested from the tissue of an animal. (2) The cells are cryopreserved for future use. (3) The 

cells are seeded on 3D supports such as microcarriers. (4) The cells are expanded on their supports in stirred tank 
bioreactors. (5a) The cells are differentiated in the bioreactor and the final cell mass is assembled into unstructured meat 

products, such as burgers and sausages. (5b) The cells are differentiated on 3D scaffold, enabling the creation of structured 
cuts. 

1.3 Advantages and Disadvantages of Cultivated Meat 

Although stakeholders and most scientists claim that cultivated meats would positively impact the 

environment, public health systems and animal welfare issues, there is no consensus in the scientific 

community on the nature and extent of these impacts. Both advocates and critics of cultivated meats 

often repeat unsubstantiated claims, share biased views and ignore the bigger picture. In this section, 

the advantages and disadvantages of cultivated meats will be explored by sharing and critiquing both 

sides of the argument. 

1.3.1 Environmental impact 

Carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) are considered the three most common 

greenhouse gas (GHG) emissions, which are all emitted in large quantities by the animal farming 

industry (Liu et al., 2018; Grossi et al., 2019; Tian et al., 2020; Lamb et al., 2021). In addition to the CH4 

released by livestock, it is important to note that large quantities of N2O and CO2 are produced from 

fertilisers for livestock feed, animal transport and meat processing (Grossi, et al., 2019). Cultivated 

meat proponents generally argue that large-scale cultivated meat production would have a lower 

global warming potential due to the absence of reared animals producing CH4 and animal feed 

agriculture producing N2O (Tuomisto and de Mattos, 2011; Mattick et al., 2015). However, critics often 
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point out that the energy required to produce ingredients for culture media, warm incubators and 

bioreactors would produce enormous amounts of CO2, exceeding the environmental impacts of 

livestock farming (Lynch and Pierrehimbert, 2019; Chriki and Hocquette, 2020). It could be argued that 

neither advocates nor critics are entirely correct in their assessments as all life cycle assessments 

(LCAs) are based on modelling and assumptions which may not hold true (Tuomisto et al., 2022). 

Smetana et al. (2015) showed that while the environmental impacts of production are currently higher 

for cultivated meat than for other alternative proteins there is a lot of room for improvement as 

cultivated meat research and development is still in its infancy (Smetana et al., 2015). Lynch and 

Pierrehimbert (2019) argued that cultivated meat production has no long-term benefits on the 

environment due to the high amounts of energy consumed in production, resulting in high emissions 

of CO2, which remain in the atmosphere for much longer (>100 y) than CH4 (12 y) (Hocquette et al., 

2024; Lynch and Pierrehimbert, 2019). However, this argument overlooks the fact that the global 

warming effect of CH4 is 28 times higher than that of CO2 meaning that CH4 emissions have a much 

larger immediate impact on global warming. It also assumed that methods of cultivated meat 

production would never change, ignoring the potential for improvements e.g. optimization of 

bioreactors, development of alternative culture media not derived from animals, and a reduction in 

the amount of energy and the use of fossil fuels.   Tuomisto et al. (2022) showed that switching energy 

types from fossil fuels to wind power, using media free of foetal bovine serum, and increasing cell 

biomass during differentiation could reduce the environmental impact of cultivated meat by 73-82% 

(Tuomisto et al., 2022). In addition, they argued that, given these modifications, the production of 

cultivated beef would have a lower impact on energy consumption, global warming, land use, ozone 

formation, terrestrial acidification and water consumption than traditionally farmed beef. They did, 

however, confirm that the environmental impact of cultivated poultry would be higher than, or equal 

to, the environmental impact of traditionally farmed poultry (Tuomisto et al., 2024). In response, 

Hocquette et al. (2024) suggested the study ignored GHG emissions related to cell harvesting, medium 

and biomaterial recycling, and water treatment (Hocquette et al., 2024). Lastly, critics often insist that 

traditional farming could be made more sustainable. For example, there has been a lot of research 

into breeding genetically modified animals to produce less CH4, with the Enviropig being a notable 

example (Petersen, 2018). That said, GMO products also suffer from neophobia and are widely 

rejected by the public (Siegriest and Hartmann, 2020). 

Other arguments concern the use of land. While it is evident that cultivated meat production will 

occupy a much smaller space than the 40% of terrestrial land used for animal feed and grazing land 

(Herrero et al., 2013), it should be noted that 50% of the land used by animals is considered non-

arable (Hocquette et al., 2024). Still, Alexander et al. (2017b) showed that if 50% of traditional meat 
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was replaced with cultivated meat, there would be an increase of 29% in arable land that could be 

used for other purposes (Alexander et al., 2017b). In response, critics argue that animals play a 

significant role in landscaping, maintaining soil carbon content and soil fertility (Teague, et al., 2016). 

Animal dung being rich in organic matter, nitrogen and phosphorous, is used as manure providing 

essential nutrients to plants that eventually feed humans (Loyon, 2017). Animal grazing is also an 

important factor in landscaping and promotes biodiversity in plant and insect life (Chriki and 

Hocquette, 2020). 

Another area of debate is the effect cultivated meat would have on employment. In the year 2000, 

1.3 billion people worldwide were involved in agriculture (Herrero, et al., 2013). If a significant shift 

from traditional to cultivated meat were to occur, the livelihoods of hundreds of millions of people 

would be at risk. Cultivated meat proponents would, however, assert that many jobs could transition 

towards the cultivated meat industry, ignoring the fact that many of these jobs would require a 

different skillset or level of education (Bryant, 2020). Nevertheless, it could be argued that the 

traditional farming model is already obsolete as it is very heavily subsidised and should be replaced 

with a sustainable and efficient alternative protein production system. A recent joint report from the 

Food and Agriculture Organization (FAO), United Nations Development Programme (UNDP) and 

United Nations Environment Programme (UNEP) outlined that 87% of world agricultural subsidies 

(representing USD540 B annually) were misspent, leading to distorted food prices, environmental 

degradation, inequality, and human health problems (FAO, 2021). 

1.3.2 Public health 

Cultivated meat suffers like many novel foods from neophobia (Hamlin et al., 2022). Despite the 

lengthy procedures required to prove food safety for regulatory approval, little is known about the 

long-term effects of frequent consumption of cultivated meats. In most countries, as for other foods, 

food safety regulations ensure that all ingredients have GRAS (generally regarded as safe) or 

equivalent status and have not caused any known side-effects in at least 10 years of commercialisation 

(Lanzoni et al., 2024). However, food safety concerns extend beyond the list of ingredients to other 

considerations such as their quality and source. There is concern, for example, that genetic instability 

in cell lines could lead to cancer-like properties with phenotypic and metabolic changes to the cells 

(Hocquette et al., 2024). Moreover, the mid- to long-term effects of consuming the growth hormones 

used to stimulate cell proliferation are unknown (Chriki and Hocquette, 2020), and some regulatory 

bodies such as the European Commission have already banned the use of these substances in foods 

(Directive 81/602/EEC; European Commission, 1981). 
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On the other hand, cultivated meat has several known advantages for public health. Since it is grown 

in vitro in controlled and sterile environments (Ben-Arye and Levenberg, 2019), the whole process is 

far less susceptible to contamination than traditional meat production. In addition, the use of 

antibiotics in culture media is not necessary and the consequent reduction in their use would limit the 

emergence of AMR (McNamara and Bomkamp, 2022). Sterile in vitro cultures also eliminate the risk 

of personnel contracting zoonotic infections. Furthermore, in the case of sample contamination, 

batches are easily identified and removed from production (Djisalov et al., 2021), removing the need 

to precautionarily cull entire populations of farm animals (Miguel et al., 2020). Finally, the nutritional 

and biological profiles of cultivated meats could be engineered to reduce the risk of numerous health 

conditions, such as obesity, high cholesterol, type-2 diabetes and colorectal cancer, which have been 

linked with the consumption of meat, particularly red meat (Du et al., 2020; Domingo and Nadal, 2017; 

Treich, et al., 2021; Wolk, 2016).   

1.3.3 Animal welfare and other ethical issues 

Advocates for cultivated meats often insist that the removal of animals from the meat cultivation 

process would result in the elimination of many animal welfare issues (Bhat et al., 2015). It should be 

noted, however, that even if all meat was cultivated, there would always be a need for a small number 

of reared animals for the harvesting of stem cells. In addition, critics often accuse proponents of 

hypocrisy because foetal bovine serum (FBS), which has been used in large quantities to supplement 

culture medium in cultivated meat research, requires the killing of foetal calves and the draining of 

their blood. Fortunately, extensive research in medium optimisation has led to the development of 

several serum-free alternatives, such as Beefy-9TM, specifically designed for cultivated beef production 

(Stout et al., 2022) and xeno-free media like Essential8TM or TeSRTM that can be supplemented with a 

cocktail of plant and fungal derivatives (Kolkmann et al., 2019; Mitić et al., 2022; Yamanaka et al., 

2023). In addition, most cultivated meat start-ups that have entered the production stage have 

developed in-house serum-free media (Mosa Meat, 2019; UPSIDE Foods, 2021).  

Another ethical dilemma arises where animals must be ritually slaughtered for their meat to be 

permitted as food, according to religious laws or cultural practices. This makes the process of cell 

isolation from live animals, and subsequent culturing of meat, problematic. Jewish and Muslim 

authorities have long debated whether cultivated meat could ever be considered kosher (permitted 

by Jewish law) or halal (permitted by Muslim law) (GFI, 2018). Although there is no consensus in either 

religion, some religious scholars have stated that for cultivated meat to be permitted, stem cells 

should be isolated from the carcass of a ritually slaughtered animal that is permitted as food (Hamdan 

et al., 2024). Another view which the Israeli Chief Rabbi recently stated, is that cultivated meat is not 

subject to the religious laws concerning meat as he does not consider it to be meat at all (Klein, 2023).  
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1.3.4 Food Insecurity 

Food insecurity caused by over-reliance on traditional agriculture is a matter that is often neglected 

by both proponents and critics of cultivated meat. The coronavirus disease 2019 (COVID-19) and the 

ongoing war in Ukraine have put significant strain on global food security and highlighted major flaws 

in traditional agricultural food systems and the fragility of the global food supply chain. During the 

pandemic, abattoirs became hotspots for COVID-19 transmission due to the proximity of workers for 

long hours in cold temperatures which facilitated cross-contamination (Choi et al., 2023; Higuita et al., 

2023), forcing many abattoirs to shut down or run at partial capacity (Grandin, 2021). In fact, 

disruptions in markets caused by the COVID-19 pandemic led to a 28% increase in the FAO global food 

price index in 2021 (de La Hamaide, 2023). In addition, the ongoing wars in Ukraine and the Middle 

East, which have the potential to spill-out to neighbouring regions, further demonstrate the fragility 

of global food supply. The war in Ukraine has driven up energy prices and caused a sharp decline in 

cereal exports, contributing to a 14.3% increase in the FAO global food price index in 2022 (de La 

Hamaide, 2023). It is to be noted that Ukraine is the largest producer of wheat and cereals for both 

human and livestock consumption, exporting to many countries, some of which had populations 

already living in a state of food insecurity prior to the war (Filho et al., 2023; Laber et al., 2023). 

Livestock epidemics, such as H1N1 avian influenza, have also contributed to supply shortages, trade 

flow disruptions and loss of consumer confidence (Rzymski et al., 2021). 

All these recent events should serve as a wake-up call to start producing food in a more controllable 

and secure way, and transition to renewable energy systems (Rzymski et al., 2021). Cultivated meats 

could help to ensure food security even in the worst eventualities such as global pandemics, wars, 

nuclear accidents or famines (Xia et al., 2022).  

1.4 History of the development of cultivated meat 

The development of cultivated meat was hailed by a series of predictions, the popularisation of science 

fiction, and major scientific breakthroughs within the last 100 years or so. One of the first recorded 

mentions of artificial meat as a concept was described in 1894 by French chemist Pierre Eugene 

Marcellin Berthelot who predicted that, by the year 2000, eggs, milk and meat would be synthesised 

in factories (Kirsch et al., 2023), although he did not explain how these might be produced. In 1930, 

British politician Frederick Edwin Smith, 1st Earl of Birkenhead, envisioned a near future where steaks 

could be grown in suitable media in a laboratory, substantially cutting down the time needed to rear 

animals to produce meat (Smith, 1930). In 1931, Winston Churchill famously published Fifty Years 

Hence in which he wrote ‘We shall escape the absurdity of growing a whole chicken in order to eat 
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the breast or wing, by growing these parts separately under a suitable medium...The new foods will 

from the outset be practically indistinguishable from the natural products, and any changes will be so 

gradual as to escape observation.’ He stated that this would be possible as further understanding of 

growth hormones would allow the control of growth in vitro (Churchill, 1931). These predictions came 

at a time of major and exciting breakthroughs in cell culture and the newly forming field of tissue 

culture led by scientists such as Carrell, Burrows and Harrison (Jedrzejczak-Silicka, 2017). In 1912, 

Alexis Carrell, for the first time successfully expanded and immortalised a culture of embryonic chicken 

heart fibroblasts. By culturing the tissue under aseptic conditions and supplementing the media with 

chicken embryo extracts, he demonstrated that nutrients present in media participated in the 

formation of protoplasm, thus contributing to cell growth and division, and that cells could, in theory, 

divide indefinitely outside the body (Carrell, 1912). Ten years, and 1860 cell passages, later, Albert 

Ebeling described Carrell’s cell line as still displaying a similar appearance, functionality and growth 

rate as the original culture. He also pointed out that from the original 1 mm3 of biopsied heart tissue, 

cultured over 10 years, 30,000 cultures had been established, and that if the cells had been dividing 

continuously in that period, their total mass would have exceeded the mass of the Sun (Ebeling, 1922). 

Carrell’s immortal chick cell line was terminated in 1946, far exceeding the life expectancy of a chicken 

(Witkowski, 1980).  

 

Figure 4: Cultivated meat in pop culture. (A) Lab grown chicken from film The Wing or the Thigh (Zidi, 1976), (1) An artificial 
meat paste is cast on a synthetic skeleton scaffold and shaped to resemble a raw chicken (2), (3) the chicken is then spray-

painted to mimic colour of real meat, (4) the product is immediately packaged and ready for sale. (B) A semi-living and 
constantly regenerating slab of meat referred to as the Mother in the Snowpiercer comic book (Lob and Rochette, 1982), (C) 
a billboard advertising lab grown meat as “perfect real meat”  in the third season of the Westworld television series (Nolan 

and Joy, 2016-2022), (D) An advert for EEZY Beef, a frequent reference to cultivated meat in the video game Cyberpunk 
2077 (CD Projekt, 2022). 
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These achievements continued to inspire the public, and from the 1940s, references to artificial or 

synthesised meat multiplied in science fiction literature (Figure 4) with notable examples including 

Ashes, Ashes (Barjavel, 1943), The Space Merchants (Pohl and Kornbluth, 1952), The Four Day Planet 

(Beam Piper, 1961/2006) and Snowpiercer (Lob and Rochette, 1982). Artificial meat was also depicted 

on screen notably in Star Trek where the crew were often seen using food synthesisers and protein 

resequencers in the various series (Castle, 2022). In most science-fiction references, synthetic meat is 

depicted negatively, often grown as an ersatz product (an inferior-quality replacement product) in 

dystopian universes or in outer-space where traditional food is unavailable. In the French comedy film 

The Wing or the Thigh (Zidi, 1976), the protagonists break into a factory synthesising whole chickens 

and fish products, shown in a way that disgust the viewer and vilifies the artificial meat as a threat to 

French gastronomy and haute cuisine. Science-fiction writers were not the only people who were 

inspired by advances in tissue engineering. After experiencing near-starvation as a prisoner of war and 

witnessing the very cruel treatment of animals by his Japanese captors, Dutch physician Willem Van 

Eelen felt a moral responsibility to eliminate animal suffering (Wurgaft, 2015). In 1953, excited by 

large-scale tissue engineering experiments happening at the time, Van Eelen imagined employing 

these methods to produce meat, at which point he started his life journey dedicated to researching, 

promoting and acquiring funds for the development of cultivated meat (Balasubramanian et al., 2021). 

In 1981, Evans and Kaufman successfully isolated embryonic stem cells, describing these as self-

renewing pluripotent cells (Evans and Kaufman, 1981). The potential of these cellular properties was 

immediately recognised by Van Eelen for the production of cultivated meat, which had, until then, 

been only theoretically possible. In 1999, Van Eelen filed the first patent for industrial production of 

meat using cell culture methods (Van Eelen, 1999). Van Eelen is now considered by many as the 

Godfather of in vitro meat. It was around this time that the first experiments designed to produce lab-

grown meat for human consumption started gaining traction. Seemingly straight out of science fiction, 

the first studies aiming to culture meat were piloted by the United States (US) National Aeronautics 

and Space Administration (NASA) with the objective of growing animal protein for long-term space 

travel (Benjaminson et al, 2002). In the first experiment, Benjaminson et al. cultured goldfish steaks 

to increase their size. Although the product was not tasted, an inspection revealed that the tissue 

looked and smelled like fish making it ‘acceptable as food’ (Benjaminson et al., 2002). Following this 

success, the team also cultured chicken steaks (Wolfson et al., 2002), but all subsequent projects were 

shelved by NASA when space travel was no longer considered a priority (Stephens et al., 2019). Around 

the same time, Oron Catts and Ionat Zurr used tissue engineering techniques for artistic expression 

and started developing semi-living tissues in vitro. As part of the exhibition L’Art Biotech in France 

(2003), Catts and Zurr designed Disembodied Cuisine, exploring the idea of growing victimless meat. 
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This art installation was constructed in two parts with healthy frogs living their best life on one side, 

and steaks from these same frogs being cultured in vitro on polymeric scaffolds on the other side. On 

the exhibition’s last day, the cultivated steaks were consumed in front of the healthy frogs (Stephens 

et al., 2019), marking the first time that humans ate cultivated meat (Treich et al., 2021). In 2004, New 

Harvest was founded with the goal of promoting cultivated meats and funding academic research via 

philanthropic donations (Kirsch et al., 2023). New Harvest also played a significant role in steering the 

first wave of researchers in this field (Stephen et al., 2019).  In 2011, Mark Post from the University of 

Maastricht claimed in The New Yorker that growing beef burgers was already possible with current 

technology, but significant financial support would be needed to make it a reality. Two years later and 

following the hefty financial donation from Google co-founder Sergei Brin, Mark Post revealed the 

first ever cultivated beef burger to the world (Post, 2014). Despite a production cost of €250,000, this 

event placed cultivated meat firmly into reality, driving financial investments into high-tech ventures. 

This led to the advent of the start-ups and a second wave of research (Stephens et al., 2019). By 2016, 

several start-ups including Mosa Meat (founded by Mark Post), Memphis Meats and Modern 

Meadows were founded, and new and cheaper products were developed, with Memphis Meats 

producing a cultivated meatball for around US$1,200, a fraction of the cost of Post’s burger made 

three years prior (Fernandes et al., 2022). That same year the Good Food Institute (GFI) was founded 

with the mission of raising awareness of cultivated meats and funding start-ups. Both the GFI and New 

Harvest would go on to play a significant role in the research outputs and technological breakthroughs 

in the following years. 

 

Figure 5: Rise of the start-ups. (A) growth of start-ups dedicated to cultivated meat end-product development and 
manufacturing, (B) number of cultivated meat start-ups by country, (C) number of products in development (GFI, 2024). 
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With an increasing number of start-ups dedicated to the development and production of cultivated 

meat end-products (Figure 5), and with the support of a plethora of industries transitioning to 

facilitate cultivated meat production, scientific breakthroughs have occurred very rapidly. In 2018, 

after three years of development, Aleph Farms produced the first cultivated beef steak, consisting of 

aligned myocytes that mimicked the mouthfeel of traditional steaks. It was the first ever structured 

product to be unveiled to the public and it had an estimated cost of US$50. This relatively low cost 

was attributed to the use of serum-free media (GFI, 2018). However, its thickness was only 5 mm due 

to issues regarding tissue perfusion (Carrington, 2018). It took another three years before Aleph Farms 

produced thick marbled steaks, assembled using 3D bioprinting technology (Badoim, 2021; GFI, 

2021b). Like its predecessor it had a cost of US$50, but its size was larger than the 2018 prototype. In 

2023, Australian start-up Vow shocked the world by presenting the Mammoth Meatball which used 

the DNA of the extinct woolly mammoth to engineer the gargantuan meat product (Carrington, 2023). 

This breakthrough opened up new possibilities for designing new flavours for meat of extinct, hybrid 

or genetically modified creatures.  

A drive to deliver products to market and gain a competitive edge, led many start-ups to enter the 

production phase even before starting the regulatory approval processes in their countries (Nurul 

Alam et al., 2024). Regulation was, and remains a challenge for authorities worldwide, given the range 

of cultivated products that could potentially enter the market. The European Union (EU) already had 

a system for regulating novel foods in place, and in 2019 updated the policy on novel foods Regulation 

EU 2015/2283 to include cultivated meat products (Lanzoni et al., 2024). To apply for approval, a 

scientific dossier including food safety studies must first be submitted to the EU Commission for 

examination. If the novel food is liable to have an effect on human health the Commission requests 

the European Food Safety Authority (EFSA) to carry out a risk assessment. The EFSA must then draft a 

decision on whether to accept or deny the authorisation which becomes final after the approval of 

the Plants, Animals, Food and Feed (PAFF) standing committee, which includes a representative of 

each EU member state. If a product is authorised, it is added to the Union List of Novel Foods with a 

generic effect which allows any company to market the novel food without submitting a new 

application (Lanzoni et al., 2024). Regulatory approval therefore relies on back-and-forth bureaucratic 

interactions that can take years and be financially draining. To make things worse, there are no global 

standards on how to treat, define or legalise novel foods.  

In the USA, in the absence of specific legislation on the approval of novel foods, a joint effort was 

made in 2019 by the Food and Drug Administration (FDA) and the United States Department of 

Agriculture (USDA) to outline a path to bringing cultivated products to market. Now the FDA is 

responsible for guiding applicants through the regulatory process and assessing the initial stages of 
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production regarding safety guidelines. The USDA then takes over and is responsible for the oversight 

of marketing, labelling and packaging (Lanzoni et al., 2024). In December 2020, the Singapore Food 

Agency (SFA) approved the marketing of Eat Just’s cultivated chicken nuggets, making Singapore the 

first country in the world to approve a cultivated meat product (BBC, 2020). In June 2023, the USA 

became the second country to legalise cultivated chicken products from both UPSIDE Foods (formerly 

Memphis Meats) and GOOD Meat (a subsidiary of Eat Just, Inc) (Milman, 2023). Later that year, Israel 

became the first country to approve a cultivated beef product, a 3D printed steak, manufactured by 

Aleph Farms (Southney, 2024). Finally, in June 2024, the United Kingdom (UK) became the first 

European country to approve the sale of cultivated chicken, albeit as pet food, manufactured by 

Meatly (Jones, 2024). In July 2024, French start-up Gourmey submitted the first application for 

regulatory approval in the EU to authorise sale of cultivated duck foie gras (Bambridge-Sutton, 2024). 

The approval process, expected to take 18 months, could lead Gourmey to compete with Aleph Farms 

to be the first company to market cultivated meats in the European continent, following Aleph Farm’s 

filing for approval in Switzerland and the UK in 2022 (GFI, 2023). Despite the approval of several 

cultivated products, they have not been widely available anywhere, as they have only been produced 

in tiny quantities. In Singapore, in 2024, GOOD Meat announced the sale of its frozen cultivated 

chicken nugget, available only from Huber’s Butchery for S$7.20 (approximately US$5.50 for 120 g). 

Previously its cultivated chicken had been available exclusively at the restaurant of the 1880 club 

(GOOD Meat, 2024). In the USA, GOOD Meat and UPSIDE Foods products were sold exclusively at 

restaurants China Chilcano and Bar Crenn, respectively. However, it has been reported that all sales 

in the US and Singapore have now ceased entirely, making cultivated meat completely inaccessible 

(Reynolds, 2024). Nonetheless, while Aleph Farms has yet to publicly release its product, its sale is 

expected soon in one of the restaurants of Michelin-starred chef Eyal Shani (Mridul, 2024).  

Despite a global rise in attitudes favouring the development of cultivated meat products, recent 

pushbacks may curb progress. In 2024, Italy, France and Austria wrote to the EU Commission calling 

for a ban on cultivated meat in the EU in favour of primary farm-based food production (5469/1/24 

REV 1, 2024). The letter which was supported by the Czech Republic, Cyprus, Greece, Hungary, 

Luxemburg, Malta, Romania and Slovakia also called for more transparency regarding the cultivated 

products which should ‘never be called meat’. They also asked the EU commission to conduct a 

science-based and comprehensive assessment of the development of cultivated meat production 

which it deemed a non-sustainable alternative to farm-based production. To justify this statement, 

the authors cherrypicked references by only citing the notoriously biased Lynch and Pierrehumbert 

paper (2019) as well as a non-peer reviewed article claiming cultivated meat production to be 25 times 

worse for the environment than traditional farming. The countries then immediately called on the 
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commission to ‘ensure accurate and independent science-based information-sharing and counter any 

green-washing campaigns’, which (as comical as it sounds to any scientist) exemplifies a complete 

rejection of cultivated meat by many European countries, regardless of what the science actually says. 

To protect their culinary heritage, Italy passed a bill in parliament banning the production, import and 

commercialisation of synthetic meats, and together with France decreed that plant-based and 

cultivated products could no longer use any descriptors of meat (such as salami, sausage, steak or 

burger; Sabelli, 2023). Although, both bills were unconstitutional and violated EU legal procedures, 

the growing reticence of these countries could influence or even block outright the ruling of the PAFF 

in the final stage of novel food regulatory approval. Similarly, despite the USA leading the industrial 

and academic output in the field and having already approved the sale of two cultivated meat 

products, Florida and Alabama passed bans on cultivated meat to ’fight back against the global elite’s 

plan to force the world to eat meat grown in a petri dish or bugs’ as stated by Florida Governor Rob 

De Santis (Honderich, 2024). In addition, Arizona, Tennessee, Iowa, Nebraska and Illinois have also 

proposed bans concerning the sale or labelling of cultivated meat (Nowell, 2024). In both Europe and 

the US, objectors to cultivated meat defined the foods as fake, artificially lab-grown or synthetic, 

rather than cultivated or cultured as they are overwhelmingly defined by everyone else (Hocquette et 

al., 2024). Interestingly, several studies have shown that nomenclature plays a significant role in 

consumer acceptance and in providing descriptive information about products (Siegriest et al., 2018; 

Stephens et al., 2019; Malerich and Bryant, 2022). When NASA started experimenting with meat 

grown in a lab, they referred to their creation as ‘edible in vitro muscle protein’. The term in vitro meat 

was soon adopted by the scientific community and even popularised by Van Eelen, who in 2005 

created the Invitromeat Foundation (Stephens et al., 2019). However, this changed in 2011, following 

the European Science Foundation Exploratory Workshop in In Vitro Meat conference where 

discussions led to a shift in nomenclature to cultured meats. While the in vitro prefix was considered 

essential to scientifically describe the product, scientific descriptors were shown to reduce consumer 

acceptance and increase disgust (Siegriest et al., 2018). Cultured meat, on the other hand, appealed 

to consumers as a classy product sounding superior to traditional meat, which conveyed the 

connotation of cell culture (Stephens et al., 2019). However, cultured meat had drawbacks too, as 

traditional seafood aquacultures technically also involve culturing foods, hence the descriptor was 

shown to be misleading in relation to grown seafood (Malerich and Bryant, 2022). In 2016, the term 

clean meat, which evokes clean energy, was popularised by GFI and was well-received by both 

scientists and prospective consumers but it was strongly disliked by traditional meat producers as it 

could be understood to imply that traditional meat is unclean or dirty (Malerich and Bryant, 2022). In 

2018, the USDA and FDA started referring to lab-grown meat as cell-based as part of their regulatory 
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approval vocabulary, however the descriptors did not include the word meat. Cell-based meats was 

used by GFI but studies showed that the term lacked consumer appeal. Finally in 2019, the term 

cultivated meat, made an appearance and was heavily promoted by GFI and widely adopted (Friedrich, 

2019). In 2021, it was shown that 75% of start-ups in the field preferred the term cultivated (GFI, 

2021), nevertheless, other terms are still used, especially cultured and cell-based.  

Overall, development of cultivated meat has come a long way but still has to face many legal, ethical, 

philosophical, cultural, and scientific challenges and limitations in order to create an appealing 

successful meat alternative and bring cultivated meat to market for all. Scientific research to guide 

further development in CM should help to overcome some of these issues. 

1.5 Review of scaffolding methods for cultivated meat production 

1.5.1 Cell types  

Meat is defined as the flesh and other edible parts of an animal, typically mammal or bird, used for 

food which generally include skeletal muscle, organs, fat, and connective tissues. To match consumer 

expectations, cultivated meat are engineered to mimic the cellular and nutritional composition of 

traditionally farmed meat, as well as to match the sensory and textural properties of particular meat 

products (Verbeke et al., 2015; Pakseresht et al., 2022). The anatomical, physiological and molecular 

properties of meat all influence its organoleptic properties and depend on many factors such as the 

animal species and subspecies (Bender, 1992; Chriki et al., 2013), type (e.g. skeletal muscle, organs), 

location (e.g. specific cut), function of tissue (Zhang et al., 2017; Lee et al., 2023), as well as 

environmental factors (e.g. animal diet and activity) and post-mortem maturation (Tornberg, 1996; 

Starkey et al., 2016).    

For cultured meat to replicate the sensory attributes of meat, it should be composed of the 

appropriate cells and tissues found in the native meat. It is estimated that skeletal muscle is composed 

of 90% muscle fibres, 10% fat and connective tissues and 0.3% blood mostly as myoglobin (Listrat et 

al., 2016). Various cell lines have been used to grow skeletal muscle in vitro, each having their own 

advantages and drawbacks, summarised in Table 1.  
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Table 1: Properties of stem and progenitor cells used for cultivated meat production. 

Cell types Description Advantages Disadvantages References 

Satellite cells (SC) 

Myocyte progenitor cells 
involved in muscle tissue 
maintenance and repair. 

 

Naturally programmed 
to differentiate into 

muscle cell. 
Can be harvested from 
carcasses or live animal 

biopsies. 

Differentiates only 
into muscle tissue. 

Aging requires 
constant isolation 

(low cost-
effectiveness). 
Requires co-

culture with other 
progenitor cells to 

grow fat and 
connective tissue. 

Post et al., 
2014; Stout et 
al., 2022; Stout 

et al., 2023; 
Skrivergaard et 

al., 2023 
 

Embryonic stem 
cells (ESC) 

Pluripotent stem cells 
derived from blastocyst. 

Unlimited cell division. 
Creation of cell banks 
removing need to re-

isolate cells. 
Pluripotent. 

Difficulty in 
controlling specific 

lineage 
differentiation. 
Low myogenic 
differentiation 

potential. 
Ethical concerns 

with harvesting of 
embryos for ESC 

isolation. 

(Li et al., 2003; 
Cao et al., 2009; 
Bogliotti et al., 

2018; Zehorai et 
al., 2024) 

Mesenchymal stem 
cell (MSC) 

Multipotent adult stem cells 
from various mesoderm 

tissues. 

Can differentiate into 
myogenic and fibro-
adipogenic lineages. 
Abundant and easily 

isolated from live 
animal biopsy. 

Differentiation easier to 
control than ESCs. 

Can build cell banks 
under the right 

conditions. 

Limited cell 
divisions and 

undergoes 
senescence in 

vitro. 
Can require 

repeated 
isolations. 

(Hanga et al., 
2020; Hanga et 
al., 2021; Zaguri 

et al., 2022) 

Induced pluripotent 
stem cell (iPSC) 

Somatic cells that are 
genetically reprogrammed 

to induce pluripotency. 

All cell types can be 
converted into iPSC. 
Isolation from live 

animals. Easier and less 
invasive. 

 

May not replicate 
the behaviour of 

primary stem cells. 
Issues regarding 
GMO consumer 
acceptance and 
food regulation. 

(Talluri et al., 
2015; Genovese 
et al., 2017; Su 

et al., 2021) 

Transdifferentiated 
cells 

Somatic cells (often 
fibroblasts) that are 
differentiated into 

muscle/fat via ectopic 
expression of 

myogenic/adipogenic 
determinants. 

Like with iPSC any cell 
can be 

transdifferentiated. 
Isolation from live 

animals. Easier and less 
invasive. 

Issues regarding 
GMO consumer 
acceptance and 
food regulation. 

(Patiska et al., 
2022; Kim et al., 
2024; Ma et al., 

2024) 

Immortalised cells 

Immortal cell lines are 
created by engineering 

genes involved in 
senescence and division in 

aging cells. 

Isolation from live 
animals easier and less 

invasive. 
Cost-effective. 

Issues regarding 
GMO consumer 
acceptance and 
food regulation. 

(Patiska et al., 
2022; Stout et 

al., 2023; Ma et 
al., 2024) 
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1.5.2 Scaffolds and Microcarriers for cultivated meat production 

In their native environments, cells are surrounded by a naturally secreted matrix providing the 

mechanical, chemical, and physical needs of the cells present in the microenvironment (Molina et al., 

2020). This highly porous and nanofibrous material, referred to as the extracellular matrix (ECM), 

provides a cell-specific niche and plays a crucial role in the natural development, maintenance and 

repair of tissue. The ECM is composed of hundreds of proteins and proteoglycans, helping in cell 

attachment, migration, proliferation, and differentiation (Gillies and Lieber., 2011). In vivo, the ECM 

provides a natural scaffold for cells to grow, proliferate, differentiate and mature in 3D (Gattazzo et 

al., 2014).  

In vitro, anchorage-dependent cells, such as MSCs, require a surface to attach to and proliferate on. 

Although this could be achieved on planar surfaces using cell culture flasks or well plates, tissues 

grown in 2D form monolayers, and monolayers do not efficiently mimic the natural structure or 

function of native tissue (Kapałczyńska et al., 2018). In addition, 2D cultures, owing to the low surface-

to-volume ratio of flat surfaces, are poorly scalable and unsustainable as huge amounts of culture 

media and single-use plastics are needed to generate a sufficient cell biomass to create meat (Bodiou 

et al., 2020). Instead, supports with higher surface-to-volume ratio, such as scaffolds, microcarriers 

and hydrogels are engineered to provide a 3D architectural foundation that can replicate the physical, 

biochemical and biomechanical properties of the native ECM and therefore provide a 

microenvironment that is tailored for cell attachment, growth and maturation (Lee and Choi, 2024). 

Using 3D supports also allows the creation of thick tissues that can replicate the structural and textural 

properties of meat (Fasciano et al., 2024).  

1.5.2.1 Scaffold production methods  

In general, scaffolds refer to any 3D support used to grow cells in vitro whatever their size or function. 

In the last few years, several techniques, mostly adapted from the wider field of tissue engineering, 

have been used to fabricate an array of scaffold types for cultivated meat production (Table 2).  
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Table 2: Advantages and drawbacks of scaffold fabrication techniques used in cultivated meat and tissue engineering. 

Method Description Advantages Drawbacks References 

3D bioprinting 
(Extrusion bioprinting, 

stereolithography, 
laser assisted 

bioprinting, droplet-
based bioprinting) 

Polymer solutions or 
bioinks are deposited 
on substrate layer-by-

layer. 

Highly versatile and tuneable. 
Computer-aided designs can be 

generated from MRI and CT scans. 

Not all biomaterials can 
be bioprinted. Poor 
resolution (100 μm) 

makes it hard to 
replicate ECM with high 

fidelity. Expensive 
equipment. 

(Ianovici et al., 
2022; Zagury 

et al., 2022; Su 
et al., 2023) 

 

Electrospinning 
(dry, wet, melt, 
needless, iRJS) 

Electrostatic forces 
draw fibres from the 

polymer solution after 
applying a high 

voltage. The fibres are 
then collected as a 

mesh on a grounded 
collector. 

Uniform and tuneable nano-to-
microscale fibres. High porosity and 

interconnectivity. ECM-like 
structures. High mechanical 
properties. Relatively cheap, 

simple, and reliable process. High 
cell viability. 

Potentially toxic 
solvents. Spun mats are 
fragile and difficult to 

handle or store. Needs 
high voltage generator. 

(MacQueen et 
al., 2019; dos 
Santos et al., 

2024) 
 

Phase separation 
(Thermally induced, 
diffusion induced) 

Two or more polymers 
with different 

solubilities separate in 
their respective 

solvents. 

Relatively high porosity. Can 
control scaffold thickness. Simple 

process. 

Potentially toxic 
solvents. Poor control 

over architecture. 
Limited pore size. 

(Ogawa et al., 
2024) 

Gas foaming 
 

Gas is dissolved in 
polymer under high 
pressure. Pressure is 
then lowered for gas 
to escape and form 

pores in the scaffold. 

Solvent-free process. Keeps 
bioactive molecules in the scaffold. 

Poor interconnectivity 
of porosity. Needs high 

pressure. Poor 
reproducibility. 

(Tang et al., 
2024) 

Solvent casting 
(Particulate leaching, 

salt or porogen 
leaching) 

A polymer and 
porogen composite is 

cast. The solvent is 
then evaporated and 

water-soluble 
porogens are removed 

by washing the 
scaffolds, revealing 
porous structure. 

Simple fabrication. High mechanical 
stability. 

Uncontrolled structure. 
Low reproducibility. 

 
(Su et al., 

2024) 

Freeze drying 

A polymer solution is 
mixed in water then 
frozen. Using a low 
temperature and 

vacuum, ice crystals in 
the polymer are 

sublimated leaving a 
porous network. 

Moderately high porosity. Can 
produce nano-fibres. High cell 
viability. No separate leaching 

steps. 

Irregular porosity and 
low pore size. 

Long process time. 
Needs freeze-dryer. 

(Xiang et al., 
2022; Chen et 

al., 2024) 

Decellularised tissues 
(Animal, plant, 

mycelium) 

Cells and nucleic acid 
of a tissue are 
removed using 
chemicals and 

enzymes until only the 
native ECM remains. 

Decellularised ECM mimics native 
cell microenvironment. Excellent 

physical structure, biochemical and 
mechanical properties. Perfusion 

possible. Decellularised plants and 
fungi are more scalable. GMO 
plants can express natural cell 

adhesion motifs, increasing cell 
attachment. 

Limited scalability. 
Decellularised animal 
tissues are expensive 

and risk immune 
response. Harsh 

chemicals can damage 
ECM proteins. 

Potentially toxic. 

(Thyden et al., 
2022; 

Murugan et 
al., 2024; Sood 

et al., 2024) 
 

Cell sheet technology 
(Scaffold-free) 

Monolayer “sheets” 
are lifted by changing 
the temperature. The 

sheets are then 
stacked to create 

volume. 

Mimics natural self-organisation. 
High cell viability. 

Final product is 100% meat without 
detaching or degrading scaffolds.  

Sustainable. 

Complex process. Low 
scalability. Poor control 
over tissue structure.  

(Yang et al., 
2005; Tanaka 
et al., 2022) 

 

Hydrogels that are capable of absorbing and retaining large amounts of water are often used as 

scaffolds as they promote cell attachment and proliferation. Through physical or chemical crosslinking, 

their physical and mechanical properties are tuneable, allowing the resulting constructs to provide 
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structures which facilitate organised tissue formation. In addition, hydrogels can mimic the textural 

properties of meat, owing to their high-water content. Hydrogels can also be used as bioinks for 3D 

printing where the cells are encapsulated within the hydrogel and then deposited layer-by-layer with 

precise control by the printer. Zagury et al. (2022) used alginate hydrogels to differentiate adipose-

derived bovine mesenchymal stem cells into mature adipocytes. The hydrogels were subsequently 

dissolved, and the adipocytes were added to muscle cells in an alginate, soy and pea protein bioink 

that was 3D printed to form marbled steak (Ianovici et al., 2022; Zagury et al., 2022).  

More traditional scaffolds have been engineered to mimic the fibrous and porous structure of the 

ECM. Porous scaffolds constructed using solvent casting, freeze drying, or gas foaming are 

characterised by their large porous network that facilitates oxygen (O2) and nutrient diffusion. Their 

large pores (50-250 μm), also allow cell infiltration into the scaffolds, facilitating attachment, 

migration and differentiation, and resulting in the formation of thicker tissues. Xiang et al. (2022) 

freeze-dried wheat glutenin to form porous sponges that supported the proliferation of bovine 

satellite cells without extra functionalisation or crosslinking-strategies, thereby creating efficient food-

safe and cost-effective scaffolds for cultivated meat production (Xiang et al., 2022).  

Fibrous scaffolds, on the other hand, are characterised by their nano-to-microfibrous network which 

mimics the ECM skeletal muscle, thus providing an ideal microenvironment for muscle and fat tissue 

growth. Unlike porous scaffolds, the pores of nanofibrous scaffolds are much smaller and can prevent 

cellular infiltration (Wu and Hong, 2016). Dos Santos et al., (2024) electrospun cellulose acetate to 

form nanofibrous sheets that promoted mouse myoblast (C2C12) and chicken satellite cell 

attachment, proliferation and differentiation. They then stacked up to four of the nanofibrous sheets 

to form 300-400 μm thick tissues (dos Santos et al., 2024).  

Decellularised tissues are an alternative to engineered scaffolds. Whether from animal, plant or 

fungus tissue, decellularisation allows the use of real ECM to grow tissue in vitro, thereby providing a 

scaffold with excellent cytocompatibility that strongly mimics the native environment of the cells. 

Decellularised scaffolds derived from renewable sources are also sustainable and cost-effective. Sood 

et al. (2024) used decellularised apple to fabricate natural porous scaffolds that promoted the 

attachment and proliferation of bovine satellite cells (Sood et al., 2024). Finally, scaffold-free 

techniques are also used which allow the formation of tissues without exogenous biomaterials. One 

of the most common methods uses cell-sheet technology. In this method, cells are grown in 2D in 

temperature responsive dishes. By changing the temperature, the cells can lift in a sheet without the 

use of proteolytic enzymes (Yang et al., 2005). The cell sheets are layered one on top of the other to 

form thick tissues. Tanaka et al. (2022) grew and stacked bovine myoblast cell sheets to form 
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1.3 - 2.7 mm thick muscle tissue without scaffolds (Tanaka et al., 2022). Other scaffold-free methods 

such as the use of self-assembling peptides to allow cells to secrete their own ECM have been used in 

tissue engineering but have yet to be explored for cultivated meat production (Lee et al., 2017). 

1.5.2.2 Improving scaffold scalability 

To generate enough cells to create meat (>1010 cells; Post et al., 2020), cells must be expanded quickly 

and efficiently in controllable and scalable bioprocess pipelines (Moutsatsou et al., 2023). For 

cultivated meat production, adherent cell expansion is generally achieved with the use of 

microcarriers cultured in suspension in bioreactors (Bellani et al., 2020). Microcarriers are typically 

micro sized beads (90-350 μm in diameter; Derakhti et al., 2019) that have a high surface-to-volume 

ratio and provide a relatively large surface for adherent cells for growth in suspension (Bodiou et al., 

2020). The total growth surface of microcarriers can be increased by progressively adding new 

microcarriers to a culture. Indeed, cells have been shown to migrate to empty microcarriers via bead-

to-bead transfer (Verbruggen et al., 2018; Rafiq et al., 2018; Hanga et al., 2021). Microcarriers come 

in a variety of materials, shapes and sizes. Commercial microcarriers have long been designed to mass 

produce cell-produced molecules such as proteins and monoclonal antibodies. Recently, 

developments in tissue culture, and, in particular, the advent of regenerative medicine, have driven 

the development of new microcarriers designed for the expansion of human stem cells (Bodiou et al., 

2020). However, these are not designed for cultivated meat, which has very different requirements, 

partly dictated by food safety and the need to scale up production. 

In most of the literature, cell expansion and differentiation are performed using different substrates 

(Bodiou et al., 2020). Following cell isolation, scientists use microcarriers to massively expand the cell 

population in bioreactors with proliferation media. Once expanded, the cells are removed from the 

microcarriers by either enzymatically detaching the cells or dissolving or degrading the microcarriers 

and recuperating the detached cells. The cells are finally seeded or encapsulated in edible scaffolds 

and differentiated and matured using differentiation media. The scaffolds then remain in the final 

product where they influence texture and nutritional content of the final product. However, the cell 

detachment stage, between the expansion and differentiation phases, often results in significant cell 

loss, and requires the use of additional chemicals and solvents, thereby increasing production costs 

and bioprocessing time (Derakhti et al., 2019).  

Designing microcarriers that are edible and able to both proliferate and differentiate cells would 

eliminate the cell detachment stage and would make the whole process more time and cost effective. 

In recent years, several companies, such as Modern Meadow, Matrix Meats and Gelatex have started 

developing and marketing edible microcarriers for the purpose of developing cultivated meats (Marga 
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et al., 2015; Zinck and Vaszily, 2021; Watson, 2022) while an increasing number of studies have 

explored the fabrication and characterisation of edible microcarriers (Li et al., 2016; Thyden et al., 

2022; Zernov et al., 2022; Yen et al., 2023). However, only a few have studied their differentiation 

potential on muscle or fat cells (Andreanssen et al., 2022; Norris et al., 2022; Kong et al., 2023; Ogawa 

et al., 2024). Andreanssen et al. (2022) dripped a blend of collagen and eggshell membrane into liquid 

nitrogen using a syringe to create edible microcarriers. They then showed that the microcarriers 

supported the proliferation of C2C12 cells and that the cells expressed myogenic factor 5 (MYF5) and 

myoblast determination protein 1 (MYOD1), indicating signs of early differentiation (Andreansson et 

al., 2022). Norris et al. (2022) created edible smooth and grooved gelatin microcarriers using emulsion 

techniques. The C2C12 cells growing on the microcarriers proliferated into small aggregates which, in 

turn, formed microtissues which were shown to support myogenic cell growth and differentiation 

(Norris et al., 2022). Kong et al. (2023) produced chickpea protein hydrolysate microcarriers treated 

with trypsin that were shown to proliferate and differentiate a variety of cell lines including 3T3-L1, 

C2C12, porcine myoblasts and chicken satellite cells. Ogawa et al. (2024) produced microcarriers by 

inoculating flasks with various strains of mycelium under constant agitation to produce pellets. The 

pellets were then autoclaved to inactivate them, producing porous microcarriers which supported 

bovine satellite cell and C2C12 cell proliferation. The cells also expressed MYOD1, and myogenic 

regulation factors MYOG and MYH2, which indicated potential for myogenic differentiation (Ogawa et 

al., 2024).  

1.5.2.3 Scaffolding functionality 

To be successful, scaffolds and microcarriers must be able to replicate the biological, physical, 

biochemical, and mechanical properties of the native ECM responsible for cell phenotype and tissue 

formation. They should promote cell attachment, migration, proliferation, and differentiation while 

exhibiting an environment with adequate porosity, structure, stiffness and tailorable degradation 

rates (Molina et al., 2020).  

Cellular attachment is highly dependent on the surface chemistry, topographical properties and 

presence of cell-binding motifs on the biomaterial surface (Derakhti et al., 2019). Several surface 

properties, including wettability, charge and chemical specificity have been shown to influence cell 

attachment in vitro (Hao et al., 2016; Ferrari et al., 2019; Fasciano et al., 2024) although the exact 

mechanism of how these properties affect attachment is poorly understood. Hao et al. (2014) showed 

that MSCs attached better on surfaces with a moderate hydrophilicity, with human and mice MSCs 

adhering best to surfaces with contact angles of 40-70 ° and 70-90 °, respectively. In addition, they 

showed that wettability also promoted MSC proliferation and differentiation on materials with a 

contact angle of 40-90 °, which has been in line with the results of several other studies (Ahn et al., 
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2014; Hartriani et al., 2015; dos Santos et al., 2023). It has also been shown that cell attachment is 

modulated by specific proteins which are adsorbed best in moderately hydrophilic surfaces (Oliveira 

et al., 2012; Fasciano et al., 2024). A positive surface charge has been shown to promote attachment 

due to the negative charge of mammalian cells and tissues (Weiss and Zeigel, 1971; De Luca et al., 

2016; Fasciano et al., 2024). In vivo, cell attachment to the ECM is mediated by integrins which bind 

to specific cell-adhesion motifs such as DGEA, IKVAV and RGD, found predominantly in collagens, 

laminins and fibronectin, respectively (Morwood et al., 2023). This functionality is mostly reserved for 

animal ECM proteins, and therefore synthetic and plant-based biomaterials are often coated or 

conjugated with RGD binding motifs in order to improve the attachment capabilities of scaffolds. Many 

growth factors, such as basic fibroblast growth factor (bFGF), also promote cell attachment and are 

often included in, or added to, culture medium to condition and coat scaffolds (Feng, et al., 2017, 

Subbiahanadar Chelladurai et al., 2021). Other functionalisation strategies such as click chemistry, 

used to coat RGD peptides, or polydopamine (PDA) coating are commonly used in tissue engineering 

to significantly improve the attachment of cells to inert scaffolds (Shin et al., 2003; Ku and Park, 2010; 

Darling et al., 2021). However, these techniques are expensive and have been shown to be potentially 

toxic (Sun et al., 2021; Luu et al., 2024) and therefore should be avoided for cultivated meat supports. 

Cell attachment, migration and differentiation are also affected by the scaffold morphology and 

topology. To mimic the highly homogenous and interconnected porous and nanofibrous structure of 

the native ECM, careful consideration should be placed on several key structural parameters, including 

fibre diameter, fibre alignment, and pore size. Variations in these properties can influence cellular 

behaviours and facilitate differentiation towards various cell fates (Dolgin et al., 2023). Fibre diameter 

is an important factor to consider as it has been shown to modulate cell differentiation, expression, 

proliferation, infiltration, and migration (Jenkins and Little, 2019). Lee et al. (2017b) studied the effects 

of fibre diameter on randomly orientated electrospun polylactic-co-glycolic acid (PLGA). They found 

that unaligned nanofibres promoted cell proliferation while larger microfibres promoted cell 

attachment and organisation but suppressed growth (Lee et al., 2017b). Fibre alignment and 

micropatterned scaffolds have also been shown to affect cell behaviour (Thakar et al., 2009). Abagnale 

et al. (2015) showed that MSCs grown on 650 nm nanofibres expressed markers of adipogenic, 

myogenic, osteogenic and chondrogenic differentiation. However, in scaffolds with both 2 μm and 15 

μm grooves, the MSCs differentiated towards chondrogenic lineages in the 2 μm grooves and 

adipogenic lineages in the 15 μm, without the need for differentiation media (Abagnale et al., 2015). 

Xie et al. (2021) studied the effects of fibre diameter and orientation of electrospun poly-L-lactic acid 

(PLLA) on bone marrow-derived MSCs. They showed that fibre alignment played a role in cell 

morphology and migration, with cells grown on aligned fibres displaying spindle shapes and migrating 
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along defined paths. On the other hand, cells on randomly orientated fibres were dispersed randomly 

and exhibited polygonal shapes. They also noted that while fibre alignment promoted cell proliferation 

and differentiation, the proliferation effect was minimal after 7 days of culture (Xie et al., 2021). Cell 

morphology was shown to influence differentiation, with rounder MSCs differentiating into adipocytes 

and spread-out flat cells into osteocytes (McBeath et al., 2004). It has also been demonstrated that 

cell elongation is important for myogenic differentiation (Wang, et al., 2015). Narayanan et al. (2020) 

showed that increasing fibre diameter of aligned electrospun polyester fibres, from a nanoscale to a 

microscale, enhanced myoblast proliferation and differentiation. They then showed that the fibre 

alignment contributed to cell elongation, muscle fibre alignment, myoblast fusion and tissue 

development (Narayanan et al., 2020).  

Aside from fibre morphology, the porous architecture of the scaffolds also plays an important role on 

infiltration, migration, proliferation and differentiation. Estabridis et al. (2018) showed that pores 

exceeding the size of cells promoted attachment on single fibres, which increased their migration 

speed, whereas pores smaller than cells promoted cell bridging on multiple fibres, slowing migration 

(Estabridis et al., 2018). Balguid et al. (2009) showed that increased fibre diameter directly correlates 

to increased pore size, hence cellular infiltration in electrospun scaffolds was proportional to fibre 

diameter (Balguid et al., 2009). It is worth noting that pore size affects cells differently depending on 

their type and scaffold material (Nunes-Pereira et al., 2015).  

The mechanical properties of the scaffold also play an important role in cell differentiation, as well in 

influencing the texture of the engineered tissue. In a process called mechanotransduction, the ECM 

stimulates cells to differentiate via mechanical cues, such as varying stiffness (Burkholder, 2007; Sun, 

et al., 2016; Raman et al., 2022). The ECM stiffness is dependent on tissue type. The Young’s modulus 

(which defines stiffness as a ratio of stress to strain) of adipose tissue is between 0.2 and 1.0 kPa, while 

it is at 10 kPa for skeletal muscle and 30-40 kPa for bone tissue (Lv, et al., 2015). Varying the stiffness 

of a scaffold in vitro can cause a cell to differentiate into varying lineages.  MSCs differentiate towards 

adipogenic lineages on soft surfaces and osteogenic lineages on hard surfaces (Engler, et al., 2006). 

When transplanting a tissue in vivo, it is important for the stiffness of the engineered tissue to match 

the stiffness of the native tissue. However, for cultivated meats, scaffold stiffness should match the 

expected mechanical properties of traditional meat (Bonkamp, et al., 2021).  

Several mechanical testing methods have been used to describe the texture of traditional and 

cultivated meat, including the Warner-Bratzler shear force (WBSF) measurement of the forces applied 

when cutting a sample with a V-shaped knife, texture profile analysis (TPA) which measures several 

organoleptic properties including hardness and chewiness by mimicking successive bites (Tejerina, et 
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al., 2021; Nasrollahzadeh et al., 2024; Souppez et al., 2025), and tensile testing to measure sample 

tearing (James and Yang, 2011; Paredes et al., 2022). Understanding the mechanical properties that 

are associated with meat quality can inform the production of cultivated meat to meet consumer 

expectations and acceptance (Souppez et al., 2025).  

1.5.3 Electrospinning 

Electrospinning is a widely used method for fabricating nanofibrous meshes in textile, filtration and 

food preservation applications (Liu et al., 2020; Sameen et al., 2022; Zhou et al., 2022; Nurul Alam et 

al., 2024b), and is commonly used to design nanofibrous scaffolds for tissue engineering (Lyu et al., 

2013; Politi et al., 2020; Sharma et al., 2023; dos Santos et al., 2024b). It is the most controllable and 

efficient method used for creating ECM-like scaffolds that possess a nanofibrous and porous network 

of isotropic or anisotropic fibres (Lee and Choi, 2024). Electrospinning is a relatively simple and cost-

effective method to produce homogenous polymeric scaffolds (Rahmati, et al., 2021). Despite a recent 

drive for developing green electrospinning strategies across all fields of study, using natural polymers 

and non-toxic solvents and crosslinkers (Jalaja et al., 2015; Lv et al., 2018; Gao et al., 2018; Guo et al., 

2019; Perez-Puyana et al., 2021; Melzener et al., 2023), very few studies have applied these methods 

to produce scaffolds for cultivated meat production (MacQueen et al., 2019; Kawecki et al., 2023; dos 

Santos et al., 2024; Dagès et al., 2025) despite its clear potential (Bonkamp et al., 2022; Nurul Alam et 

al., 2024b; Fasciano et al., 2024). MacQueen et al. (2019) used a rotary jet spinning method similar to 

wet spinning to produce fibrous edible gelatin scaffolds that supported the proliferation of rabbit 

myoblasts (MacQueen et al., 2019). Kawecki et al. (2023) combined myocytes grown on electrospun 

edible gelatin scaffolds with adipocytes grown on edible gelatin microcarriers, creating a spontaneous 

adhesion of myogenic and adipogenic tissues with mechanically distinct properties. The resulting 

multicomponent tissue had the appearance of marbled meat (Kawecki et al., 2023). Dos Santos et al. 

(2024) electrospun randomly aligned cellulose acetate nanofibres that supported the proliferation and 

differentiation of C2C12 cells and chicken satellite cells. They then stacked the electrospun sheets to 

produce 300-400 μm thick constructs, which through perfusion were able to differentiate cells without 

switching from growth to differentiation media (Dos Santos et al., 2024). In the manufacturing sector, 

Matrix Meats have started the development and production of electrospun nanofibres of a variety of 

edible biomaterials including chitosan, collagen and cellulose (Bonkamp et al., 2022).  

1.5.3.1 Needle Electrospinning  

Electrospinning uses electrostatic forces to draw a polymer solution into fibres. The standard 

laboratory electrospinning setup consists of a syringe pump holding a metallic needle-tipped syringe 

connected to a direct current (DC) high-voltage generator, and a grounded flat metal plate placed 
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perpendicular to the needle setup that acts as a fibre collector (Figure 6). To electrospin a biomaterial, 

it is first dissolved in a highly volatile solvent to form a polymer solution. The polymer solution is then 

loaded into the electrically charged metallic needle-tipped syringe and a syringe pump pushes out the 

solution droplet by droplet at a constant flow rate.  When the electric current is switched on, the 

polymer solution droplet at the tip of the needle elongates to form a Taylor cone which emits jets that 

travel towards the collector plate. As the jets are in flight, the solvent evaporates leaving the dry fibres 

to whip across the collector to form a randomly aligned fibrous mesh. The resulting fibre morphology 

is highly dependent on ambient conditions (e.g. temperature and relative humidity), polymer solution 

properties (e.g. concentration, viscosity, surface tension, conductivity and volatility) and operating 

parameters (e.g. voltage, tip-to-collector distance and flow rate) that are explained in Table 3.  

 

Figure 6: Standard needle electrospinning setup 

There are numerous ways in which researchers have modified the electrospinning setup to handle 

different materials. For instance, materials that dissolve poorly can be assisted with heat, using melt 

electrospinning (Ibrahim et al., 2019), and those with low conductivity can either be propelled with 

gas using solution blow spinning (Daristotle et al., 2016; Carriles et al., 2023) or centrifugal forces using 

rotary jet spinning (MacQueen et al., 2019; Rogalski et al., 2017). In addition, some setups may involve 

a coagulation bath to crosslink the fibres as they are ejected or deposited as is the case with wet-

spinning, dry-wet spinning, immersed rotary jet spinning (MacQueen et al., 2019; Shirvan et al., 2022). 

Alternatively, electrospinning can produce fibres of varying morphology by switching the spinneret 

type, modifying the electric or magnetic field or simply altering the collector shape and movement 

(Maran et al., 2024). Coaxial electrospinning, for example, employs two or more syringes with a single 
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coaxial needle consisting of concentric inner and outer openings. This allows the formation of either 

core-sheath or hollow nanofibres. With core-sheath fibres, the polymer at the core can provide 

structure while the outer layer provides functionality. Zhao et al. (2007) coaxially electrospun 

PCL/gelatin nanofibres to form non-toxic scaffolds, capable of supporting fibroblast attachment and 

proliferation, which benefitted from the mechanical properties of PCL at their cores (Zhao et al., 2007). 

Alternatively, coaxial electrospinning can allow a carrier material to form the core and use a non-

electrospinnable material on the outer layer. Jalaja et al. (2016) coaxially electrospun gelatin/chitosan 

nanofibres, with electrospinnable gelatin serving as the core and non-electrospinnable chitosan 

providing the outer layer functionality which improved cytocompatibility, cell attachment and 

proliferation (Jalaja et al., 2016).  

Near-field electrospinning is another original adaptation of the traditional setup in which the collector 

distance is so small (500 μm – 3 mm) that the fibres deposit without whipping. Similarly to 3D printing 

techniques, the spinneret is mounted on a controllable 3D motion platform, enabling precise 

deposition of fibres in the X-, Y- and Z- axis (Huang et al., 2024). Finally, a degree of fibre alignment 

(anisotropy) can be achieved with all electrospinning setups by switching out the collector plate with 

a fast-rotating mandrel, drum, disc or wire. At a slow rotating speed, deposited fibres form a more 

homogenised randomly orientated mesh. In contrast, increasing the speed augments the pull of fibres 

as they are being deposited, thereby reducing whipping instability and producing some alignment. To 

produce scaffolds of near perfect alignment, the rotation speed of the drum should match or slightly 

exceed the ejection rate of the fibre. Kiselev and Rosell-Llompart (2011) electrospun polyethylene 

oxide (PEO) nanofibres with near perfect alignment (>95% of fibres within 1 °) using a cylindrical 

collector with rotational speeds of 15 m/s (Kiselev and Rosell-Llompart, 2011). 

1.5.3.2 Electrospinning at scale 

Needle electrospinning has many advantages thanks to its versatility, ease of use, simplicity and cost-

effectiveness. However, its slow production rates, averaging around 0.01-0.1 g/h of polymeric fibres, 

and needle clogging issues that inhibit continuous jet formation, and can even at times impede the 

electrospinning process altogether, prevent standard needle electrospinning setups from being used 

at scale (Partheniadis et al., 2020).  
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Table 3: List of parameters that should be optimised for successful electrospinning 

 
Parameter Description 

Effect of increase in 
parameter 

Effect of decrease in 
parameter 

Polymer 
properties 

Concentration 

A critical concentration is needed 
for polymer chain entanglement 

and generate viscoelastic 
behaviour needed for fibre 

formation. 

Increases polymer chain 
proximity and 
entanglement. 

Increases fibre diameter. 
Decreases fibre tensile 

strength. 

If too low, prevents chain 
entanglement forming 

droplets. 
Can produce electrospraying 

effect or transfer of large 
droplets. 

Viscosity 

A minimum polymer viscosity is 
needed for electrospinning. 

Viscosity can be increased with 
concentration. 

If too high, will prevent 
polymer solution from 

flowing efficiently. 

If too low, cannot form 
uniform and smooth fibres. 

Surface tension 

Fibres can only be formed once 
surface tension is broken. Surface 

tension can be overcome by 
increasing the voltage. 

If too high, can cause 
unstable jets and droplet 

transfer. 

Can allow electrospinning at 
lower voltages. 

Conductivity 
Conductivity allows current to 

flow through the polymer 
solution. 

Can be increased by 
adding salts such as NaCl 
to increase electrolytes 

in solution. 

 

Solvent 
evaporation 

As the solvent evaporates from 
the polymer jets, the fibres 

harden. 
Solvent evaporation time is 

dependent on tip-to-collector 
distance, temperature and %RH. 

Fibres will have time to 
fully dry before reaching 

collector. 

Fibres hitting the collector 
while they are wet have a 
larger fibre diameter and 

flatter morphology. 

Operating 
parameters 

Voltage 
Needs to be high enough to break 

the surface tension and cause 
electrostatic effect to draw fibres. 

Decreases fibre 
diameter. 

If too high, can prevent 
the formation of stable 

jets. 

Increases formation of beads 
and transfer of droplets. 

Tip to collector 
distance 

Affects the time needed for fibres 
to dry. 

Decreases fibre 
diameter. 

Increases fibre diameter. 

Flow rate 
Should be adjusted to match 

solvent evaporation time. 
Solvent will not 

evaporate enough. 

Solvent will evaporate fully 
before reaching collector. 

If too low, can prevent 
continuous fibres. 

Environmental 
conditions 

Temperature 
Temperature can affect polymer 

viscosity. 

Decreases fibre 
diameter. 

If too high, can lower 
viscosity preventing 
uniform and smooth 

fibres. 

Increases fibre diameter. 

Relative 
Humidity (%RH) 

Relative humidity can affect 
solvent evaporation time. 

Fibres take longer to 
solidify. Increases fibre 

diameter. 

Fibres solidify faster. 
Decreases fibre diameter. 

 

To increase productivity, various scalable electrospinning systems have been developed notably using 

multi-needled and needleless spinnerets (Partheniadis et al., 2020). Multi-needle electrospinning 

operates in a similar manner to standard single needle electrospinning, but the polymer solution is 

pushed out at a higher flow rate through a higher number of needles. With more Taylor cones being 

produced, more jets are formed, and more fibres can be collected within the same timeframe. 

However, multi-needle setups have drawbacks, with needle-clogging still posing a potential issue with 

viscous polymer solutions, and it has been shown that Coulombic repulsion between the charged jets 

and needles can result in an irregular electrical field reducing the homogeneity of the electrospun 

fibres (Beaudoin et al., 2022). To improve the overall electric field several strategies have been 
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investigated including careful positioning of the needles, varying needle arrangements and spacing, 

placing auxiliary electrodes laterally or perpendicularly to the needles, and even using coaxial needles 

with sheath gas to stabilise the jets (Theron et al., 2005; Zhu et al., 2018; Zheng et al., 2020; Beaudoin 

et al., 2022). Despite these difficulties, large-scale and industrial-scale multi-needle systems have been 

developed and commercialised that use thousands of needles and can produce up to 6.5 kg/h of fibres 

(Luo et al., 2012; Hosseini Ravandi et al., 2022).  

 

Figure 7: Needleless electrospinning setup using a rotating cylindrical spinneret. 
A) Rotating spinneret setup, B) Photo of rotating coil setup during electrospinning (Niu and Lin, 2012), C) Needleless 

electrospun mats (Niu and Lin, 2012). 

Alternatively, large scale electrospinning can be achieved without the use of any needle, removing all 

needle-related issues entirely. Needleless electrospinning relies on the principle that highly charged 

liquid surfaces can produce jets over a large area (Figure 7). Unlike needle electrospinning, needleless 

electrospinning uses very high voltages to break the liquid surface tension and create conical spikes 

which act similarly to Taylor cones in initiating the jet formation. Various charged rotating spinnerets 

have been used such as cylinders, discs, coils, and balls, that are partly immerged in the polymer 

solution to continuously wet with a thin layer of solution the emerged part of the spinneret from which 

fibres are drawn (Jirsak et al., 2009; Liu et al., 2014; Sasithorn and Martinová, 2014; Moon et al., 2017; 

Maryskova et al., 2019). Moreover, modern setups such as the NanospiderTM use a charged wire on 

which a cassette, moving up and down the wire, deposits the polymer solution using capillary action. 

Using this technique maintains polymer solution viscosity as the solvent cannot evaporate in the 

cassette (Omer et al., 2021). Alternatively, rotating spinnerets can be removed entirely and replaced 

by external forces such as gravity, magnetism, pressurised gas or ultrasounds used to perturbate the 
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electrified polymer solution surface and initiate jet formation (Liu et al., 2008; Huang et al., 2017; 

Nieminen et al., 2018). Several commercial laboratory-, pilot- and industrial-scale needleless 

electrospinners have been developed that can produce from 10 - 6500 g/h of nanofibres (Omer et al., 

2021; Hosseini Ravandi et al., 2022).  

Finally, AC electrospinning, is an up-and-coming needleless electrospinning system that uses an 

alternative current (AC), rather than direct current (DC), to excite a fluid surface into producing Taylor 

cones and initiating jet formation (Batka et al., 2024). Unlike DC electrospinning strategies, AC 

electrospinning does not require a grounded or charged collector since half the jets are formed 

positively charged and half negatively charged. Therefore, each jet acts as a collector to the 

subsequent inversely charged jet (Sivan et al., 2022). Spinnerets used for AC electrospinning generally 

involve an electrified rod through which the polymer solution passes at a constant rate, using a screw 

pump or other automated systems (Valtera et al., 2015; Valtera et al., 2019), although other 

combinations, such as bubble electrospinning have been used with AC (Erben et al., 2020). As the 

solution is excited, jets are ejected and form an electrically neutral plume that ascends and stabilises 

as shown in Figure 8 (Batka et al., 2024). To retrieve the fibres a neutral collector material such as a 

wire, stick or spun-bond can be used depending on desired fibre function and morphology. As the 

technology is still in its infancy, no commercial systems have been developed yet.  

 

Figure 8: Concept of AC electrospinning. 1) As current is switched on the hydrodynamic effect on the polymer solution 
initiates jet formations. 2) as the charge is alternated, the negatively charged polymer solution is attracted to the positively 
charged jet previously ejected, 3) with every change in voltage polarity, jets become longer, forming fibres with positive and 

negative charge that end up cancelling each other out in an electrically neutral fibrous plume (4). 

1.5.4 Material selection for cultured meat scaffold 

The science behind cultivated meat production stems from a combination of tissue engineering and 

food science. The materials used in scaffolding must have key tissue engineering properties such as 

functionality and compatibility with the scaffold fabrication and tissue culture process, and at the 
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same time they should be edible, cheap and acceptable to consumers just like any other food 

ingredient. Materials that satisfy these properties should therefore be prioritised in the material 

selection process. Some important considerations when choosing biomaterials for cultivated meat 

scaffolding are presented in Figure 9. A list of edible materials with potential in cultivated meat 

scaffolding is displayed in Table 4. 

 

Figure 9: Ideal scaffold biomaterial considerations. 

1.5.4.1 Biomaterial scalability 

One of the most important factors to consider during material selection is scalability from small 

quantities used in a research laboratory to the large amounts required in industrial-scale production. 

It is, therefore, important that the material is abundant, relatively cheap and easy to procure and 

extract (Bodiou et al., 2020). By decreasing the amount of steps in the material processing and 

refinement, the relative cost of production is lowered, which in turn reduces the price of the final 

product. Finally, to increase the sustainability of cultivated meat, materials used in its production 

should also be renewable with a low environmental or ecological impact. Many natural polymers fit 

these requirements, whereas many synthetic polymers favoured in tissue engineering applications 

have a detrimental effect on the environment (Jahangirian et al., 2019). Natural polymers obtained 

from massively produced waste products are excellent candidates as they are cheap recycled 

materials. For example, chitosan and zein, which are waste products from the fishing and alcohol 

industries, respectively, have been used in a wide range of biomedical applications (Li et al., 2022; 

Wang et al., 2024). In addition, ubiquitous materials, such as cellulose in all plants and alginate in 

seaweeds, are easily obtainable from a large variety of sources (Jahangirian et al., 2019).  
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1.5.4.2 Biomaterial food safety 

As most scaffolds for cultivated meat production remain in the final product, food safety is of the 

utmost importance. The scaffold material also plays a role in altering the organoleptic properties of 

the final product, and therefore tasteless or flavour-enhancing polymers are desirable. Ulagesan et al. 

(2024) used a mixture of sodium alginate and carrageenan gum to 3D-print hydrogels with a strong 

umami taste that was described as enhancing the flavour of cultivated fish products (Ulagesan et al., 

2024). Lee et al. (2024) designed a gelatin scaffold conjugated with switchable flavour-compounds 

that supported the attachment, proliferation and differentiation of bovine myoblasts. When cooked, 

the cultivated meat product released meaty flavours that mimicked the Maillard reactions (non-

enzymatic browning during cooking) of traditional meat cooking (Lee et al., 2024). It is worth noting 

that materials can be edible without being digestible, as is the case for dietary fibres such as cellulose 

and arabinoxylans, and low-toxicity synthetic polymers such as polyethylene glycol (PEG), 

polyethylene oxide (PEO) and polymethyl methacrylate (PMMA; Shit and Shah, 2014). In addition, 

using GRAS status biomaterials can facilitate regulatory approval of the final product as well as 

improve consumer satisfaction (Lanzoni et al., 2024). Silk fibroin, for example, is a GRAS status natural 

biopolymer that is commonly used in tissue engineering applications due to its synthetic-like 

properties such as controllable degradation, tensile strength and other mechanical properties. In 

addition, silk fibroin is tasteless and digestible, making it auspicious for cultivated meat scaffolding 

(Sun et al., 2021b).  

1.5.4.3 Biomaterial functionality 

Material functionality is also very important as it will help cells attach, proliferate, migrate and 

differentiate on the engineered scaffold. ECM components, such as collagen, fibrinogen, hyaluronic 

acid and their derivatives like gelatin, possess cell adhesion motifs. In addition, scaffolds produced 

from ECM proteins have been shown to replicate native cell niches and modulate cell fate. However, 

reliance on animal protein should be avoided as the removal of animals from meat production is a 

hallmark of cultivated meat. Instead, many ECM proteins could eventually be produced recombinantly 

and at scale using bacteria, plants and fungi (Post et al., 2020). It is worth noting that cell adhesion 

motifs are not unique to the ECM surrounding animal cells, with several plant and fungi displaying 

RGD and RGD-like peptide motifs (Senchou et al., 2004). Kong and Huang (2024) produced alginate 

microcarriers coated with pumpkin seed protein that is known to be rich in RGD motifs. The 

microcarriers supported the attachment and proliferation of C2C12 cells, chicken satellite cells, 

porcine myoblasts and 3T3-L1 adipocytes, performing as efficiently as animal gelatin microcarriers 

(Kong and Huang, 2024). Biomaterials can also possess other desirable properties that can enhance 

scaffolds used for cultivated meat production. Plath et al. (2021) demonstrated that zein promoted 
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cell adhesion, proliferation and differentiation on PCL/zein electrospun scaffolds. In addition, zein was 

shown to be bactericidal and antiadhesive, preventing E. coli and S. aureus from colonising the 

scaffolds (Path et al, 2021). Many dietary fibres also have health benefits, playing a role in digestive 

health (Gill et al., 2021). Psyllium husk, for instance, which is often prescribed to relieve constipation, 

has been used to treat an array of colonic disorders including bacterial infections and colorectal cancer 

(Bacha et al., 2022). In addition, as a soluble fibre with antimicrobial properties, psyllium husk acts as 

a hydrogel capable of being used in drug delivery systems (Sharma et al., 2024) and wound dressings 

(Fernandes et al., 2018). By countering some of the negative effects of red meat consumption, 

psyllium husk scaffolds could make cultivated meat healthier and improve consumer acceptance.  

1.5.4.4 Bioprocess compatibility 

Compatibility of the biomaterials used with the scaffold fabrication process and the cell culture 

bioprocess is also essential. Compatibility significantly limits the number of polymers that can be used 

for specific applications. For instance, many natural polymers lack the mechanical strength needed for 

3D bioprinting. Moreover, polyionic materials such as alginate, chitosan and some dietary fibres have 

been shown to interfere with the electric field during electrospinning, preventing them from being 

electrospun without a carrier material (Dierings de Souza et al., 2021; Stijman et al., 2011). In addition, 

most of the bioprocess takes place in aqueous conditions, making water-soluble materials such as zein 

unusable. Although the hydrolytic stability of zein can be improved, its crosslinkers are toxic and 

should be avoided in food products (Huang et al., 2015). Finally, the biomaterial should have sufficient 

integrity to withstand shear stresses imparted by bioreactor impellors. While shear stress present in 

spinner flasks and laboratory-scale bioreactors is relatively low, the biomaterial should also be able to 

endure the shear stresses of industrial-scale reactors (Li et al., 2020). 

1.5.4.5 Consumer acceptance 

Lastly, and possibly most importantly, the material must have consumer acceptance, as no matter 

how good a product may be, it cannot be successful without this. To this end, it is important to conduct 

market research on what the public is willing to consume and how cultivated meat could impact 

dietary habits, and cultural or religious traditions. Psychology and social sciences will have a huge role 

in bringing cultivated meats to market. 
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Table 4: Advantages and disadvantages of edible biomaterials with potential in cultivated meat scaffolding. 

Material Origin Advantages Disadvantages References 

Sodium 
alginate 

Brown seaweed 

Can produce ultrathin fibres 
Abundant 

Extensive use in food and 
medical sectors 

Hydrophilic 

Difficult to electrospin 
Relatively poor mechanical 

strength 
Low biodegradability 
Polyanionic character 

Pan et al., 2020; 
Li et al., 2022; 

Chen et al., 2023 
 

Chitosan Crustacean, fungi 

Already used in meat 
replacement products and 

clean meats 
Has the ability to regulate and 

modulate bioactive factors 

Difficult to electrospin 
Low solubility 

Poor mechanical strength 
Polycationic character 

Jalaja et al., 2016; 
Li et al., 2022; 

Wang et al., 2024 

Zein Corn 
Good mechanical strength 

 

Fast biodegradation 
Poor stability in aqueous 

environments 

Perez-Guzman and 
Castro-Munoz, 2020; 
Melzener et al., 2023; 

Jeong et al., 2024 

Cellulose Plants 
Tuneable physical and 

chemical properties 
Extremely abundant 

Non-biodegradable in 
Humans 

Methylcellulose is a laxative 

Hickey and Pelling, 
2019; 

Tang et al., 2024; 
Dos Santos et al., 2024 

Gums 
(Pectin, 
dextran, 
psyllium 

husk) 

Plants 
 

Hydrophilic 
Mimics natural ECM 

High elasticity 
Good cell attachment and 

proliferation 
Abundant 

Cannot control hydration 
Possible antigenicity 

Poor mechanical strength 
Polyionic character 

Difficult to electrospin 
 

Mohammadinejad et 
al., 2020;  

Wollshlger et al., 2022; 
Kirsch et al., 2023 

 

Collagen Animal 
Natural component of ECM 

Good cell attachment 
Easy processing 

Poor mechanical strength 
Expensive 

Low solubility 

Murphy et al., 2010; 
Shepherd et al., 2018 

Gelatin Denatured collagen 

Similar structure to collagen 
Good cell attachment 
Cheaper than collagen 

Water soluble 

Degrades too fast for cell 
differentiation 

Poor mechanical strength 

MacQueen et al., 2019; 
Rao et al., 2023; 
Lee et al., 2024 

Fibrinogen Animal 
Hydrophilic 

Excellent cell attachment and 
differentiation abilities 

Poor mechanical strength 
Expensive 

McManus, 2006; 
Linnes et al., 2007; 
Kang et al., 2021 

Hyaluronic 
Acid 

Animal 

ECM Glucosaminoglycan 
Biocompatibility 

High elasticity 
Water soluble 

Poor mechanical strength 
Rapid enzymatic 

degradation 
Singh et al., 2023 

Silk Fibroin Silkworms 

Very good cell attachment 
and proliferation 

Very good mechanical 
strength 

Amphiphilic 
Tuneable physical and 

chemical properties 
Controllable biodegradibility 

Relatively fast degradation 
without modification or 

crosslinking 

Nguyen et al., 2019; 
Ma et al., 2024; 

Dagès et al., 2025 

Sericin Silkworms 
Good elasticity 

Hydrophilic 
Good cell attachment 

Very fragile, cannot make 
scaffold on its own 

Moderate antigenicity 

Jo, et al., 2020; 
Chachlioutaki et al., 

2022; 
Demiray et al., 2024 

Wheat 
(Gliadin, 
Glutenin) 

Wheat 
Good mechanical strength 

Excellent elasticity 

Common allergies or 
intolerances 

Needs physical or chemical 
modifications to dissolve 

Ba et al., 2018; 
Wu et al., 2024; 
Yao et al., 2024 

Soy Protein Soy 
Good mechanical strength 

Good cell attachment 
Stable to hydrolysis 

Hard to dissolve in most 
solvents 

Relatively fast degradation 
Needs blending to produce 

fibres 

Ben-Arye et al., 2020; 
Phelan et al., 2020; 

Wei et al., 2023 
 

Polyethylene 
Glycol (PEG) 

Synthetic polymer 

Edible 
Biocompatible 
Water soluble 

Good mechanical properties 
Tuneable physical and 
biochemical properties 

Non-biodegradable 
Toxic in high quantities 

Shit and Shah, 2014 
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1.5.5  Silk Fibroin  

It is evident from Table 4 that silk fibroin stands out as an abundant, relatively cheap and easily 

extractable protein with GRAS status, and excellent versatility, cytocompatibility and mechanical 

properties. Furthermore, silk fibroin has been extensively researched as a scaffold biomaterial for 

tissue engineering, with applications in skin, bone, skeletal muscle, smooth muscle, and neural cell 

regeneration (Chaturvedi et al., 2016; Safonova et al., 2021; Yonesi et al., 2021; Hu et al., 2022; 

Polakova et al., 2022). Silk fibroin is also compatible with electrospinning and is commonly used in 

scaffolds, wound dressings, drug delivery systems, filtration applications and textiles (Faroki et al., 

2018; Chomachayi et al., 2018; Gao et al., 2018; Sencadas et al., 2019; Polakova et al., 2022; He et al., 

2023). Although silk fibroin electrospun nanofibres are water-soluble, they can be stabilised with non-

toxic and food-safe physical crosslinkers such as ethanol and water vapour, making silk fibroin 

scaffolds suitable for use in aqueous environments (Huang et al., 2014; Terada et al., 2016). Another 

advantage of silk fibroin is that it is comestible and tasteless. Moreover, it is already used in the food 

industry as biodegradable food packaging and as a preservative for apples and strawberries (Marelli 

et al., 2016; Gianelli et al., 2021; Low et al., 2022). In addition, a recent study has shown that silk 

fibroin has no allergenic potential, nor does it pose any toxicity risk at 500 mg/kg per day (Yigit et al., 

2021). All these properties make silk fibroin a promising biomaterial for cultivated meat scaffolding. 

Silk fibroin is a natural biopolymer present in the silk secreted by Leptidoptera spp. (i.e. butterflies and 

moths), Hymenoptera spp. (i.e. bees and wasps), and Araneae spp. (i.e. spiders) (Sehnal and 

Sutherland, 2008). Silk is composed of silk fibroin (70-80% w/w) and silk sericin (20-30% w/w). Silk 

fibroin is a fibrous protein that runs at the core of the silk filament and provides mechanical structure 

and tensile strength, and the silk sericin (20-30% w/w), a globular protein that acts as a glue-like 

substance surrounding silk fibroin and providing elasticity to the silk (Figure 10C; Nguyen et al., 2019). 

Depending on the function of the silk, the properties of silk fibroin can vary significantly.  For instance, 

the silk of spiders used for cobwebs to catch prey often feature extremely tough silk fibroin that can 

exceed the toughness of synthetic nylon or Kevlar (Römer and Scheibel, 2008). However, the lack of 

domestication amongst spider species makes obtaining spider silk quite challenging. On the other 

hand, silkworms, mostly from moth species, have been domesticated and farmed for millennia to 

harvest silk for clothing and accessories (Gong et al., 2016), and, since antiquity, for skin care and 

medical sutures as famously described by Galen of Pergamum in 150 AD (Galen, 150/2011). 

Nowadays, raw silk is primarily harvested from mulberry silkworms (Bombyx mori; Figure 10A,B) 

cocoons for the textiles industry with over 90% of its global production emerging from China and India. 

To obtain raw silk, sericulture farmers hatch silkworm eggs on disinfected rearing beds and feed the 

larvae until they spin their silk cocoons, a process taking approximately 28 days (Bitar et al., 2024). 
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Once spinning is complete, but before eclosion of the moth, the cocoons are harvested and dried using 

hot air, killing the silkworm pupae in the process. The cocoons are then generally boiled or steamed 

to reel the silk onto spools and various treatments are then used to process the raw silk for use in 

garments (Astudillo et al., 2014). Although, silk is often considered environmentally friendly, there is 

debate on its global warming potential (GWP). While most studies set the GWP of raw silk around 

18 – 25 kg of CO2 equivalent per kg of product (CO2eq/kg; Ren et al., 2016; Holland et al., 2019; Liu et 

al., 2022), two recent studies have shown that the whole process of silk production, from mulberry 

cultivation and silkworm rearing to raw silk processing had a GWP of around 80 kg CO2eq/kg (Astudillo 

et al., 2014; Wu et al., 2025), a figure far exceeding the GWP of beef farming (approximately 30 kg 

CO2eq; Mattick et al., 2015). With the culture of mulberry fields and silkworms representing 20-70% 

of that figure, it should be noted that this high global warming potential is linked to inefficiencies in 

the culture process (Astudillo et al., 2014; Wu et al., 2025). With a primary focus of yields, mulberry 

trees are generally over-fertilised using manure or chemical fertilisers with ammonia and potassium 

chloride, contributing to N2O emissions and soil, freshwater and marine ecotoxicity (Wu et al., 2025). 

In addition, the high energy input mostly as electricity required for heating, ventilation and 

illumination represents 70% of the environmental impacts of silkworm rearing. While the use of more 

efficient systems such as water-fertiliser irrigation technology, drip-irrigation, renewable energy and 

smart management systems for climate control could easily and considerably reduce production costs 

and pollution (Siddalingaswamy et al., 2007; Wu et al., 2025), these technologies may be too costly 

for most sericulture farms in China and India without significant government subsidies and incentives 

(Astudillo et al., 2014; Wu et al., 2025). To mitigate some of the environmental damages and ethical 

concerns of sericulture and to improve the purity and quality of silk proteins, research has been 

conducted to engineer silk proteins using precision fermentation. As such, silk fibroin, especially from 

non-domesticated silkworm and spider species, has been recombinantly produced using a range of 

host organisms including bacteria (Bowen et al., 2018; Xiao et al., 2023), yeast (Jansson et al., 2016), 

transgenic animals and plants (Scheller et al., 2004; Wen et al., 2010), however none of these methods 

have yet to be scalable due to high metabolic burdens limiting protein expression, leading to high 

production costs and low titers (Xiao et al., 2023). Although recombinant silk fibroin could be produced 

at cost parity with farmed raw silk (~$100/kg; Flaibam et al., 2025; Wu et al., 2025), there is still a lot 

of doubt on whether precision fermentation could be environmentally friendlier than sericulture 

farms. With a significant electricity consumption to warm cell culture media, other recombinant 

proteins and growth factors used in the production of cultivated meat have had GWPs ranging 10 kg 

CO2/kg to 100,000 kg CO2eq/kg depending on the protein molecular weight and host organism (Xiao 

et al., 2023). In addition, while the carbon footprint of cultivated meat is predicted to be around 
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14 – 25 kg CO2eq/kg of meat, the use of renewable energies could bring this down to 3-6 kg CO2eq/kg 

(Tuomisto et al., 2022; Sinke et al., 2023). Consequently, as scaffolds are expected to represent 10% 

of the final meat product (Sinke et al., 2023), it could be deduced that the production of cultivated 

meat using silk fibroin scaffolds would increase to approximately 22 – 33 kg CO2eq/kg with the current 

energy infrastructures and farming inefficiencies, or 7 – 10 kg CO2eq/kg with renewable energy, drip 

irrigation and efficient fertiliser systems (Tuomisto et al., 2022; Sinke et al., 2023; Wu et al., 2025).  

Structurally, the silk fibroin protein is composed of hydrophobic heavy chains connected to hydrophilic 

light chains by a single disulfide bond (Figure 10D). In the heavy chain, predominantly hydrophobic 

amino acids (AA) such as alanine (Ala), glycine (Gly) and serine (Ser) form highly repetitive and ordered 

antiparallel β-sheets interspaced by hydrophilic anamorphous regions (Nguyen et al., 2019). These 

β-sheet regions characterised by Gly-Ala-Gly-Ala-Gly-Ser repeats, form the crystalline structure of silk 

fibroin (Figure 10E). Depending on its physical state, silk fibroin can present different crystalline 

structures referred as Silk I (liquid state) and Silk II (solid state). In its naturally liquid state, as stored 

in the secretory glands of insects, the fibroin displays a Silk I conformation and is mainly composed of 

water-soluble irregular structures of random coils and α-helices. As the silk is naturally spun, the 

fibroin solidifies and presents a Silk II conformation characterised by a high density of parallel and 

antiparallel β-sheets (Nguyen et al., 2019). The natural transition from Silk I to Silk II conformations 

has been shown to impact the protein’s solubility, degradation rate, mechanical strength, and 

chemical properties (Hu et al., 2012; Sun et al., 2021). Most importantly, the conformational transition 

can be initiated artificially without the use of toxic crosslinkers making silk fibroin a particularly 

versatile and tuneable biomaterial.  
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Figure 10: The origin and structure of B. mori silk fibroin. 
(A) Adult Bombyx mori silkworm (CSIRO, 2010), (B) B. mori cocoons, (C) SEM image of a silk fibre (Nguyen, et al., 2019), (D) 

Heavy chain composition of silk fibroin (Nguyen, et al., 2019), (E) Hydrogen bonds connect hydrophobic amino acids forming 
anti-parallel β-sheets (Nguyen, et al., 2019). 

There are also drawbacks to silk fibroin as a material for scaffold engineering, however, these could 

be remediated. For instance, B. mori silk fibroin is devoid of cell adhesion peptide motifs which could 

inhibit cell attachment to the scaffold, and its high tensile properties could induce unwanted 

spontaneous differentiation of MSCs into bone lineages (Fernández-Muiños et al., 2014; Nguyen et 

al., 2019; Yamazaki et al., 2020). This could, however, be corrected by blending silk fibroin with highly 

functional polymers such as chitosan, zein, pumpkin seed protein or gelatin. Alternatively, this could 

be achieved using co-axial electrospinning with silk fibroin at the core carrying another softer sheath 

material with high functionality. 

Another concern is the public perception of silk fibroin in food products, which has yet to be 

investigated. Despite this, it can be anticipated that many prospective consumers would negatively 

regard foods with insect-derived additives and cultivated products that are not slaughter-free. Many 

studies have shown that insect-based protein in foods disgust consumers in western societies who 

would likely represent the dominant market for cultivated meat products in the near future (Bryant, 

2020; Castro et al., 2019; Hopkins et al., 2023; White et al., 2023). In addition, silkworm pupas are 

killed to obtain the cocoons from which silk fibroin is extracted and, despite the low amounts of 

polymer needed for electrospinning, production at an industrial scale would result in the deaths of 

thousands, if not millions, of silkworms per day. This could also be remedied by producing silk fibroin 
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recombinantly at scale, driving the cost down and eliminating the cruelty factor entirely (Post et al., 

2020). However, as a genetically modified product, public perception would be challenged yet again 

by a distrust of genetically modified organisms (GMO; Siegriest and Hartmann, 2020).  

1.6 Conclusion 

In summary, cultivated meat, grown from stem cells in vitro, represents a sustainable alternative to 

the environmentally damaging and morally unethical intensive animal farming model, for feeding an 

ever-growing population with an increasing demand for meat. Despite, recent advances and major 

breakthroughs led by industry, including legalisation of less than a handful of cultivated meat products 

in a few countries, the scalable production of cultivated meat remains one of the largest challenges to 

be resolved to improve accessibility to the general public.  

One way of improving scalability is to develop edible scaffolds that play a role in the expansion, 

differentiation and maturation of cells and are incorporated into the final meat product, contributing 

to its texture, taste and appearance.  This thesis explores the possible use of scaffolds made from non-

woven electrospun mats made of edible biomaterials, using scalable methods and non-toxic materials 

in the process.  

Silk fibroin, a material used extensively in tissue engineering and food science, was chosen as the 

default biomaterial for the fabrication of scaffolds and microcarriers due to its abundance, 

digestibility, excellent cytocompatibility, mechanical properties and food-safe status. Electrospinning 

was chosen as a scalable method for the fabrication of nanofibrous supports that can mimic the native 

ECM of skeletal muscle (the predominant type of meat). Ground beef was chosen as the target meat 

model, as beef is one of the most consumed meats in the world, frequently enjoyed in minced form, 

which corresponds well to unstructured cultivated meat, while at the same time beef farming is one 

of the most environmentally damaging forms of agriculture. In addition, as most tissue engineering 

studies having been performed on mammalian cell lines, there is a wealth of documented research on 

adaptation of media formulation and cell culture protocols to build on when working with mammalian 

cells. Mesenchymal stem cells were chosen because of their simple and ethical isolation from live 

animal biopsies and their ability to differentiate into all meat tissue components (skeletal muscle, fat, 

connective tissue, tendons, bone) is relatively easy to control. 

1.7 Research aims 

 The aim of the research presented in this thesis is to develop novel electrospun silk fibroin 

microcarriers that support the expansion of bovine mesenchymal stem cells and improve the 
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scalability of cultivated meat production and are cost-effective, food safe and acceptable to future 

consumers.  

Chapter II lays out the groundwork for the production of stable electrospun silk fibroin nanofibres. In 

this chapter, polymer solution properties and electrospinning parameters are optimised to produce 

randomly orientated, continuous and homogenised nanofibres. The fibres are then stabilised, using 

either ethanol or methanol, and characterised chemically, physically and mechanically to identify the 

best treatment method.  

Chapter III builds on the results of Chapter II by seeking to improve the cost-effectiveness and 

scalability of fibre production. First, degumming strategies are explored to improve silk fibroin yields 

during extraction and regeneration in order to reduce costs, and the resulting regenerated silk fibroin 

is compared to the commercially available protein characterised in Chapter II. Then, various DC and 

AC needless electrospinning technologies are tested to produce fibres at scale and the resulting mats 

are characterised. Finally, the electrospun mats are biologically characterised to evaluate material 

cytotoxicity and study the growth kinetics of bovine mesenchymal cells on the electrospun fibres when 

seeded at different densities. 

Chapter IV aims to improve the expansion of bovine mesenchymal stem cells by functionalising the 

silk fibroin scaffolds and converting these into novel electrospun nanofibrous non-spherical 

microcarriers. First, the surface properties of the electrospun fibres are modified using either 

ultraviolet light or silk fibroin blended with plant-based biopolymers with additional nutritional, health 

and antimicrobial properties. The proliferation of bovine mesenchymal cells is then measured on 

these functionalised scaffolds to identify best functionalisation strategies. Next, electrospun mats are 

converted into microcarriers that are then characterised and compared to commercially available 

microcarriers in static conditions. 

Chapter V seeks to quantify the mouthfeel of traditional meat and plant-based analogue burgers to 

inform future work on cultivated meat production, where edible scaffolds might be used to enhance 

the texture of cultivated meat products. A range of mechanical and textural tests are employed to 

measure the properties of raw and cooked burgers to gain insights into properties relevant to 

mouthfeel and handling which could help to improve novel products so that they gain increased 

consumer acceptance.  
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CHAPTER II 

ELECTROSPUN SILK FIBROIN MATS FOR THE 

EXPANSION OF BOVINE MESENCHYMAL STEM 

CELLS 

2.1 Introduction 

In vivo, the extracellular matrix (ECM) provides anchorage and functionalisation cues for stem cells to 

grow and differentiate (Zhang et al., 2021). To grow tissues in vitro, scientists engineer support 

materials that mimic the ECM properties and structure, in the form of scaffolds or hydrogels (Molina 

et al., 2021). Electrospinning is a popular choice for fabricating scaffolds and meshes for biomedical 

and tissue engineering applications, as it can form sheets of nanofibrous and interconnected porous 

networks which closely resemble the structure of the ECM (Rahmati et al., 2021). 

While many materials electrospun for tissue engineering applications have been either non-edible 

synthetic polymers (Guo & Ma, 2014) or composites, a recent drive for environmentally friendly and 

biodegradable biomaterials has put the spotlight on natural polymers such as proteins (Bonkamp et 

al., 2022). Silk fibroin is a food safe (GRAS status; Yigit et al., 2021) fibrous protein derived from 

Bombyx mori silkworm silk, that has similar mechanical stability to synthetic polymers. Silk fibroin has 

been used in numerous applications such as drug delivery (Mottagitalab et al., 2015), filtration systems 

(Konda et al., 2020; Wang et al., 2021), regenerative medicine (Kaur et al., 2019; Polakova et al., 2022) 

and most recently food engineering (Marelli et al., 2016; Ruggeri et al., 2020).  At first glance, it may 

not be an obvious choice of material for cultivated meat supports because its insect origin may evoke 

disgust in consumers, however, its excellent and tailorable physicochemical, mechanical, and 

biological properties could in fact make silk fibroin electrospun supports an excellent material for 

cultivated meat. 

This chapter presents a proof-of-concept study of the production of silk fibroin electrospun non-

woven mats. This proof-of-concept study employs a benchtop low-productivity needle-electrospinner 

and commercially obtained silk fibroin (as a readily available and consistent source of starting material, 

despite its high price). Following investigation of the effects of electrospinning conditions (i.e. polymer 

concentration, voltage, tip-to-collector distance, and flow rate) the electrospun mats are stabilised by 

immersion in monohydric alcohols, namely ethanol (EtOH) or methanol (MeOH), to render them 
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insoluble while maintaining their highly porous and fibrous structure in culture conditions. The effects 

of the alcohol treatments on the chemical, morphological and mechanical properties of the silk fibroin 

fibres are then characterised and compared, in order to identify the best method for the creation of 

electrospun non-woven mats. 

2.2 Materials and Methods 

2.2.1 Materials 

Ethanol (99.8%), methanol (HPLC grade, 99.8%) and formic acid (98+%) (Acros Organics) were 

purchased from Fisher Scientific Ltd. (UK) and aqueous silk fibroin (50 mg/mL) (Sigma-Aldrich) was 

obtained from Merck Life Science (UK). Deionised water was used in all experiments unless otherwise 

stated. 

 

2.2.2 Needle electrospinning of silk fibroin 

Aqueous silk fibroin was oven dried (SQ Oven-80HT, SciQuip, UK) at at 40 °C for 24 h to form silk fibroin 

films. The polymer solutions were then prepared by dissolving the silk fibroin films in formic acid (FA) 

to a final concentration of 10%, 12% and 15% (w/w), under magnetic stirring for 24 h at room 

temperature The solutions were stored at 4 °C and used within 72 h to electrospin silk fibroin non-

woven mats. 

The electrospinning set-up for obtaining the non-woven mats is shown schematically in Figure 11. A 

syringe containing the polymer solution was mounted to a syringe pump (NE-300, New Era Pump 

Systems Inc., USA) and combined with a 22-gauge blunt needle (Hamilton Kel-F Hub Blunt Point 

Needle, ga22/51 mm/pst3, Fischer Scientific, UK). A metal collector plate was placed vertically and 

covered with non-stick baking paper to easily amass, and later lift, the electrospun mats. The positive 

and grounded wires of a high voltage generator (Genvolt High Voltage Power Supplies, UK) were 

connected to the needle and collector plate. During all runs, the temperature and relative humidity 

were measured at 20 °C (± 2 °C) and 30% (± 2%), respectively. The electrospinning parameters and the 

polymer solution concentration were optimised by varying the voltage (15-20 kV), tip-to-collector 

distance (10-15 cm) and polymer concentration (10-15% (w/w) in FA). The flow rate was adjusted 

between 0.1 mL/h and 0.2 mL/h on every run to match the polymer transfer rate.  
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Figure 11: Horizontal needle-electrospinner setup. The syringe pump pushes the polymer solution out of the electrified 

syringe at a constant flow rate. As the solution exits the needle, electrostatic forces draw the polymer solution into jets that 

travel towards the grounded collector plate. While in flight, the solvent evaporates from the jets and whipping instability 

causes dry fibres to amass on the collector as a randomly aligned fibrous mesh. Over time the mesh thickens to produce an 

electrospun non-woven mat.  

The resulting SF10 (10% (w/w)), SF12 (12% (w/w)) and SF15 (15% (w/w)) electrospun mats were left to 

air dry overnight before stabilisation or characterisation.  

2.2.3 Electrospun mat stabilisation 

To introduce conformational changes and reduce solubility in water (Kaewpirom and Boonsang, 2020), 

the electrospun silk fibroin mats were stabilised by physically crosslinking them with monohydric 

alcohols (ethanol or methanol) for 20 min at room temperature. To reduce structural damage to the 

crosslinked mats, the mats were first cut into smaller rectangular shapes using a rotary blade on a 

precision cutting pad. A strip of non-stick aluminium foil (larger than the mat cut) was placed flat in a 

petri dish with the non-stick side facing upwards. The petri dish was subsequently filled with ethanol 

(EtOH) or methanol (MeOH) at different concentrations (between 70% and >99.8%) keeping the 

aluminium foil submerged. The piece of electrospun mat was then carefully placed flat onto the 

alcohol surface and sunk onto the foil where it remained immersed for 20 min. The aluminium foil and 

mat were subsequently removed from the alcohol solution and left to dry at room temperature under 
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a fume hood to allow for rapid alcohol evaporation. The mats were easily separated from the foil 

following drying of the fibres and placed in a desiccator at low pressure (< 50 mbar) for an additional 

24 h. The stages involved in the stabilisation process are depicted in Figure 12. 

 

Figure 12: Stabilisation of electrospun silk fibroin mats. (A) The electrospun mats were carefully removed from the baking 
paper collector and immersed flat on a sheet of aluminium foil in EtOH or MeOH (B), (C) After 20 min of immersion, both the 

mats and the foil were removed from the alcohol solution and left to dry in a fume hood (D). (E) As the mats dried, they 
were easily lifted from the foil. (F) The stabilised mats were then cut into the desired sample shape and desiccated for 24h. 

 

2.2.4 Physicochemical characterisation of electrospun scaffolds 

2.2.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was carried out on a Frontier Spectrometer (PerkinElmer Ltd., USA) combined with an attenuated 

total reflectance (ATR) accessory (GladiATR; Pike Technologies, USA), to identify chemical changes and 

protein secondary structure rearrangements caused by the electrospinning method and the 

subsequent alcohol treatments. A total of 16 scans were performed from 4000 cm-1 to 400 cm-1 with 

a resolution of 4 cm-1 for each sample. The following method described by Boulet-Audet et al. (2015) 

was then used to normalise the FTIR spectra (see Appendix A, Figure S1) and identify functional groups 

and determine conformational changes in the secondary structure of silk fibroin. First, an offset was 

performed by subtracting the average absorbance values of the region spanning 1950 – 1900 cm-1 for 

each data set. The spectra were then normalised using the integrated absorbance of the region 

spanning 1900 – 800 cm-1 to compensate for signal intensity variations caused by varying contact with 

the electrospun fibres (Boulet-Audet et al., 2015). The interpretation of the amide bands was based 

on the relevant literature (Biagiotti et al., 2022; Hu et al., 2006; Kong and Yu, 2007; Tretinikov et al., 

2001; Zhang and Pan, 2019; Carissimi et al., 2019).  
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Table 5: Peak assignments in amide bands I, II and III. 

Silk Conformations Assignments Amide I Amide II Amide III 

Silk II β-sheets 1612-1638 and 1697-1703 1555 and 1515-1525 1260 

Silk I 

Random coils 1638-1655 1535-1545 1235 

α-helices 1650-1662 1545 1240 

β-turns 1663-1696   

 

The percentage of β-sheets in the amide I band was calculated using a combination of second 

derivative analysis, deconvolution and curve fitting strategies (Figure 13). To achieve this, the FTIR 

absorbance spectra of the amide I band (𝑓𝑎) was first plotted between 1600 and 1708 cm-1 by 

converting transmittance values (%𝑇) into absorbance (𝐴; Equation 1) and then smoothed by a factor 

of 3.  

𝐴 = 2 − log(%𝑇)                                                                           (1) 

Then second derivative analysis of the amide I band (𝑓𝑎
′′) was undertaken where 𝑤 and 𝐴 represents 

wavenumber and absorbance values, respectively (Equation 2). The local minima of the second 

derivative of the amide I (𝜇𝑖) in the resulting function were identified and assigned a conformation 

based on the data presented in Table 5.  

𝑓𝑎
′′ =

𝑑2𝑤

𝑑𝐴2
                                                                                   (2) 

The amide I spectra was then decomposed into Gaussian distributions (𝑋𝑖), with a density 𝑓𝑋𝑖
, centred 

on 𝜇𝑖, with unknown standard deviation 𝜎𝑖. The density of the Gaussian distribution (𝑓𝑋𝑖
(𝑤); Equation 

3) was computed as follows:  

𝑓𝑋𝑖
(𝑤) =

𝑒
−

(𝑤−𝜇𝑖)2

2𝜎𝑖
2

𝜎𝑖ξ2𝜋
                                                                       (3) 

The distribution of the amide I band (𝑓𝑎) was then fit with a weighted average of the Gaussian 

distributions 𝑓𝑋𝑖
, weighted by their respective unknown relative areas (𝑅𝐴𝑖). Both the relative areas 

and standard deviations were selected to minimise the mean square error of the fit. 

The weighted average of densities 𝑓𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 (Equation 4) was computed as follows: 

𝑓𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑൫𝑤𝑗൯ = ෍(𝑅𝐴)𝑖𝑓𝑋𝑖
൫𝑤𝑗൯

𝑛

𝑖=1

                                                    (4) 
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The mean square error (𝑀𝑆𝐸) of the fit between the amide I function and the weighted average of 

Gaussian distributions 𝑓𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑, was calculated as the sum of the square differences between the 

values of the weighted distribution and the amide I distribution and at every wavenumber in the 

dataset (Equation  5). In other terms, the difference between 𝑓𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑൫𝑤𝑗൯ and 𝑓𝑎൫𝑤𝑗൯, for all 

wavenumber values ൫𝑤𝑗൯. The  𝑀𝑆𝐸 was minimised by choosing optimal relative areas 𝑅𝐴𝑖 and 

standard deviation 𝜎𝑖 for the Gaussian distributions that make up the weighted average 𝑓𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑, 

under the constraint that each standard deviation should be equal or less than 5 cm-1. The maximum 

standard deviation was used to reduce the width of the Gaussian distributions and prevent too much 

overlapping into regions assigned to different conformations. 

The  𝑀𝑆𝐸 is calculated as: 

𝑀𝑆𝐸 = ෍(𝑓𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑(𝑤𝑗) − 𝑓𝑎൫𝑤𝑗൯

𝑘

𝑗=1

)2 = ෍(෍(𝑅𝐴)𝑖𝑓𝑋𝑖
൫𝑤𝑗൯ − 𝑓𝑎൫𝑤𝑗൯)2

𝑛

𝑖=1

𝑘

𝑗=1

               (5) 

The  𝑀𝑆𝐸 was minimised by choosing optimal relative areas summing up to 1 and optimal standard 

deviations under the constraint that they should be equal or less than 15 cm-1 (Equation 6). 

൞
𝑅𝐴1, … , 𝑅𝐴𝑛 ∈ ሾ0,1ሿ 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 ෍(𝑅𝐴)𝑖 = 1

𝑛

𝑖=1

𝑎𝑛𝑑 𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝜎1, … , 𝜎𝑛 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 15 𝑐𝑚−1  ∈ ሾ0,15ሿ

                                         (6) 

Finally, the percentage of Silk II conformations in the amide I band was calculated as the sum of the 

relative areas of the Gaussian distributions assigned to β-sheets. 



47 
B. Dagès, PhD Thesis, Aston University, 2024 

 

Figure 13: Example deconvolution of the amide I band of electrospun silk fibroin. At the top, the black line represents the 
second derivative function of the amide I band (𝑓𝑎

′′), the peaks have been matched to protein conformations (SC: Tyrosine 
side chains; iβS: inter-molecular β-sheets; IβS: intra-molecular β-sheets, RC/αH: random coils and α-helices; βt: β-turns). At 
the bottom, the black line represents the amide I function (𝑓𝑎), the relative area of the Gaussian distribution for each peak 

was solved by minimising the mean square error of the data set so that the total relative areas of the sum of the peaks 
equals the area of the amide I band function. The percentage of β-sheets in the silk can then be found by summing the 

relative area of every peak assigned to inter- and intra-molecular β-sheets. 

2.2.4.2 Scanning electron microscopy  

Imaging of the silk fibroin mats before and after alcohol treatment was performed on a Thermo Fisher 

Quattro S (Thermo Fisher Scientific, USA) environmental scanning electron microscope (SEM) with a 

field emission filament and a low vacuum detector. The pressure was set to 10 Pa and samples were 

scanned at 5-15 kV by measuring secondary electron emission. Electrospun samples were stuck to 

double-sided copper tape without sample coating. The average fibre diameter was determined using 

ImageJ software (National Institutes of Health, USA) and presented as an average value of 100 

independent measurements. 

2.2.4.3 Estimation of porosity  

The porosity of scaffolds can be critical for cell culture, as it allows cells to penetrate pores and align 

alongside fibres, while ensuring adequate flow of nutrients (Rahmati et al., 2021; Yadav et al., 2021). 

The porosity of the electrospun samples (𝜑) was estimated by comparing their apparent density (𝜌) 

to the density of mulberry silk fibroin (𝜌𝑆𝐹 = 1.40 kg/m3; Warwicker, 1954) (Equation 7). Discs (𝑛=5) 

were cut using a 6mm diameter puncture tool and their thickness was determined with a micrometre 
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to calculate the volume. Each disc was weighed on a microbalance (XPR2, Mettler Toledo, UK) and the 

apparent density was calculated as the product of mass over volume.  

𝜑 = 100 ൬1 −
𝜌

𝜌SF

൰ (7) 

 

2.2.4.4 Assessment of aqueous stability 

The effect of incubation in aqueous conditions on the solubility and therefore structural integrity of 

the electrospun mats was assessed by immersing untreated and alcohol-treated silk fibroin 

electropsun samples in H2O for various time periods (from 1 min and up to 2 weeks). The samples 

(𝑛=3) were weighed in aluminium foil containers that were then filled with 2 mL diH2O. At the end of 

the contact time, the excess water was carefully removed, the samples were dried in a fan assisted 

high temperature oven (SQ Oven-80 HT; SciQuip, UK) at 60 °C and weighed once again. The weight 

difference was calculated as a percentage of scaffold weight integrity at the end of the experiment 

(𝑊end) compared to that at the start (𝑊start) (Equation 8).  

𝑊 = 100 ൬1 −
𝑊end

𝑊start

൰ (8) 

2.2.4.5 Tensile testing 

An ElectroForce 3200 series III Extended Stroke (TA Instruments, USA) with a 1000 g load cell was used 

to measure the force and displacement to compute the stiffness, strength, and elasticity of the silk 

fibroin electrospun mats (𝑛 = 10). In the absence of specific standards for nanofibrous materials, the 

ASTM International D368-14 tensile testing method for the properties of plastics (ASTM International, 

2014) was followed with modifications to strip dimensions. Instead of using the narrow dog-bone 

shapes of specific dimensions, rectangular strips 10 mm wide by 50 mm long were employed 

corresponding to common practice found in the published literature (Amiraliyan et al., 2010; Cai et 

al., 2010; Yin and Xiong, 2017). The parameters were set to 30 mm gauge length, 0.5 mm/min 

displacement and 100 Hz recording frequency, to ensure the range specified by the standard was met. 

The cross-section of each strip was measured using a calliper and micrometre. A stress-strain curve 

was plotted, from which the Young’s modulus (𝐸) was calculated as the slope of the linear portion of 

the curve during the elastic deformation stage (Equation 9), with the stress (𝜎) measured as the force 

(𝐹) over the cross-sectional area (𝐴) of the samples (Equation 10), and strain (𝜀) measured as the 

recorded displacement (𝛥𝐿) over the gauge length (𝐿; Equation 11). The ultimate tensile strength 

(𝜎max) was recorded as the highest value on the Y-axis, and the yield strain (𝜀𝑦) was measured as the 

X-intercept.   
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𝐸 =
𝜎

𝜀
                                                                                         (9) 

 𝜎 =
𝐹

𝐴
                                                                                         (10) 

 𝜀 =
𝛥𝐿

𝐿
                                                                                        (11) 

The shear modulus was calculated assuming that the randomly orientated fibres would make the 

electrospun mats isotropic, as commonly assumed with unwoven (random orientation) fibrous 

materials employed in composites. This is a valid assumption in-plane, and the shear modulus (μ) was 

calculated from the Young’s modulus (Equation 12) in reference to the Poisson’s ratio of silk fibroin 

(𝜈 = 0.25 − 0.3; Ansys GRANTA EduPack, ANSYS Inc, UK). 

 𝜇 =
𝐸

2(1+𝜈)
                                                                                 (12) 

 

2.2.5 Statistical analysis  

Statistical analysis was carried out using Microsoft Excel version 2208, with a confidence interval of 

95%, to determine mean and standard deviation (SD). Bar charts are shown as mean ± SD (𝑛 ≥ 3). The 

statistical significance of the results was calculated using a one-way analysis of variance (ANOVA) 

followed by Tukey’s honestly significant difference (HSD) test (Equation 13). The Tukey criterion (𝑇) 

was measured as the product of the studentised range (𝑞) and the square root of the ratio of the mean 

square error (𝑀𝑆𝐸) and the number of fewest observations in a single group (𝑛𝑖).  

 

𝑇 = 𝑞𝛼(𝑘,𝑑𝑓)√
𝑀𝑆𝐸

𝑛𝑖
                                                                        (13) 

The value of the 𝑞 statistic for each test was identified from a table of critical values of the studentised 

range distribution that depended on the level of significance (𝛼; 𝛼 = 0.05), the number of categories 

(𝑘) being compared and the degrees of freedom (𝑑𝑓) calculated as the difference between the total 

number of observations (𝑛) and the number of categories compared (𝑘; Equation 14). 

𝑑𝑓 = 𝑛 − 𝑘                                                                              (14) 

Finally, the difference between the means of two categories was considered significant (𝑝<0.05) when 

the absolute mean difference |x̅1 − x̅2| was larger than the Tukey criterion. In the bar charts 

presented in chapters II, III and IV, values are shown as means (𝑛 ≥ 3) with error bars representing 

standard deviation (± 𝑆𝐷). Letters above the bars indicate statistical difference. Categories with the 
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same letter have means that are not significantly different from each other. Different letters show 

significant difference between categories. 

2.3 Results & Discussion 

2.3.1 Lab-scale calibration and optimisation of needle electrospun silk fibroin 

Several polymer, operating and environmental properties affect the effectiveness of electrospinning 

and play an important role in fibre morphology and orientation (as explained in Chapter I, section 

1.5.3.2 and Table 3). For electrospinning to take place, it is essential that polymer chains entangle 

tightly (minimum 2.5 chains) and the polymer solution concentration, molecular weight, viscosity, 

surface tension and conductivity all affect its electrospinnability (Shenoy et al., 2005). To ensure that 

silk fibroin could be efficiently electrospun to form mats with continuous, uniform and randomly 

orientated fibres, the properties of the polymer solution were tailored to meet the critical 

concentration needed for jet formation without frequent needle clogging (Haider et al., 2018). Based 

on the literature, silk fibroin concentration was set between 10% and 15% (w/w) in formic acid (Kim 

et al., 2003; Amiraliyan et al., 2015; Saltik-Cirkin & Yuksek, 2021).   

 

The operational ranges of the needle electrospinner were defined by visually observing the effect of 

voltage (8-23 KV), collector distance (5-20 cm) and flowrate (0.01-1 mL/h) on the behaviour and 

geometry of the polymer droplet at the tip of the needle, and by visualising the presence of fibres on 

the collector for the 10%, 12% and 15% (w/w) silk fibroin polymer solutions. Slowly increasing the 

voltage from 8 kV, with a constant collector distance of 15 cm, caused the polymer drop at the tip of 

the needle to elongate until a defined Taylor cone appeared at around 13 kV for all polymer solutions 

and remained present up to 23kV, although setup limitations prevented reliable experimentation 

above 20 kV due to frequent arcing between the electrified needled and the metallic syringe pump. 

Transfer of droplets (electrospraying) was observed between 11 and 15 kV, beyond which only fibres 

were observed on the collector plate. In terms of collector distance, material was seen collecting 5 to 

20 cm from the tip, although the distribution of fibres differed considerably between those distances.  

Below 7 cm, electrical crackling could be heard, and a blue glow was observed in the dark between 

the needle and collector plate which intensified considerably when increasing the voltage. In contrast, 

with a collector distance above 15 cm the area of fibre collection became larger than the collector 

plate and fibres were lost. Therefore, a collector range of 10 cm to 15 cm and voltage of 15 kV to 20 

kV was chosen to characterise electrospun fibres. Depending on collector distance, voltage and 

ambient conditions, the flowrate was adapted for each experiment and polymer solution so that the 
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polymer droplet at the tip of the needle stayed a constant size during electrospinning, thereby 

matching the jet formation rate. In practice, the flowrate ranged from 0.1-0.2 mL/h. While all three 

polymer solutions could be electrospun within the defined parameter ranges, the higher viscosity of 

the 15% (w/w) polymer solution resulted in frequent needle clogging and rapid solidification of the 

electrospinning droplet preventing reliable and continous electrospinning for longer periods of time 

(>30 min). Therefore, characterisation of the electrospun fibres was performed with the 10% (w/w) 

and 12% (w/w) silk fibroin polymer solutions only. 

Non-woven electrospun mats using the 10% (w/w) polymer solution (SF10-U; Figure 14A) exhibited 

continuous and randomly orientated fibres of relatively thin diameters averaging 90 ± 58 nm across 

all tested operating parameters. These mats also displayed relatively high amounts of defects, notably 

elongated beads, and split and branched fibres that were symptomatic of suboptimal electrospinning 

conditions. Beads are generally a sign of low polymer concentration, and result from a breaking of 

fibres mid-flight owing to the current and high surface tension. By increasing the polymer 

concentration, and therefore its viscosity, the polymer chains can tangle more tightly and overcome 

the polymer surface tension to form uniform and bead-free fibres (Haider et al., 2018). In contrast, 

non-woven mats electrospun from the 12% (w/w) polymer solution (SF12-U; Figure 14B) displayed 

consistent, straight, uniform and randomly orientated continuous nanofibres that averaged 134 ± 13 

nm across all tested operating parameters. Minor defects including split and branched fibres were 

occasionally observed. Interestingly, no correlation was observed between the fibre diameter and the 

voltage (15-20 kV) or collector distance (10-15 cm) for either SF10-U or SF12-U (p>0.05). However, 

there was a significant increase in fibre diameter for most electrospinning parameter between SF10-

U and SF12-U (p<0.05; Figure 15) with the exception of the 15 kV, 12.5 cm and 17.5 kV, 15 cm which 

were abnormally high and should be repeated. As thicker fibres have been shown to improve cell 

attachment, migration, proliferation and differentiation of mesenchymal stem cells (Lee et al., 2017b; 

Jenkins et al., 2019), the 12% (w/w) silk fibroin in formic acid formulation was chosen as the default 

electrospinning polymer solution for all subsequent experiments. In addition, the 15 kV and 10 cm 

collector distance were chosen as the default electrospinning operating parameters, as the resulting 

mats displayed thick and uniform fibres with no apparent defects. Finally, owing to the higher viscosity 

of the 12% (w/w) polymer solution, the flowrate could be increased from 0.1 to 0.2 mL/h at 15 kV and 

10 cm collector distance, in turn doubling productivity and producing mats with improved 

handleability. 
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Figure 14: SEM images (left) and fibre distribution (right; n=100) of needle electrospun non-woven silk fibroin mats using 
either (A) 10% (w/w; green) or (B) 12% (w/w; blue) silk fibroin in formic acid, at various tip-to-collector distances and 

voltages. Scale bars = 5 μm. 
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Figure 15: Effect of voltage and tip-to-collector distance on average fibre diameter for SF10 (green bars) and SF12 (blue bars). 

Results displayed as mean ±𝑆𝐷 (𝑛 = 100 fibres). Different letters show statistical differences (𝑝<0.05) between SF10 and SF12  

for each set of electrospinning parameters.  

2.3.2  Physicochemical characterisation of non-woven needle electrospun silk fibroin 

mats 

2.3.2.1 Chemical characterisation 

The effects of EtOH- and MeOH-induced crosslinking on SF electrospun mats were measured using 

FTIR spectroscopy. FTIR spectra are interpreted as the vibrations of structural repeat units in a 

polymer. In proteins, these repeat units induce nine characteristic IR bands referred to as the amide 

A, B and I-VII, which give information on the secondary structure of the protein (Kong and Yu, 2007). 

The main peaks of interest in silk fibroin are present in amides I, II, III and somewhat in the V and VI 

bands (Figure 16A). The Amide I band is the most sensitive to protein secondary structure (1600-1700 

cm-1), which corresponds to C=O stretching vibration (Koperska et al., 2014) and is often used for 

quantitative analysis of protein crystallinity. The Amide II (1500-1600 cm-1) and Amide III (1200-1300 

cm-1) bands, which both correspond to C-N stretching and N-H bending vibrations, are also important 

indicators for protein secondary structure. The Amide V (600-700 cm-1) and Amide VI (490-590 cm-1) 

are thought to correspond to the out-of-plane N-H and C=O bending, respectively, of the -CONH 

peptide backbone (Wang et al., 2005; El Khoury et al., 2011; Qu et al., 2018). The Amides A (3300 cm-1) 

and B (3100 cm-1) corresponding to N-H stretching (Naskar et al., 2019), IV (700-800 cm-1) relating 

to  -OCN bending, and VII (<250 cm-1), representing out-of-plane skeletal torsions,  are considered less 

sensitive to structural conformations in silk fibroin (El Khoury et al., 2011; Kong and Yu, 2007; Liu et 
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al., 2022). The changes in peak positions (wavenumber) or intensities (transmittance or absorbance) 

help interpret conformational changes between samples qualitatively and quantitatively. In this study, 

the overall conformational transitions between untreated (SF12-U) and EtOH-treated silk fibroin 

(SF12-E) and between SF12-U and MeOH-treated silk fibroin (SF12-M) treated silk fibroin non-woven 

mats were qualitatively interpretated by comparing peak locations in the normalised spectra of the 

samples and comparing these to their corresponding protein secondary structure conformations 

(Table 5).  

 

 

Figure 16: FTIR Spectra of needle electrospun silk fibroin, before (SF12-U) and after treatment with EtOH (SF12-E) and MeOH 
(SF12-M). (A) Whole FTIR spectra with the bands of interest highlighted in green. Close ups of: amide A (B); amide I (C); 

amide II (D); amide III (E); amide V (F); and amide VI (G). 
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Major differences were observed in the form of band shifts between untreated SF12-U and EtOH- or 

MeOH-treated SF12-E and SF12-M, respectively (Figure 16B-G). A broad band was observed at 3287 

cm-1 for SF12-U corresponding to the N-H stretching of secondary amides (Figure 16B). The band was 

intensified and narrowed for SF12-E and SF12-M (3283 and 3285 cm-1). This intensification may be 

caused by the -OH stretching of bound alcohols following treatment. A smaller second band, 

corresponding to Amide B, was spotted at 3075 cm-1 in SF12-U, but there was no shift or increase in 

intensity for SF12-E or SF12-M. In the amide I (Figure 16C), a substantial shift occurred from 1646 cm-1 

(random coils) in SF12-U, to 1624 cm-1 and 1626 cm-1 (β-sheets) in SF12-E and SF12-M, respectively. In 

addition, a small peak at 1698 cm-1 and 1699 cm-1 in SF12-E and SF12-M corresponding to inter-

molecular β-sheets, was absent in SF12-U. In the amide II (Figure 16D), a broad band of two peaks at 

1539 cm-1 (random coils) and 1516 cm-1 (tyrosine) in SF12-U was replaced by a single and more intense 

narrow band at 1515 cm-1 and 1516 cm-1 (tyrosine) in SF12-E and SF12-M. As tyrosine (Tyr) is an essential 

amino acid in the assembly of β-sheets, several studies have linked the Tyr absorption peak at 

1515 cm-1 as a marker for β-sheets (Asakura et al., 2004; Xue et al., 2020). There was also a marked 

reduction in the 1530-1560 cm-1 band in SF12-M and SF12-E corresponding to a reduction in irregular 

structures (e.g. α-helices, β-turns and random coils) and a rearrangement into β-sheets (Puerta et al., 

2019). In the Amide III (Figure 16E), a shift from 1240 cm-1 in SF12-U to 1233 cm-1 in both SF12-E and 

SF12-M showed another conformational shift from random coils to β-sheets. Moreover, the reduction 

in intensity of the band from 1240 to 1260 cm-1 in both SF12-E and SF12-M showed a marked reduction 

of random coils. In the Amide V (Figure 16F), the whole band spanning 600-700 cm-1 was intensified 

in SF12-E and SF12-M. The ranges spanning 670-700 cm-1 and 650-667 cm-1 showed an increase in 

β-sheets and random coils respectively, while the inverted peak at 669 cm-1 corresponded to α-helices. 

Finally, in the Amide VI (Figure 16G), which has yet to be studied in silk fibroin and is therefore a less 

reliable indicator of conformational transitions, no difference was observed between SF12-U at 547 

cm-1, thought to correspond to both random coils and β-sheets, and SF12-E and SF12-M at 548 cm-1 and 

551 cm-1 (El Khoury et al., 2011).  

Although EtOH and MeOH significantly affected the conformational state of electrospun silk fibroin, 

the absence of ethanol characteristic peaks at 1088/1046 cm-1 (C-O stretching) and 880 cm-1 (C-O-C 

stretching) in SF12-E and methanol characteristic peaks at 1118/1021 cm-1 (C-O stretching) in SF12-M, 

indicate that neither EtOH nor MeOH remain in silk fibroin following treatment (see Appendix A, 

Figure S2). This is expected as both EtOH and MeOH are physical crosslinkers of silk fibroin and 

therefore do not covalently bond to the protein chains (Kaewpirom and Boonsang, 2020). 
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Figure 17: Effects of (A) EtOH and (B) MeOH immersion time on the chemical structure of electrospun silk fibroin fibres. 

Figure 17 shows the effects of immersion time in EtOH or MeOH on the chemical structure of the silk 

fibroin electrospun fibres. Interestingly, EtOH- and MeOH-induced structural changes occurred within 

seconds of the mats being immersed, causing the fibroin to shift from Silk I to Silk II conformations. 

Peaks at 2921 cm-1 and 2851 cm-1, corresponding to C-H stretching vibrations of aliphatic functional 

groups, slightly increased in intensity following immersion in both EtOH and MeOH. This could have 

resulted from the aggregation of aliphatic amino acids such as alanine and glycine responsible for the 

formation of β-sheets. To further quantify the effects of alcohol treatment on electrospun silk fibroin 

mats, second derivative analysis and spectral decomposition of the amide I band was carried out (see 

Appendix A, Figures S3, S4, S5). As shown in Figure 18A, the total β-sheet content rose from 46% in 

SF12-U to 53% in SF12-E and 53% SF12-M the moment the silk fibroin mats came into contact with the 

alcohol solutions. Moreover, the proportion of inter-molecular β-sheets increased considerably from 

16% in SF12-U to 62% in SF12-E and 58% in SF12-M indicating a transition from intra-molecular parallel 

β-sheets to inter-molecular antiparallel β-sheets, a hallmark of the Silk II conformational state. 

Interestingly, increasing the alcohol-treatment time had no effect on the composition of the crystalline 

structure of silk fibroin up to 1 h of immersion in 99.8% EtOH or MeOH. These results align well with 

the literature. Wei et al. (2011) showed that crystallinity in silk fibroin β-sheets increased rapidly upon 

immersion in EtOH, although they reported that crystallinity continued to increase up to 30 min of 

immersion (Wei et al., 2011). In addition, Puerta et al. (2020) showed no significant changes to β-sheet 

crystallinity beyond 15 min of immersion in EtOH, however they did note an increase in β-sheets from 

15 min to 60 min of immersion in MeOH (Puerta et al., 2020). 

To investigate the effects of different alcohol concentrations on protein crystallinity, silk fibroin was 

immersed in successively decreasing concentrations of EtOH and MeOH. As shown in Figure 18B, no 

difference in crystallinity was observed when decreasing the EtOH concentration to 70% (v/v), 

however decreasing the concentration of MeOH led to an increase in β-sheets from 50% in 99.8% 
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MeOH to 62% in 70% MeOH. In addition, when immersed in 70% MeOH, a strong decrease in random 

coils from 30% to 21%, was accompanied by a change in β-sheet composition, with a share intra-

molecular β-sheets of total β-sheets rising from 43% to 54%, indicating a transition from random coils 

to intra-molecular β-sheets and therefore increasing in silk fibroin crystallinity. It is suggested that 

water plays an important role in the formation of β-sheets and that using lower concentrated alcohol 

solutions enhances silk fibroin crystallinity. Terada et al. (2016) showed that using lower concentrated 

alcohol solutions increased alcohol diffusion in silk fibroin films, enabling a more rapid crosslinking 

effect but also causing fibres to swell more noticeably. In fact, when silk fibroin films were immersed 

in highly concentrated alcohols (>95% (v/v)) fibre morphology was less impacted than when immersed 

in lower concentrated alcohols (<80% (v/v)) which caused the fibres to swell and fuse (Terada et al., 

2016).  

 

Figure 18: Effects of (A) alcohol-treatment time and (B) alcohol percentage on β-sheet crystallinity (whole bar), 
intermolecular β-sheets (dark) and intramolecular β-sheets (light). Untreated samples are blue (labelled N/A), EtOH-treated 

are orange and MeOH-treated electrospun samples are grey.  

Overall, analysis of the secondary structure of electrospun silk fibroin mats demonstrated a consistent 

transition from Silk I to Silk II conformations following immersion in EtOH or MeOH solutions, as a 

result of structural shifts, causing amorphous structures composed of random coils and β-turns to 
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form densely packed ordered anti-parallel β-sheets (Nguyen et al., 2019), thereby increasing 

crystallinity.  

It is worth noting that a peak at 1725 cm-1 (Figure 16C), identified as the C=O bond of formic acid, was 

present in all electrospun samples (Biagiotti et al., 2022), indicating that traces of formic acid remained 

within the electrospun fibres. Biagiotti et al. (2022) studied the effects of formic acid on cell culture 

and quantified its toxicity when present in electrospun silk fibroin mats. Using Head-Space Gas 

Chromatography/Mass Spectrometry, the team measured approximately 250 μmol of formic acid per 

gram of silk fibroin, which represents about 1 μL or 1.2 mg per gram of silk fibroin. With a tolerable 

exposure of 65.4 mg/day (Biagiotti et al., 2022) and assuming a 10% scaffold to cultivated meat ratio 

(Sinke et al., 2023), a person would only be able to eat around 54 g of cultivated meat per day. 

However, as formic acid rapidly dissociates into formate anions in aqueous solutions at neutral pH or 

bodily fluids, it can be asserted that any trace of formic acid would be removed during cell culture, 

and therefore there should be no concern for human health (Biagiotti et al., 2022). In addition, formic 

acid, which has GRAS status, has widely been used in the food industry for packaging and food 

preservation due its antimicrobial effects (Yadav et al., 2021). Therefore, the use of formic acid in the 

processing of cultivated meat scaffolds should neither pose health and safety risks nor cause concerns 

during regulatory approval.  

2.3.2.2 SEM morphology and porosity 

Fibre morphology and overall surface topography plays a major role in scaffold functionality, and has 

been shown to affect the attachment, migration, proliferation and differentiation of mesenchymal 

stem cells (Jenkins and Little, 2019; Molina et al., 2020). SEM was employed to visualise the effects of 

EtOH and MeOH treatment on electrospun silk fibroin fibres (Figure 19). The untreated SF12-U fibres 

displayed thin (98 ± 33 nm), straight and randomly aligned nanofibers with occasional defects (mostly 

beads). However, following EtOH and MeOH treatments, stabilisation caused the electrospun fibres 

to swell and flatten, significantly increasing the thickness of the fibres to 166 ± 44 nm and 160 ± 55 

nm (𝑝<0.05), respectively. The fibre swelling also led to a noticeable reduction in voidage which was 

further confirmed by measuring scaffold porosity (Figure 20A). While the untreated electrospun SF12-

U scaffolds were highly porous structures with 82 ± 1.7% porosity, stabilisation resulted in a reduction 

of the porosity to 51 ± 2.2% in SF12-E and 52 ± 0.3% in SF12-M (𝑛=5).  
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Figure 19: SEM images (left) and fibre distribution (right; n=100) of needle electrospun non-woven silk fibroin mats (A) 
untreated (SF12-U), (B) after EtOH-treatment (SF12-E) or (C) after MeOH-treatment (SF12-M). Scale bars: 5 μm. 

 

Figure 20: Effects of MeOH and EtOH stabilisation on silk fibroin electrospun mat (A) porosity and (B) thickness (𝑛=5). 
Different letters show statistical differences between samples (𝑝<0.05). 

EtOH- and MeOH-treatment also caused visible damage to the electrospun mats, causing them to fold 

onto themselves and tear during the drying process. This effect was markedly reduced when 

immersing the electrospun mats on a layer of non-stick foil. At the end of the immersion time, the 
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alcohol solution was removed, and the samples were left to air dry flat on the foil under a laminar 

flow. As the fibres dried, the samples gently detached from the foil layer conserving their macroscopic 

morphology and size in the x- and y-axis, although a significant reduction in scaffold thickness was 

observed in the z-axis (Figure 20B). As such, electrospun mats stabilised with EtOH- and MeOH-

treatment shrank by 56.4 ± 3.1% and 55.4 ± 7.2%, respectively, in thickness. 

2.3.2.3 Solubility 

As scaffolds used for cell culture are typically exposed to aqueous environments for long periods of 

time, the effects of EtOH and MeOH stabilisation on the ability of the silk fibroin scaffolds to remain 

intact under those conditions was measured over a period of 2 weeks. As shown in Figure 21, the 

untreated samples lost 55% of their weight within 1 min of contact with water, followed by a steady 

decrease until they stabilised at 20% of their original weight after 30 min. Upon 72 h of immersion, 

however, the SF12-U mats started regaining part of their lost weight, reaching 70% of their original 

weight after 2 weeks of immersion. In contrast, both the SF12-E and SF12-M mats retained >85% of 

their weight over the whole time period, due to their higher densities of Silk II conformations.  

 

 

Figure 21: Solubility of untreated (blue) and EtOH- (orange) or MeOH- (grey) stabilised electrospun silk fibroin mats 
following immersion in water for different time intervals. Data shown as mean ± SD (n=3). Different lower-case letters show 

statistical differences (𝑝<0.05) between SF12-U, SF12-E and SF12-M at each time interval. 

It has been shown that polar solvents promote the aggregation of hydrophobic amino acids (such as 

glycine and alanine, which are the main amino acids in silk fibroin’s heavy chains) to form the β-sheet 

crystallites. In turn, the stable intramolecular bonds of the anti-parallel β-sheets reinforce the 

hydrophobicity of the protein heavy chains and reduce solubility in water (Cheng et al., 2014; Nguyen 

et al., 2019). It is also worth mentioning that water acts as a plasticising agent that increases chain 
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motility in silk fibroin and can also induce conformational transitions without needing organic solvents 

(Terada et al., 2016). This process, called water annealing, is often performed with water in a vacuum 

(Hu et al., 2011; Marelli et al., 2016; Jaramillo-Quiceno & Restrepo-Osorio, 2019) but could occur in 

liquid form (Lu, et al., 2010). Rather than fully dissolving, after longer periods of time, the aggregation 

of chains and swelling of amorphous regions could give rise to silk fibroin hydrogels. This would explain 

the increase in weight of the untreated SF12-U samples beyond 72 h immersion time. Additionally, Lu 

et al. (2010) showed that films with predominantly Silk I conformations could be made insoluble in 

water with longer drying times exceeding 12 h (Lu et al., 2010). This could also be the case for the 

alcohol treated supports, but due to their predominantly Silk II form, the amount hydrogel would likely 

be much lower. Although SF12-U never fully dissolved in water, the considerable loss of material and 

collapse of the scaffold structure made the untreated scaffolds unusable for cell culture-based 

applications, and so the alcohol treatment was deemed necessary to stabilise the scaffolds prior to 

their use in the aqueous cell culture environment. 

2.3.2.4 Tensile Properties  

Tensile testing of silk fibroin electrospun scaffolds was performed to investigate whether the material 

could tolerate the high shear environment of a stirred tank reactor and promote cellular 

mechanotransduction without adversely affecting the edibility of the final product. As shown in Figure 

22, untreated SF12-U mats displayed relatively low stiffness (103.3 ± 18.4 MPa) and ultimate tensile 

strength (2.4 ± 0.5 MPa), which increased significantly when treated with EtOH (400.0 ± 111.7 MPa 

stiffness and 11.7 ± 1.9 MPa strength) and with MeOH (441.6 ± 128.7 MPa stiffness and 13.4 ± 4.4 

MPa strength) (𝑝<0.05). Inversely, SF12-U scaffolds had the highest yield strain (>26.8%), with most 

samples reaching the maximum displacement limit without breaking, and this decreased significantly 

(𝑝<0.05) with EtOH- (6.4 ± 1.6%) and MeOH-treatment (5.5 ± 1.4%). Finally, the shear modulus 

increased from 62.7% in SF12-U to 376.1 MPa in SF12-E and to 400.0 MPa in SF12-E, although it is worth 

noting that these values far exceeded the maximal sheer stresses encountered in stir tank bioreactors 

(< 1 kPa; Wang et al., 2022). No significant differences (𝑝>0.05) were identified between the effects 

of EtOH- or MeOH-treatment on any of the measured mechanical properties due to the relatively high 

variance between samples. Moreover, following alcohol stabilisation, the frequent appearance of 

defects in the macrostructure of the materials (such as undulations, ripples, and occasional minor 

tears) had an impact on their failure mechanism and, in turn, the reproducibility of the test. Despite 

this, the values and trends were consistent with those reported in the literature (Amiraliyan et al., 

2010; Allardyce et al., 2015; Johari et al., 2020) and confirm that EtOH- and MeOH-stabilisation causes 

silk fibroin fibres to transition from a highly elastic to brittle state as the protein crystallises.  
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Figure 22: Stress-strain curves of (A) SF12-U, (B) SF12-E, (C) SF12-M, and average (D) Young’s modulus, (E) ultimate tensile 
strength and (F) yield strain of untreated and EtOH- and MeOH- stabilised electrospun silk fibroin non-woven mats. Data 

shown as mean ± 𝑆𝐷 (𝑛 ≥ 8) Different lower-case letters show statistical differences (𝑝<0.05) between samples. 

In vivo, the stiffness (Young’s modulus) of the ECM plays an important role in cell development and 

fate. The process of mechanotransduction stiffens the ECM to promote stem cell differentiation into 

the desired cell lineages (D’Angelo et al., 2011; Kim et al., 2021). It has been shown that softer tissues, 

such as fat and muscle, differentiate better on flexible surfaces (0.1-10 kPa), while harder tissues, such 

as bone, prefer stiffer conditions (>30 kPa) (Lv et al., 2015). Designing scaffolds to mimic the stiffness 

of the ECM can strongly improve cell differentiation (Engler et al., 2006), although specific media 

formulations can drive differentiation on materials with non-optimal stiffness using molecular cues 

(Park et al., 2011). In the context of cultivated meat, where media components are known to be one 

of the main drivers of cost (O’Neill et al., 2021; Venkatesan et al., 2022), the ability to promote 

differentiation through physical means by tuning the stiffness of scaffolds rather than using molecular 

cues, could be a more economic option. The extremely high stiffness (approximately 400 MPa) of 

alcohol-treated silk fibroin electrospun surfaces could be reduced by blending silk fibroin with softer 

biomaterials, such as plant-based gums (Eslami et al., 2021). Furthermore, although such high stiffness 

could be assumed to negatively impact the sensory properties and mouthfeel of the final product 

(Paredes et al., 2022), reducing the microcarrier dimensions might overcome this limitation, due to 

the smaller scaffold to meat ratio. It is worth noting that commercially available microcarriers, such 

as Cytodex-1, have much lower elastic modulus (50 kPa), which nevertheless is still better suited for 

hard tissue formation (Norris et al., 2022). Finally, it is not known how the high temperatures used 

during cooking would further influence the stiffness of the scaffold component of the cultivated meat 
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product. Silk fibroin has been reported to be thermally stable up to 260-280 °C (Hashimoto et al., 2020; 

Zhao, et al. 2021), above which the secondary structures in the protein break down, impacting its 

mechanical properties. However, such temperatures would not be attained during normal cooking. 

2.3.3 Sterilisation of electrospun silk fibroin mats 

As with any material used for tissue culture purposes, it is essential that electrospun mats are sterilised 

before coming into contact with cells. Several methods, including physical (e.g. heat, plasma and 

irradiation) and chemical (ethylene oxide, ethanol, acids) have previously been used for the 

sterilisation of silk fibroin nanofibres (Rnjack-Kovacina et al., 2015; Dai et al., 2016). However, to avoid 

the accumulation of toxic residues and prevent further conformational changes to the silk fibroin 

protein, only heat treatments were investigated in this study. As such, electrospun mats were either 

sterilised using dry heat (160 °C for 30 min) in a convection oven or moist heat (steam under pressure 

- 121 °C for 20 min) in an autoclave.  

As shown in Figure 23, FTIR was used to measure chemical and conformational changes to SF12-E and 

SF12-M mats following heat sterilisation treatments. Interestingly, both oven-sterilisation and 

autoclaving had no impact on the silk fibroin conformational structure. However, autoclaving caused 

a noticeable decrease in intensity at 1733 cm-1 and at 1165 cm-1, corresponding to C=O and C-O 

stretching vibrations of formic acid residues in the electrospun fibres (Appendix A, Figure S6). As 

autoclaving appeared to reduce formic acid residues, it was adopted as the preferred heat sterilisation 

method for all subsequent experiments.  

 

Figure 23: FTIR spectra of (A) SF-M samples before and after sterilisation using dry heat at 160 °C for 30 min (top) or 

autoclaving at 121 °C for 20 min (bottom), (B) SF-M samples before and after UV sterilisation for 8h. 

It should be noted that there are limitations to heat sterilisation as high temperatures can denature 

certain proteins. While the silk fibroin protein is stable up to temperatures of 260-280 °C (Hashimoto 

et al., 2020; Zhao et al. 2021), most ECM proteins denature at much lower temperatures (Latorre and 

Velazquez, 2021), making dry heating and autoclaving unsuitable for scaffolds functionalised with ECM 

proteins (Tao et al., 2021). Other methods which do not denature proteins, such as ethylene oxide 
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(EtO) and hydrogen peroxide (H2O2) gas plasma can be used to sterilise electrospun fibres (Dai et al., 

2016). However, the toxic residues that remain for some time after sterilisation limit the practicality 

of these methods for use with edible products 

2.4 Conclusion 

Non-woven silk fibroin mats were successfully electrospun using needle electrospinning and 

commercially available silk fibroin.  The polymer concentration as well as the electrospinning 

operating parameters, voltage, collector distance and flowrate, were optimised to produce straight, 

uniform and relatively thick (142 ± 47 nm), randomly aligned nanofibres with a degree of consistency. 

The electrospun mats were then treated with monohydric alcohols (EtOH and MeOH) to induce 

conformational changes in the secondary structure of the silk fibroin protein. The effects of alcohol 

treatment were investigated and fully characterised in terms of chemical, morphological, and 

mechanical properties. FTIR analysis of the amide I, II, and III showed systematic conformational 

transitions from dominant Silk I to Silk II conformations following alcohol treatments. Consequently, 

the conformational transition from hydrophilic Silk I conformations to hydrophobic β-sheets resulted 

in the near insolubisation of silk fibroin mats in water, allowing the use of electrospun silk fibroin 

scaffolds in aqueous environments for up to 2 weeks. This is more than sufficient for the expected 

time needed for expansion (four days) and myogenic differentiation (seven days) of bovine 

mesenchymal stem cells (bMSC) to produce cultivated meat (Moutsatsou et al., 2023). Stabilisation 

also affected fibre and scaffold morphology, significantly increasing fibre diameter from 98 ± 33 nm in 

SF12-U to 166 ± 44 nm in SF12-E and 160 ± 55 nm in SF12-M, due to fibre swelling and flattening, which 

also resulted in a loss of porosity of 33.5% in SF12-E and of 34.0% in SF12-M and thickness of 56.4 ± 3.1% 

in SF12-E and of 55.4 ± 7.2% SF12-M. Nevertheless, the scaffolds retained an overall nanofibrous and 

interconnected microporous architecture. The transitions from irregular conformations to highly 

stable and ordered β-sheets also resulted in a strong decrease in material ductility. Tensile testing 

revealed average stiffnesses of 400.0 ± 111.7 MPa and 441.6 ± 128.7 MPa for EtOH- and MeOH-treated 

silk fibroin non-woven mats, respectively, more than 4 orders of magnitude higher than the values 

recommended for soft tissue differentiation (Lv et al., 2015). Despite this, modifications in media 

formulation, polymer composition, scaffold geometry and surface chemistry could still promote stem 

cell differentiation on stiff surfaces (Park et al., 2011; Sionkowska, 2011; Derakhti et al., 2019).  No 

significant differences were detected between the effects of 20 min treatments in 99.8% EtOH or 

99.8% MeOH on protein crystallinity, solubility, fibre and scaffold morphology and mechanical 

properties. However, the presence of MeOH in food production could be concerning due to its high 

toxicity when ingested (Nekoukar et al., 2021). Although it would be unlikely to remain in the 
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cultivated meat product, and it is authorised for use in food preparation in the US and EU (Pharmco, 

2018), little is known about the frequent ingestion of trace amounts (COT, 2011) or its acceptability to 

consumers (van der Vossen-Wiljmenga et al., 2022). These food safety concerns make EtOH the 

preferred alcohol for the preparation and stabilisation of electrospun silk fibroin scaffolds for 

cultivated meat production. EtOH immersion will remain the default stabilisation method for all 

subsequent experiments in this thesis.  

Overall, electrospun silk fibroin non-woven mats showed promise as scaffolds for cultivated meat, 

owing to their compatibility with the tissue engineering bioprocess and ECM-mimicking structure. 

However, the high cost of commercial silk fibroin (£325/g) and slow productivity rate of needle 

electrospinning (0.024 g/h at 0.2 mL/h) make this proof-of-concept unscalable productively and 

financially. To develop electrospun silk fibroin non-woven mats at scale, cheap sources of renewable 

silk fibroin should be investigated, including degumming strategies of farmed Bombyx mori silk 

cocoons and the production of recombinant silk fibroin at scale. In addition, fibre productivity could 

be increased using scalable electrospinning methods including multi-needle and needleless 

electrospinning platforms. Chapter III will focus on the scalability of electrospun scaffolds production 

and first steps towards using them for expansion of bMSCs.  
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CHAPTER III 

Evaluation of electrospinning methods and 

silk fibroin sources on bovine 

mesenchymal stem cell 2D culture 

 

3.1 Introduction 

Silk fibroin was selected as a promising material with which to electrospin edible supports for 

cultivated meat production. However, the high price of the material, which is only available 

commercially as a costly pharmaceutical grade protein, prevents scalability. It was therefore necessary 

to find an alternative source.  Silk fibroin is typically obtained by degumming the silk of domesticated 

Bombyx mori cocoons, produced by silkworms during their pupal life stage (Blossman-Myer & 

Burggren, 2010), to remove fats, ash and the outer sericin protein that envelopes the silk fibroin fibres 

(Nguyen et al., 2019). The resulting silk fibroin fibres are then dissolved and dialysed to obtain the final 

regenerated silk fibroin film used to prepare the electrospinning polymer solution (Nguyen et al., 

2019). The temperature, chemicals and other parameters used during the degumming and 

regeneration process have been shown to significantly affect the properties of the silk fibroin 

(Allardyce et al., 2015; Zhao et al., 2018; Carassimi et al., 2019; Zhao et al., 2021). Moreover, while 

many degumming strategies have been developed to prioritise either the degumming efficiency (using 

proteases, alkali or acidic solutions) or ease of degumming (using hot water with Marseille soap), the 

food safety, associated costs and scalability of these strategies have not always been prioritised (Dou 

and Zuo, 2015; Feng et al., 2020; Liu et al., 2023). For example, silk fibroin is generally dissolved in 9.3 

M lithium bromide which is known to be environmentally detrimental, expensive and toxic (Cheng et 

al., 2022). Nevertheless, research has shown that degumming silk fibroin with sodium carbonate and 

then regenerating it in a ternary solution of water, ethanol and calcium chloride provides a highly 

efficient, low cost and food-safe method for the extraction and purification of silk fibroin for 

electrospinning purposes (Ajisawa, 1998; Dou and Zuo, 2015; Cheng et al., 2022).  
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Another hurdle to scalability was the low productivity of the needle-electrospinning method. Although 

SF scaffolds were prepared and characterised with ease, their low reproducibility, due to changing 

ambient conditions, as well as the slow rate of fibre generation (0.01-0.02 g/h) made this method 

unsuitable for scaffold production at scale. It was therefore decided to adopt needleless 

electrospinning, which uses the electrohydrodynamic agitation of the polymer solution, rather than 

extrusion through a needle, to initiate the electrospinning process. This method has been shown to 

produce fibres at extremely high rates (up to 1000-fold increase compared to single needle setups) in 

controlled environments (Partheniadis et al., 2020; Omer et al., 2021).  

Finally, it was important to select biomaterials that could promote the expansion and differentiation 

of stem cells. Mesenchymal stem cells (MSCs) are adult multipotent stem cells, capable of 

differentiation into myogenic and adipogenic lineages to produce muscle and fat, the main 

components of meat (Reiss et al., 2021). Thus, bovine mesenchymal stem cells (bMSCs) were selected 

for the cell culture.  

This chapter covers the extraction and regeneration of silk fibroin from B. mori cocoons and compares 

it with its commercial counterpart. Then needleless electrospun mats using regenerated silk fibroin 

are produced1 and characterised. Finally, bMSCs are seeded onto the resulting non-woven scaffolds 

to measure cytocompatibility and cell growth kinetics. 

3.2 Materials and Methods 

3.2.1 Materials 

Bovine adipose-derived mesenchymal stem cells (bMSCs) were purchased from Quest Meat Ltd (UK) 

at passage 1. Ethanol (99.8%), calcium chloride (97%), sodium carbonate (≥99.5%), paraformaldehyde 

in PBS (4%), and formic acid (98+%) (Acros Organics) were purchased from Fisher Scientific (UK). 

Invitrogen™ LIVE/DEAD™ viability/cytotoxicity kit, Invitrogen™ PrestoBlue™ Cell Viability Reagent, 

Alpha-modified Eagle medium (α-MEM; Gibco™), Dulbecco’s phosphate buffered saline (DPBS; 

Gibco™), penicillin-streptomycin (Gibco™), Trypan Blue solution 0.4% (Gibco™) and ultraglutamine 

(Gibco™) were purchased from Thermo Fisher Scientific. Trypsin-EDTA and foetal bovine serum (FBS) 

were obtained from Merck Life Science (UK). Bombyx mori silkworm cocoons (brand TMISHION) were 

 
1 All needleless-electrospinning experiments were performed during a visit at the Technical University of Liberec 

(TUL; Czech Republic) and the electrospinners were operated by TUL researchers (Dr Miroslava Risová for DC 

electrospinning & Dr Jan Valtera for AC electrospinning). All characterisation and cell culture experiments were 

performed at Aston University.  
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bought on Amazon (UK). Basic fibroblast growth factor (bFGF) was acquired from PeproTech (UK). 

Deionised water was used in all experiments unless otherwise stated. 

3.2.2 Extraction of silk fibroin from raw silk, and subsequent degumming 

Silk fibroin was extracted and purified by degumming Bombyx mori virgin silk of silk sericin and other 

impurities, following a protocol described by Polakova et al. (2022) with modifications to the 

concentration of sodium carbonate (Polakova et al., 2022). First, B. mori silk cocoons were cut into 

small pieces and soaked in water for 3 h to remove impurities. The cocoon pieces were then soaked 

in a 0.05% (w/v) sodium carbonate (Na2CO3) aqueous solution overnight to loosen and further wash 

the silk fibres. The cocoon pieces were then boiled in 0.2%, 0.5% or 5% (w/v) Na2CO3 for 30 min under 

constant stirring in a boiling flask. The fibres were then collected and washed thoroughly with diH2O. 

The boiling and washing process was repeated two more times before the resulting degummed silk 

fibroin fibres were laid out to dry overnight at room temperature under a fume-hood. The following 

day, the degummed fibres were weighed to determine the degumming ratio and assess the degree of 

sericin removal. The degumming ratio (𝐷𝑟(%)) was expressed as the percentage weight loss from silk 

following degumming, where W0 represents the initial cocoon weight and W1 represents the weight 

of degummed fibres (Equation 15).    

𝐷𝑟(%) =  
𝑊0 − 𝑊1

𝑊0
× 100                                                                            (15) 

The silk fibroin fibres were then regenerated by dissolving them in Ajisawa’s solution, a solution 

consisting of CaCl2:EtOH:diH2O in a 1:2:8 molar ratio at 80 °C ± 3 °C for 1 h. The resulting solution was 

then dialysed against deionized water (diH2O) using 14 kDa molecular weight cut-off cellulose 

membrane tubing (Merck Life Science, UK) with changes in the diH2O every 15 min for the first 2 h, 

then twice daily for 3 days. The regenerated solution was poured into petri dishes and oven dried (SQ 

Oven-80HT, SciQuip, UK) at 40 °C for 72 h to cast silk fibroin films. These films were stored at room 

temperature, away from direct sunlight, until further use. The regeneration ratio (𝑅𝑟(%)) was 

expressed as the percentage weight loss between degumming and regeneration (𝑊2; Equation 16), 

and the final regeneration yield (𝑌𝑓(%)) was calculated as the percentage of weight remaining 

between the initial cocoon weight and regeneration (Equation 17).  

𝑅𝑟(%) =  
𝑊1 − 𝑊2

𝑊1
× 100                                                                 (16) 

𝑌𝑓(%) = 100 −
𝑊0 − 𝑊2

𝑊0
× 100                                                           (17) 
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The price of regenerated silk fibroin (𝑃𝑅𝑆𝐹), excluding the negligible costs of processing and other 

reagents, was calculated as the price per gram of the cocoons (𝑃𝑐  = 0.91 GBP/g) divided by the final 

regeneration yield (Equation 18).  

𝑃𝑅𝑆𝐹 =
𝑃𝑐

𝑌𝑓(%)
                                                                              (18) 

Polymer solutions were prepared by dissolving the regenerated silk fibroin (RSF) films in formic 

acid to a final concentration of 12% (w/w) under magnetic stirring for 24 h at room temperature. 

The polymer solutions were stored at 4 °C and used within 72 h. 

3.2.3 Needle Electrospinning 

As in Chapter II, section 2.2.2, a benchtop needle-electrospinner was operated at 15 kV with a 10 cm 

collector distance. A 12% (w/w) regenerated silk fibroin in formic acid polymer solution was used with 

all needle electrospinning platforms. All needle electrospinning experiments were conducted at 

20 ± 2 °C and 30 ± 2 %RH and polymer flowrate was adjusted to match the jet formation and solvent 

evaporation rate.    

3.2.4 Needleless Electrospinning 

A 12% (w/w) regenerated silk fibroin in formic acid polymer solution was also used with all needleless 

electrospinning platforms. All needleless electrospinning experiments were conducted at 20 ± 2 °C 

and 30 ± 2 %RH. 

3.2.4.1 DC Electrospinning methods 

Non-woven nanofibre mats were obtained using 12% (w/w) regenerated silk fibroin in formic acid and 

either a benchtop set up (Figure 24A) or a semi-industrial Nanospider  NS1S500U device (Elmarco, 

Czechia; Figure 24B).  
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Figure 24: DC Needleless electrospinning setups. (A) Benchtop needleless electrospinner, (B) pilot-scale NanospiderTM 

NS1S500U (Elmarco, Czechia). 

The benchtop setup consists of a flat-topped steel rod connected to a high voltage generator 

(40-55 kV), above, a silicone-coated paper was placed directly below a grounded collector plate 

(10-12 cm). To start the electrospinning process, a droplet of polymer solution was manually placed 

at the top of the rod using a Pasteur pipette. The voltage was then switched on and turned off up to 

5 seconds later as most of the polymer solution was transferred towards the collector. The current 

was then switched off and the residual charge in the rod was removed using a discharge rod before 

the remaining polymer solution was wiped off. This process was repeated many times to generate 

non-woven electrospun mats.  

The needle-free Nanospider  technology relies on placing the polymer solution into a cartridge 

moving at high speed across a positively charged horizontal wire. Above which, a grounded (or 

negatively charged) wire runs parallel. A slowly moving spunbond fibrous support which collects the 

fibres is placed between the two wires. A capillary die at the cartridge-wire interface dispensed the 

polymer solution onto the charged wire while travelling back and forth on the wire, immediately 

initiating jet ejection and fibre formation. By passing rapidly from one end of the wire to the other, 

the polymer solution is constantly resupplied homogeneously in order to maximise the fibre output. 

All experiments using the Nanospider  were carried out at 40 kV and with a 10 cm collector distance, 

whilst the temperature and relative humidity were controlled and maintained at 22 °C and 30%, 

respectively.  
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3.2.4.2 AC Electrospinning methods 

 

Figure 25: (A) Needleless AC electrospinning setup, (B) Fibre collection during needleless AC electrospinning process. 

The AC needleless electrospinner (Figure 25) developed by TUL (Kocis et al., 2018) employs a rod-like 

electrode connected to an AC high voltage generator (35 kV, 50 Hz). Approximately, 0.5 mL of polymer 

solution was manually placed at the top of the 22 mm diameter rod emitter using a Pasteur pipette. 

As the current was switched on an ascending plume of fibres formed and stabilised mid-air. The fibres 

were then collected using an electrically neutral stick and deposited onto spunbond fabric.  

3.2.5 Electrospun mat stabilisation 

As in Chapter II, section 2.2.3, electrospun silk fibroin mats were treated by immersion in 99.8% EtOH 

for 20 min and then air dried under laminar flow.   

3.2.6 Physicochemical characterisation of electrospun scaffolds 

As in Chapter II, section 2.2.4, Fourier-transform infrared spectrometry (FTIR), scanning electron 

microscopy (SEM), tensile testing, and measurements of porosity and aqueous stability were 

conducted to characterise the regenerated silk fibroin mats produced by needle- (SF12-U and SF12-E) 

and needleless-electrospinning (NLSF12-U, NLSF12-E, NSF12-U and NSF12-E).  

3.2.6.1 Static contact angle measurements 

Films of 12% (w/w) regenerated silk fibroin in formic acid (RSF12-U) were prepared. The RSF12-U films 

were subsequently stabilised by immersion in 99.8% EtOH for 20 min (the same stabilisation treatment 

as used for electrospun fibres described in Chapter II, section 2.2.3) to produce EtOH-treated 

regenerated silk fibroin films (RSF12-E). The surface wettability of RSF12-U and RSF12-E was measured 
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with a sessile drop method on a tensiometer (Theta Flex, Biolin Scientific, UK) with a built-in high-

resolution camera and then analysed using OneAttension software. First, films were laid flat on the 

tensiometer platform and lined up with the camera to create a horizontal baseline across the sample. 

A 5 μL sessile drop of diH2O was then automatically lowered onto the films and released from the 

pipette. The contact angles (left and right) were averaged to measure the surface wettability of the 

films 1 s after droplet release from the pipette tip (Figure 26). 

   

Figure 26: Photograph of a diH2O sessile drop 1 s after release from the pipette tip (top) on the surface of an RSF12-U film. 

3.2.8 Biological characterisation 

3.2.8.1 Cell culture in tissue culture flasks 

Adipose-derived bovine mesenchymal stem cells (bMSCs) were thawed from cryopreservation 

at -180 °C in 10% (v/v) FBS in Dimethylsulfoxide (DMSO). bMSCs were then seeded at 1500 cells/cm2 

and cultured in tissue culture vessels in a growth medium comprising α-MEM supplemented with 

2 mM UltraGlutamine, 10% (v/v) FBS, 1 ng/mL bFGF and 1% (v/v) penicillin-streptomycin. The cells 

were cultured in a humidified incubator at 37 °C, 5% CO2 until they reached 80-90% confluency. 

Subculturing was carried out by adding 0.25% trypsin-EDTA and incubating for 5 min at 37 °C, 5% CO2 

until complete detachment. The trypsin-EDTA was then neutralised by adding more prewarmed 

growth medium at a 2:1 ratio. The cell suspension was then centrifuged at 200 g for 5 min following 

which the supernatant was discarded, and the cell pellet was resuspended in a 1 mL of growth 

medium. 
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To count cells, 10 μL of the cell suspension was first diluted in a 1:1 ratio with trypan blue, a dye that 

stains dead cells making it easier to visually differentiate between live and dead cells. 10 μL of the 

diluted solution was then injected into a haemocytometer used to count cells manually. To then 

estimate the live cell concentration in the original cell suspension (𝐶𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠; Equation 19), the average 

number of cells (𝑁𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠) per large haemocytometer square (𝑛) was multiplied by the dilution factor 

(𝐷𝐹) and divided by the holding volume of a haemocytometer square (𝑉𝑠 = 0.0001 mL). 

𝐶𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 =
𝐷𝐹

𝑛𝑉𝑠
෍ 𝑁𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠𝑖

𝑛

𝑖=1

                                                       (19) 

3.2.8.2 Scaffold preparation and sterilisation 

EtOH-treated needle-electrospun silk fibroin mats (SF12-E) and needleless-electrospun silk fibroin mats 

(NSF12-E)  are referred to as scaffolds when they are used to culture cells. To prepare scaffolds for cell 

culture, the stabilised SF12-E and NSF12-E mats were cut out using a 16 mm diameter puncture tool. 

The surface area (𝑆𝐴) of the scaffold was calculated as the surface area of a cylinder (Equation 20).  

𝑆𝐴 = 2𝜋𝑟2 + 2𝜋𝑟ℎ (20) 

Prior to use, the scaffolds were autoclaved at 121 °C for 20 min and then conditioned in growth media 

(α-MEM supplemented with 2 mM UltraGlutamine, 10% (v/v) FBS, 1 ng/mL bFGF and 1% (v/v) 

penicillin-streptomycin) in Corning  Costar  ultra-low attachment 24-well microplates (Thermo 

Fisher Scientific, UK) for 1 h at 37 °, 5% CO2. 

3.2.8.3 Cytotoxicity assay 

Bovine MSCs were seeded at 3000 cells/cm2 on the previously conditioned scaffolds. A full medium 

exchange was performed every 48 h. On the eighth day of culture, cell viability was measured using 

live/dead staining according to the manufacturer’s protocol. Briefly, the growth medium was removed 

from the wells and replaced with an equal volume of a solution containing 5 mM calcein-AM and 

20 mM ethidium homodimer in DPBS. The samples were then incubated in the dark at 37 °C, 5% CO2 

for 40 min, and imaged using a fluorescent microscope (EVOS M5000, Thermo Fisher Scientific, UK). 

The autofluorescence of the scaffolds was subtracted from the images to only display the cells. Cells 

fixed and permeabilised with 4% paraformaldehyde (PFA) served as negative controls. 

3.2.8.4 Cell proliferation assay 

To quantify the rate of bMSC expansion on electrospun (NSF12-E) scaffolds, a PrestoBlue™ assay was 

performed every two days for 9 nine days. On day 0, cells were seeded on previously conditioned 

scaffolds of known surface areas at densities of 3000, 6000 and 10000 cells/cm2. At the start of each 

assay, spent media was removed from sample wells and calibration wells and replaced with 10% (v/v) 

PrestoBlue in fresh complete growth medium and then incubated in the dark for 2 h at 37 °C, 5% CO2 
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in a humidified incubator. At the end of the incubation time, 100 µL of the media was transferred to 

a Corning™ Costar™ 96-well microplate (Thermo Fisher Scientific, UK) and its fluorescence was 

measured using a microplate reader (FLUOstar Omega, BMG LABTECH, Germany) with excitation and 

emission wavelengths set to 560 nm and 590 nm respectively. A calibration curve was plotted for each 

assay to determine the concentration slope and quantify cell concentrations in samples. After each 

assay, the remaining 10% PrestoBlueTM solution in sample wells was removed and scaffolds were 

washed twice in DPBS, before being replaced by fresh growth medium and incubated at 37 °C, 5% CO2 

in a humidified incubator.  

To measure the growth kinetics of bMSCs on electrospun silk fibroin scaffolds, the seeding efficiency 

(𝐸𝑠), growth rate (𝐺𝑅), doubling time (𝐷𝑇) and fold increase (𝐹𝐼) were estminated using cell densities 

obtained from the PrestoBlueTM assay calibration curve (Appendix B, Figure S8). The seeding efficiency 

(𝐸𝑠; Equation 21) was measured by dividing the cell density at day 1 (𝑁1) by the seeding density (𝑁0). 

𝐸𝑆 =
𝑁1

𝑁0
× 100                                                                              (21) 

 The fold increase (𝐹𝐼) was measured by dividing the maximum (or final) density (𝑁𝑚𝑎𝑥) by the initial 

seeding density (Equation 22). 

𝐹𝐼 =
𝑁𝑚𝑎𝑥

𝑁0
                                                                                 (22) 

The doubling time (𝐷𝑇; Equation 23) during the exponential growth phase was measured using the 

specific growth rate (𝐺𝑅; Equation 24) where 𝑁𝑒 represents the density of cells measured at the end 

of the exponential growth phase and 𝑡 represents the time span in hours between 𝑁0 (on day 0) and 

𝑁𝑒. 

       𝐺𝑅 =
ln(

𝑁𝑒
𝑁0

)

𝑡
                                                                            (23)    

𝐷𝑇 =
ln (2)

𝐺𝑅
                                                                           (24) 

3.2.9 Statistical analysis  

Statistical analysis was carried out using Microsoft Excel version 2208 to determine the mean and 

standard deviation (𝑆𝐷), with a confidence interval of 95%.  

Biological characterisation experiments were conducted in triplicates four separate times (𝑛 = 12). All 

other experiments were performed once with 3 to 8 replicates (𝑛 ≥ 3 ). All results were displayed as 

mean ± 𝑆𝐷 (𝑛 ≥ 3). 
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The statistical significance of the results was calculated using a one-way ANOVA followed by Tukey’s 

HSD test. Different letters were used to display groups that were statistically different from one 

another. 

3.3 Results and Discussion 

3.3.1 Degumming efficiency  

The first step towards improving the scalability of electrospun silk fibroin scaffolds is to obtain a cheap, 

reliable and abundant source of silk fibroin. To achieve this, silk fibroin was degummed from the virgin 

silk of B. mori cocoons to detach and wash off the sericin, fats and ash components from the core silk 

fibroin fibrils and then purified to produce regenerated silk fibroin that could be electrospun. Although 

many strategies have been developed to efficiently degum and regenerate silk fibroin, it has been 

shown that boiling cocoons in sodium carbonate (Na2CO3) for 30 minutes and then rinsing three times 

was one of the most cost effective, high yield, easy and quick method to produce silk fibroin with 

minimal structural damage to the degummed fibres (Feng et al., 2020). However, it has also been 

shown that the concentration of the Na2CO3 degumming solution affected the physicochemical and 

mechanical properties of silk fibroin as well as its electrospinnability (Dou and Zuo, 2015; Wang et al., 

2013). Here 0.2%, 0.5% and 5% (w/v) aqueous Na2CO3 solutions were used to degum the silk fibroin 

fibres and the degumming and regeneration ratios were used to measure the percentage weight loss 

resulting from the degumming and regeneration steps respectively (Figure 27). As shown in Figure 

27A, degumming ratios of 29.8 ± 1.9%, 31.1 ± 0.2% and 47.9 ± 6.7% (𝑛=3) were achieved using 0.2%, 

0.5% and 5% (w/v) Na2CO3 solutions, respectively, matching or exceeding the upper limit of the 

20-30% weight of non-silk fibroin components in silk, and indicating the complete degumming of the 

degummed silk fibroin (DSF) fibres. However, while the use of the 0.2% and 0.5% (w/v) Na2CO3 

solutions resulted in little-to-no loss of silk fibroin, the significant increase in degumming ratio of the 

5% (w/v) Na2CO3 demonstrated a significant loss of silk fibroin in the degumming stage, likely resulting 

from damage caused by the harshness of the more concentrated Na2CO3 solution.  

Additionally, regeneration ratios (Figure 27B) of 26.8 ± 13.8%, 50.9 ± 6.9% and 62.1 ± 4.5% (𝑛 = 3) 

were obtained using the 0.2%, 0.5% and 5% (w/v) Na2CO3 solutions, respectively. Thus, indicating that 

dissolved silk fibroin chains with a molecular weight below 14 kDa (the molecular weight cut-off of the 

dialysis tubing used during the dialysis period) were lost during the silk fibroin regeneration stage. 

Furthermore, final regenerated silk fibroin (RSF) yields of 51.6 ± 7.7%, 33.8 ± 4.8% and 19.9 ± 4.1% 

obtained with the 0.2%, 0.5% and 5% (w/v) Na2CO3 solutions, respectively, demonstrated a negative 

correlation between final yield and Na2CO3 degumming solution concentration (Figure 27C). It should 
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be noted that the final yield also correlated negatively with the cost of silk fibroin extraction and 

purification, with estimated prices at 1.81 ± 0.29 £/g, 2.74 ± 0.40 £/g and 4.77 ± 1.03 £/g for RSF films 

obtained with the 0.2%, 0.5% and 5% (w/v) Na2CO3 solutions, respectively (Figure 27D). While these 

prices were much lower than the price of commercial silk fibroin (325.00 £/g), it should be noted that 

they could be considerably further reduced by purchasing raw silk at the global market index price 

(55-80 £/kg as of November 2024; Business Analytiq, 2024). As such, using the 0.2% (w/v) Na2CO3 

degumming method could yield RSF costing as little as 0.12 £/g.  

 

Figure 27: Effects of Na2CO3 concentration on  (A) degumming ratio (B) regeneration ratio (C) final yield and (D) estimated 
cost of regenerated silk fibroin. Results displayed as mean ± 𝑆𝐷 (𝑛=3), different lower case letters indicate statistical 

differences between groups (𝑝<0.05).   
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It should also be noted that the use of different Na2CO3 solution concentrations impacted the 

effectiveness of the regenerated silk fibroin and its ability to be electrospun under normal operating 

conditions. RSF films degummed using both the 0.2% and 0.5% (w/v) Na2CO3 solutions, exhibited 

similarly flexible clear films that could be electrospun at a concentration of 12% (w/w) in formic acid 

at 15 kV with a 10 cm collector distance. In contrast, those degummed using the 5% (w/v) Na2CO3 

solution were particularly brittle with a yellow taint, and could not be electrospun, at a concentration 

of 12% (w/w) in formic acid, despite the formation of a Taylor cone, indicating a possible lack of chain 

entanglement. Dou and Zuo (2015) quantified the molecular weight of degummed silk fibroin using 

Na2CO3 solutions of decreasing concentrations. Using SDS-page, the team found that DSF obtained 

using a 5% (w/v) Na2CO3 solution resulted in a single band at 10 kDa while DSF obtained using a 0.5% 

(w/v) Na2CO3 solution resulted in a smear from 25 kDa to 100 kDa and a minor band at 200 kDa (Dou 

and Zuo, 2015). In addition, Wang et al. (2013) showed that DSF obtained using a 0.2% (w/v) Na2CO3 

solution exhibited a smear between 50 kDa and 200 kDa using the same method (Wang et al., 2013). 

These results demonstrate the destructive effect of Na2CO3 on silk fibroin chains and explain the 

observed differences in regeneration ratio, final yields, and electrospinnability of the RSF films. With 

most molecular fragments being smaller than 14 kDa in the 5% (w/v) Na2CO3-degummed silk fibroin, 

it is expected that most of the dissolved silk fibroin solution would be lost during dialysis. The absence 

of fibres during electrospinning may have also resulted from insufficient chain length and strength to 

break the surface tension of the polymer solution and pull jets continuously into fibres (Perez-Puyana 

et al., 2025). These results could explain the significant increase in regeneration ratio between the 

0.2% and 0.5% (w/v) Na2CO3 solutions despite their similar degumming ratios. Indeed, while both 

Na2CO3 solutions removed non-silk fibroin components equally, the harsher effect of the more 

concentrated 0.5% Na2CO3 resulted in more damage to the fibres resulting in the formation of smaller 

protein fragments. These results therefore demonstrate that the degumming ratio, often used in the 

literature as a measure of degumming success is a relatively poor indicator of fibre quality compared 

to the regeneration ratio (Carissimi et al., 2019; Feng et al., 2020; Schmidt et al., 2023). Although, no 

differences were observed between the fibre morphology or electrospinnability of the 0.2% and 0.5% 

(w/v) Na2CO3-degummed RSF, the significantly higher yield and reduced production cost per gram of 

RSF made the 0.2% (w/v) Na2CO3 degumming method far more scalable. As such, the 0.2% (w/v) 

Na2CO3 solution was used as the default for silk fibroin degumming for all subsequent experiments.  
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Figure 28: FTIR spectra of silk fibroin throughout the degumming, regeneration, electrospinning and stabilisation processes.  

The effect of degumming and regeneration on protein secondary structure was investigated using FTIR 

(Figure 28) and spectral decomposition of the amide I band of raw silk cocoons, DSF fibres, RSF films, 

electrospun regenerated silk fibroin (SF12-U) and EtOH-treated electrospun regenerated silk fibroin 

mats (SF12-E; Figure 29). As shown in Figure 28, raw silk displayed peaks at 1698 cm-1 and 1615 cm-1  

in the amide I band (C=O stretching vibrations) and 1512 in the amide II (C-N stretching vibrations and 

N-H in-plane bending deformations) corresponding to a highly crystalline structure of β-sheets (62.5% 

of the total protein conformations) composed of mostly inter-molecular β-sheets (45.2% of the total 

protein conformations). In addition, the single peak at 1229 cm-1 with no shoulder peaks in the amide 

III (C-N stretching vibrations and N-H in-plane bending deformations) was assigned to random coils 

and associated with the presence of sericin in raw silk due to its relatively low crystallinity in its natural 

spun state (Zhang and Wyeth, 2010; Boulet-Audet et al., 2015). Degumming the silk fibres had no 

major effect on the FTIR spectrum of DSF fibres in the amide I and II bands, but a strong peak at 1261 
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cm-1 corresponding to β-sheets was observed in the amide III band, indicating the removal of sericin. 

In contrast, regeneration caused major shifts in the amide I from 1615 cm-1 in DSF to 1640 cm-1 in RSF, 

a broadening of the amide II band with a large secondary peak at 1535 cm-1 and the disappearance of 

the peak at 1261 cm-1 with, instead, a higher intensity peak at 1237 cm-1 in the amide III band, all 

corresponding to a transition from Silk II in DSF to Silk I in RSF. Moreover, no substantial difference 

was observed between the FTIR spectra of RSF and electrospun SF12-U fibres. In contrast, the FTIR 

spectrum of SF12-E resembled the spectrum of DSF fibres with strong peaks at 1699 cm-1, 1624 cm-1, 

1516 cm-1 and 1266 cm-1 corresponding to silk II conformations.  

 

Figure 29: Spectral decomposition of the amide I band (𝑓𝑎) of silk throughout the degumming, electrospinning and 
stabilisation process using second derivative analysis (𝑓𝑎

′′) to identify peak locations and assignments (bottom). (A) B. mori 
raw silk cocoon, (B) degummed silk fibroin fibres (DSF), (C) regenerated silk fibroin films (RSF), (D) needle-electrospun 

regenerated silk fibroin (SF12-U), (E) EtOH-treated needle-electrospun silk fibroin (SF12-E). 
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As shown in Figure 29 and summarised in Figure 30, degumming, regenerating and dissolving silk 

fibroin caused a progressive reduction in crystallinity and inter-molecular β-sheet content. First, 

degumming silk fibres caused a drop in overall crystallinity from 62.5% to 55.7% with a reduction of 

inter-molecular β-sheets from 72.3% to 65.6%, likely resulting from damage to the peptide chains 

initiated by the Na2CO3 degumming solution. As the DSF fibres were dissolved in Ajisawa’s solution, 

CaCl2 disrupted hydrogen bonds stabilising anti-parallel β-sheets, and caused a conversion of 

hydrophobic crystalline regions into hydrophilic amorphous regions, thereby improving the solubility 

of silk fibroin in water and organic solvents such as formic acid (Ajisawa, 1998; Belton et al., 2019). Silk 

fibroin was then maintained in this Silk I conformational state using dialysis, to quickly desalt the 

protein, removing CaCl2 and preventing protein aggregation (Belton et al., 2019) and thereby, 

substantially reducing the crystallinity of the RSF films to 49.6% (of which 49.2% intermolecular 

β-sheets). When RSF films were subsequently dissolved in formic acid, the overall crystallinity of the 

electrospun mats dropped to 42.7% (of which 42.6% inter-molecular β-sheets). As implied by their 

name intra-molecular β-sheets are formed within proteins whereas inter-molecular β-sheets are 

formed around and between different protein chains, contributing to protein aggregation, clustering 

and fibre formation (Khakshoor and Nowick, 2009; Wang et al., 2023). As silk fibroin is dissolved, the 

hydrogen bonds are disrupted, disassembling the inter-molecular β-sheets and causing the peptide 

chains to separate, thereby loosening and exposing the hydrophilic irregular side chains and dissolving 

the protein (Nguyen et al., 2019). Finally, to improve the stability and mechanical properties of the 

electrospun mats they were immersed in EtOH for 20 min. This treatment largely reversed the effects 

of dissolution, increasing the crystallinity to 55.4% (of which 60.7% inter-molecular β-sheet).  

 

Figure 30: Changes in β-sheet content and composition (dark: inter-molecular β-sheets; light: intra-molecular β-sheets) 
resulting from degumming, regeneration, electrospinning and stabilisation, from B. mori cocoons to electrospun silk fibroin 

mats.   
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Non-woven needle-electrospun SF12-U mats displayed smooth, continuous, uniform and randomly 

orientated fibres of relatively thin fibre diameter (105 ± 27 nm) that significantly increased in size 

following EtOH-treatment (140 ± 34 nm; 𝑝<0.05; Figure 31), making both treated and untreated 

regenerated silk fibroin fibres comparable in size to those obtained with commercial silk fibroin under 

the same electrospinning conditions, but with little-to-no defects (see Chapter II, section 2.3.2.2). In 

addition, characterisation of the tensile properties of regenerated silk fibroin (Appendix B, Figure S7), 

revealed a Young’s modulus of 166.6 ± 20.2 MPa and ultimate tensile strength of 2.6 ± 0.5 MPa which 

significantly increased after EtOH treatment to 381.0 ± 80.5 MPa and 4.1 ± 1.1 MPa, respectively 

(𝑝<0.05)). Interestingly, these results were not significantly different from those obtained with 

commercial silk fibroin before and after EtOH-treatment (see Chapter II, section 2.3.2.4). With no 

major differences in the fibre thickness and mechanical properties between the commercial and 

regenerated silk fibroin needle-electrospun mats, minor differences in fibre morphology (i.e. the 

presence of defects) could be due to a slight difference in protein molecular weight resulting from 

differing degumming strategies. Longer and undamaged molecular chains may create a stronger 

entanglement, allowing the jets to continuously overcome the surface tension of the polymer solution 

and therefore produce smooth uniform fibres with a relatively narrow fibre distribution.  

 

Figure 31: SEM images (left) and fibre distribution (right; 𝑛 = 100) of needle electrospun regenerated silk fibroin (A) 

untreated (SF12-U) and (B) EtOH-treated (SF12-E). Scale bar = 5 μm. 

The non-woven needle-electrospun SF12-U and EtOH-treated SF12-E mats were immersed in water to 

measure the solubility of the regenerated silk fibroin protein in aqueous environments for long periods 
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of time (Figure 32). Despite its dominant Silk I conformational state, SF12-U dissolved slowly in water, 

losing up to 49.9 ± 12.5% of its weight after 1 hour but regaining 82.9 ± 3.3% of its initial weight within 

24 hours (𝑛=3). Interestingly, this level of dissolution was achieved within 1 minute using electrospun 

commercial silk fibroin, which could also be explained by a difference in molecular weight. Indeed, 

with less damage caused to the heavy chains during degumming, fewer molecular fragments of 

hydrophobic amino acids are lost during dialysis, making the regenerated protein more resistant to 

dissolution in water. In contrast, SF12-E dissolved much more slowly losing only 18.9 ± 6.9% of its 

weight after 1 hour of immersion and regained 93.3 ± 4.7% within 24 hours. Beyond 24 hours of 

immersion no significant differences were observed between the weight integrity of SF12-U and SF12-E, 

indicating possible water-annealing, as explained in Chapter II, section 2.3.2.3.   

 

Figure 32: Solubility of needle electrospun regenerated silk fibroin before (blue) and after EtOH (orange) treatment, 

following water immersion for different time intervals. Data shown as mean ± SD (n=3), with lower-case letters indicating 

statistical differences between the mean of each group at each time point (𝑝<0.05). 

 

The water contact angle measurements showed a significant difference between the wettability of 

untreated commercial (42.6 ± 6.7°) and regenerated silk fibroin films (69.5 ± 4.6°; Figure 33), with the 

commercial untreated silk fibroin films being more hydrophilic than the regenerated one. 

Interestingly, no significant differences were seen between the contact angles on untreated and EtOH-

treated regenerated films (61.9 ± 4.1°), nor was there any between the contact angles on regenerated 

and commercial (55.5 ± 8.0°) and regenerated EtOH-treated films (61.9 ± 4.1°; 𝑝<0.05). These results 

tie in well with the solubility results showing a significant difference between the wettability of 
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untreated silk fibroin degummed under different conditions, and that of stabilised silk fibroin which 

barely dissolves in water regardless of the degumming method. Moreover, Terada et al. (2016) 

showed that a reduction in surface hydrophilicity could be influenced by an increased molecular 

weight of silk fibroin. The team also found that alcohol treatment of silk fibroin films resulted in a 

partial dissolution of the molecular chains at the outermost layer of the film during alcohol immersion, 

creating a thin and more hydrophilic gel-like substance on the surface of dried films (Terada et al., 

2016), thereby explaining the minor decrease (or lack of an increase) in contact angle that would be 

expected from the protein solubilisation process. Nonetheless, the results obtained here are in line 

with the literature indicating that silk fibroin films are moderately hydrophilic (Beena et al., 2022; dos 

Santos et al., 2021).      

 

Figure 33: Water contact angle measurements on commercial (light) and regenerated (dark) silk fibroin films (12% (w/w) in 

formic acid) before (blue) and after ethanol (orange) treatment, displayed as mean ± SD (𝑛≥5), with different lower-case 

letters indicating statistical significance (𝑝<0.05).   

While there are some undeniable differences between commercially purchased and regenerated in-

house silk fibroin, the results obtained gave confidence in the use of the latter as a starting material 

for subsequent experiments. The degumming and regeneration process was quite straightforward and 

easy to scale up, and the resulting regenerated silk fibroin formed uniform, defect-free mats with 

relatively high fibre thickness. Furthermore, switching from commercial to regenerated silk fibroin 

significantly reduced the cost of the feedstock biopolymer, which could still be significantly lowered 

in scaled-up production by purchasing raw silk or cocoons in bulk at global market index prices. 
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Ultimately, producing silk fibroin using scalable precision fermentation systems will likely become a 

necessity for cultivated meats in order to achieve cost parity with traditional meat (Bonkamp et al., 

2022; Venkatessen et al., 2022). In addition, future regulatory guidelines may not require precision-

fermented products to be labelled as derived from genetically modified organisms (GMOs) (Dupuis et 

al., 2023), which could mitigate the stigma associated with eating ‘artificial foods’ (Marris, 2001; 

Siegriest and Sütterlin, 2017).  

3.3.2 Needleless electrospinning  

3.3.2.1 Needleless DC-electrospinning: Laboratory scale 

To further improve the production rate of electrospun mats and scaffolds, an upgrade from the 

conventional small-scale needle-electrospinning to a pilot-scale needleless electrospinner (NS1S500U 

NanospiderTM; Elmarco, Czechia), capable of producing mats measuring 0.5x1000 m in a single run, 

was carried out (Xiong et al., 2021; Omer et al., 2021; Homer et al., 2023). Due to the large volume of 

polymer solution (10-50 mL) needed for the NanospiderTM to run effectively, the time constraints 

surrounding the operation of the needleless-electrospinner and the limited staff availability for 

supervision, it was not feasible to optimise needleless-electrospinning conditions for the 

NanospiderTM directly. Instead, a benchtop needleless-electrospinner was used for this purpose, to 

produce five needleless-electrospun (NLSF12-U) mats using regenerated silk fibroin polymer solution 

(12% (w/w) in formic acid) with voltages ranging from 35 kV to 55 kV and a collector distance of 10 cm 

to 12 cm. As shown in Figure 34, the non-woven NLSF12-U mats exhibited randomly orientated 

nanofibres of relatively thick diameter (160 ± 24 nm, averaged across all mats) that significantly 

increased following EtOH-treatment (165 ± 22 nm). All fibres produced using needleless 

electrospinning were significantly thicker than needle-electrospun ones, with the thickest fibres 

created at 40 kV and a collector distance of 10 cm measuring 172 ± 68 nm which increased to 193 ± 60 

nm following EtOH-treatment. All mats also displayed many defects, notably beaded and branched 

fibres, and occasional unspun droplets. These defects result from the limitations of needleless 

electrospinning, notably the lack of control of the Taylor cone formation, the variable charge 

distribution and the solvent evaporation rate which occur throughout the electrospinning process 

(Partheniadis et al., 2020). As fibres are drawn from the thin polymer solution layer on the spinneret, 

solvent evaporation causes the solution to dry out causing an unstable spinning process resulting in 

the spraying of large unspun droplets (Holopainen et al., 2014). Consequently, it was necessary to 

frequently interrupt the electrospinning process to clean the spinneret and reset the polymer solution. 

The inconstant charge accumulation in the polymer solution, also caused increased whipping 

instability which contributed to the formation of split-, branched- and beaded-fibres (Zhao and Chi, 

2014). These flaws can however be mitigated using rotating spinnerets or screw pumps to 
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continuously replenish the polymer solution (Partheniadis et al., 2020). The mat with the least defects 

was also the one with the thickest fibres, electrospun at 40 kV with a 10 cm collector distance. 

Therefore, these parameters were chosen as the default operating conditions for subsequent 

NanospiderTM electrospinning. Curiously, upon EtOH-treatment (Figure 35), NLSF12-E mats formed 

large fibrous structures that resembled the curd of a cauliflower in the most extreme cases (Figure 

35B), likely resulting from fibres tightening around large unspun droplets as the mats shrank during 

EtOH-treatment.   
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Figure 34: SEM images (left) and fibre distribution (right; n=100) of needleless electrospun silk fibroin using a benchtop 

setup (NLSF12-U). (A) 35 kV, 10 cm, (B) 40 kV, 10cm, (C) 45 kV, 10 cm, (D) 45 kV, 12 cm, (E) 55kV, 12cm. Scale bar = 10 μm. 
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Figure 35: SEM images (left) and fibre distribution (right; n=100) of EtOH-treated needleless electrospun silk fibroin using a 

benchtop setup (NLSF12-E). (A) 35 kV, 10 cm, (B) 40 kV, 10cm, (C) 45 kV, 10 cm, (D) 45 kV, 12 cm, (E) 55kV, 12cm. Scale bar = 

10 μm. 
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3.3.2.2 Needleless DC-electrospinning: Pilot scale 

Creation of functional supports for the scalable expansion and differentiation of stem cells, essential 

for viable production of cultivated meat, will require a manufacturing platform which is commercially 

mature, has high productivity and can generate materials with consistent specifications. The 

needleless Nanospider  technology offers scale-up potential, is semi-automated and has an 

integrated climate control system which allows reproducibility in the manufacture of nanofibre-based 

materials. Following the optimisation experiments conducted on the needleless benchtop DC-

electrospinner, the electrospinning parameters were set 40 kV and 10 cm collector distance for 

experiments using the Nanospider   producing NSF12-U mats from regenerated silk fibroin.  

 

Figure 36: FTIR spectra of non-woven mats produced using a Nanospider™ (NSF12 - continuous line) and a needle-

electrospinner (SF12 - dotted line) before (blue) and after (orange) EtOH-treatment. 

The FTIR of mats recorded before and after alcohol treatment using the Nanospider  platform were 

very similar to those produced using the needle electrospinner (Figure 36), confirming that the 

different electrospinning methods had no major impact on the secondary structure of silk fibroin. 

However, a difference in the intensity of the peaks at 1723 cm-1 and 1164 cm-1, previously attributed 

to the C=O and C-O stretching vibrations of formic acid, was observed between SF12 and NSF12 samples. 

This variation may be attributed to the Nanospider’s improved solvent evaporation time and better 
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control over processing through its integrated climate control system, as solvent evaporation time is 

directly influenced by ambient temperature and relative humidity (Haider et al., 2018). 

 

Figure 37: SEM images (left) and fibre distribution (middle; n=100) of electrospun silk fibroin mats using Nanospider™ 

technology (A) Untreated (NSF12-U), (B) EtOH-treated (NSF12-E). (C) Porosity measurements in Nanospider™ produced 

scaffolds before (NSF12-U) and after (NSF12-E) EtOH-treatment, displayed as mean ± SD (n=5), with lower-case letters 

indicating statistical differences (𝑝<0.05). Scale bar = 5 μm. 

Non-woven NSF12-U and EtOH-treated NSF12-E mats displayed uniform, continuous and randomly 

orientated fibres with a similar fibre distribution and diameter (151 ± 58 nm for NSF12U and 170 ± 51 

nm for NSF12-E), to fibres produced by the benchtop needle and needleless electrospinners (Figure 

37A,B). Unlike NLSF12 mats, no defects were present in NSF12 fibres, as the Nanospider™ precisely 

controlled environment (relative humidity and temperature) and polymer deposition rate allowed for 

a continuous electrospinning process. Finally, and similarly to the results obtained with the needle 

electrospun supports (Figure 37C), scaffold porosity decreased with alcohol treatments, from 

77.95 ± 1.99% for NSF12-U to 58.29 ± 1.94% for NSF12-E (𝑛=5). 

3.3.2.3 Needleless AC-electrospinning 

In addition, to the benchtop needleless electrospinner and Nanospider™ system, an AC-electrospinner 

was used to generate silk fibroin fibres. AC-electrospinning, and in particular needleless AC-

electrospinning, is a relatively recent innovation. Using an alternating current, the polymer solution 

placed at the tip of the electrified rod is subject to a high degree of hydrodynamic instability that 

initiates jet formation. The rapidly alternating current creates short fibres that have both positive and 

negative charged ends which attract jets of opposing charged ends. Due to the ionising of the ambient 

air, an electric wind creates a compact fibrous plume that can be collected without a physical collector 

(Kessick et al., 2004; Teo et al., 2011; Sivan et al., 2022). As a novel technology, most studies have 
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focused on the characterisation of AC-electrospun yarns and the theory behind it (Pokorny et al., 2014; 

Valtera et al., 2019; Sivan et al., 2022) with only a small handful of studies exploring the applications 

of AC-electrospun fibres in a biomedical context (Homer et al., 2023). As of November 2024, there are 

still no studies which have characterised the needleless AC-electrospinning of proteins nor have there 

been any investigations into the production of novel scaffolds using this technology for tissue 

engineering applications.  

 

Figure 38: SEM images (left) and fibre distribution (right; n=100) of AC electrospun regenerated silk fibroin fibres (ACSF12-U). 

Scale bar = 10 μm. 

As a proof of concept, a small amount of 12% (w/w) regenerated silk fibroin in formic acid was tested 

for AC-electrospinnability. Surprisingly, silk fibroin electrospun exceptionally well with AC 

electrospinning, producing a very wide distribution of thick (489 ± 176 nm), smooth, uniform, and 

defect-free fibres (Figure 38). Interestingly, and despite no mats being produced, more fibre alignment 

was observed in the AC-electrospun (ACSF12-U) collection of fibres due to the reduction of whipping 

instability generated by the neutral charged plume (Sivan et al., 2022). Unfortunately, and since AC 

electrospinning is still under development and commercial equipment is not yet available, it is 

considered an immature technology and was not used for further experiments.  

3.3.3 Biological characterisation of regenerated silk fibroin scaffolds 

To assess the suitability of silk fibroin materials in the manufacture of cultivated beef products, 

needleless electrospun EtOH-treated (NSF12-E) supports were tested for cytotoxicity and cell 

proliferation with bovine mesenchymal stem cells (bMSCs) in static culture conditions. Cell viability 

was assessed after eight days of cell culture using a live/dead assay and fluorescent microscopy (Figure 

39). No dead cells were detected, indicating excellent cytocompatibility of the silk fibroin nanofibres. 

The cells appeared to be spread out on the entire fibrous surface of the NSF12-E scaffold, with rounded 

cell clumps visible in large grooves, and elongated and flattened cells present along single fibres or 

anchored on multiple fibres. 
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Figure 39: (A) Live/dead staining of bMSCs on NSF12-E at day 8 of culture with calcein AM staining live cells green and 
ethidium homodimer-1 staining the nuclei of dead cells red. Positive (B) and negative (C) controls were prepared by growing 

bMSCs on tissue culture plastic. For the negative control, cells were fixed with 4% paraformaldehyde before live/dead 
staining. Scale bar = 250 μm.   

The cell proliferation rate and quantification of metabolically active cells on the scaffolds was 

measured using a PrestoBlue assay over 11 days of culture (Figure 40A). Following cell seeding on day 

0 at 3000, 6000 and 10000 cells/cm2, a low fluorescence at day 1 indicated a moderate seeding 

efficiency of 43.2 ± 14.7%, 38.3 ± 8.6%, and 58.2 ± 11.8%, respectively. It is worth noting that the low 

values of culture on day 1  resulted from low to negative fluorescence values caused by, on the one 

hand, the reduction in metabolic activity of cells as they adapt to their fibrous environment which can 

take over 24 h (Beijer et al., 2019), and on the other hand, by the nanofibrous nature of the supports 

which causes resazurin and resorufin to adhere to the fibres, thereby reducing the fluorescence 

intensity below the background fluorescence (Podgórski et al., 2022). From day 1, the cells entered 

the exponential growth stage which ended on day 7 (R2= 0.9939, R2=0.9995 and R2=0.9819, for bMSCs 

seeded on scaffolds at 3000, 6000 and 10000 cells/cm2,respectively (Appendix B, Figure S9)). During 

this time the doubling rate for cells seeded at 3000, 6000 and 10000 cells/cm2 was estimated at 

47.9 ± 8.5 h, 59.1 ± 4.2 h and 76.9 ± 13.3 h, respectively, indicating a negative correlation between 

higher seeding densities and cell doubling time (𝑝<0.05). These results fell in line with the doubling 

times of adipose-derived mesenchymal stem cells across a range of species (Chen et al., 2012; Zhan et 

al., 2019; Buckowska et al., 2020; Stout et al., 2022; Min et al., 2022). From day 7 to day 11, the cells 

continued to divide but at a slower rate, probably due to diminishing growth space and nutrient 

depletion as the cells approached confluency. On day 11, cells entered the stationary phase, resulting 

in lower metabolic activity as cells became confluent, as shown in Figure 41. The maximum yield on 

day 11, marked a 21.9 ± 1.1, 11.5 ± 0.8 and 7.7 ± 0.1 -fold increase on NSF12-E scaffolds seeded at 3000, 
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6000 and 10000 cells/cm2, respectively, and again showed a negative correlation between higher 

seeding densities and fold increase.  

Fast doubling times are essential for tissue engineering scalability, as by producing a higher yield 

sooner they reduce production costs. The shorter the period of cell expansion, the less media (and 

media components) and energy are required (Allan et al., 2019; Kirsch et al., 2023; Cai et al., 2024). 

Therefore, to maximise cell yields, cells should be maintained in the exponential phase by controlling 

the culture time, seeding density and scaffold surface area. Increasing the available growth area, 

would make cells take longer to reach confluency, thereby extending the duration of the exponential 

phase. Using microcarriers instead of scaffolds could therefore be beneficial as the total growth area 

can be increased by progressively adding more microcarriers at critical time points in culture 

(Verbruggen et al., 2018; Rafiq et al., 2018; Hanga et al., 2021). Given the higher fold increase and 

doubling time, the 3000 cells/cm2 seeding density was chosen as the default for all subsequent cell 

culture experiments on scaffolds in this study.  

 

Figure 40: (A) bMSC proliferation of NSF12-E mats at different seeding densities: 3000 (blue), 6000 (orange), 10000 (grey) 

cells/cm2. (B-D) Estimated growth kinetics of bMSC on NSF12-E mats based on cell density results measured using the 

PrestoBlueTM assay calibration curve (Appendix B, Figure S8). (B) Seeding efficiency measured as the percentage of 

metabolically active cells attached to scaffolds on day 1, (B) bMSC doubling time in exponential growth stage (day 1-7), (C) 

Fold increase from days 1 to 11. Proliferation data displayed as mean ± 𝑆𝐷 (n=12), with lower-case letters indicating 

statistical differences between groups at each time point (𝑝<0.05).  
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Figure 41: Fluorescent microscopy images of live/dead staining after 11 days of culture, with calcein AM staining live cells 
green and ethidium homodimer-1 staining the nuclei of dead cells red, on NSF12-E mats seeded at (B) 3000, (C) 6000 or (D) 

10000 cells/cm2. Scale bar = 250 μm. 

Like most mammalian cells, bMSCs are adherent and need to attach effectively to a surface to survive 

and proliferate. The probability of cell attachment to a biomaterial is influenced by the surface 

chemistry and physical characteristics of the substrate, including composition, surface charge, 

roughness, rigidity, stiffness, and wettability, the latter being determined using degrees of surface 

hydrophilicity (0–90°) and hydrophobicity (90–180°) through contact angle measurements. It has been 

shown that mesenchymal stem cells attach and proliferate on materials with moderately hydrophilic 

surfaces (40–90°; Bauer et al., 2008), with studies even suggesting that a 70° contact angle is ideal 

(Mohammadzadehmoghadam & Dong, 2019). The contact angle of EtOH-treated RSF12 films was 

measured as 55.5 ± 8.0° (𝑛 = 5; Figure 33), which fell within the optimal surface hydrophilicity levels 

reported for mesenchymal stem cell attachment. While contact angle alone may not be a perfect 

indicator of cell attachment due to the complexity of protein binding and other critical parameters, 

such as scaffold topography (Bauer et al., 2008), it could nevertheless contribute to the bMSCs 

attachment and growth on the otherwise inert surfaces provided by silk fibroin. Considering the 

absence of RGD-peptide motifs on silk fibroin and the lack of artificial functionalisation of the scaffolds, 

this amount of cell attachment was deemed acceptable. Blending silk fibroin with more functional 

materials (e.g. plant gums, ECM proteins and derivatives) or using the RGD-peptide-containing silk 

fibroin of certain wild silkworms (Kang et al., 2018) could potentially improve the seeding efficiency, 

at day 1, by increasing cell attachment (Duangpakdee et al., 2021). 

3.4 Conclusion 

Degumming and regeneration of silk fibroin fibres from Bombyx mori cocoons using 0.2% (w/v) Na2CO3 

and Ajisawa’s solution proved to be a reproducible and cost-effective process. FTIR spectroscopy 

showed that the regenerated silk fibroin was chemically identical to the commercial silk fibroin, yet 

the protein concentration was shown to be higher in regenerated silk fibroin resulting in higher 

insolubility, surface hydrophobicity and thicker fibres when non-woven mats were created by needle-

electrospinning under identical conditions. 
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The direct current needleless NanospiderTM equipment produced mats which were free of defects, at 

a high production rate, approximately 2.5 g/h, more than 100 times faster than the laboratory needle-

electrospinner setup. The NanospiderTM mats were also shown to be non-cytotoxic and to promote 

cell attachment, migration, and proliferation, with bMSCs achieving a doubling rate of 47.9 ± 8.5 h 

when seeded at 3000 cells/cm2.  

Although cells were able to grow on the electrospun scaffolds, the moderate seeding efficiency 

measured on the first day of culture, may indicate poor scaffold functionality possibly resulting in cell 

loss particularly at higher seeding concentrations. While bMSC were selected due to their 

multipotency and ability to differentiate into all the cells present in meat (muscle, fat, connective 

tissue and bone), mesenchymal stem cells have been shown to have a lower proliferation potential 

than myoblast and fibroblast cell lines in vitro (Ichim et al., 2018; Kindler et al., 2021). As such, simpler 

progenitor cell models with higher proliferation potential such as C2C12 myoblast or 3T3-L1 

preadipocytes could be used to further biologically characterise the electrospun scaffolds. In addition, 

physical and chemical surface modifications could improve the functionality of the electrospun silk 

fibroin scaffolds.  

Finally, AC electrospinning showed potential for tissue engineering scaffold design, due to the 

increased thickness of the fibres produced and, consequently, the creation of larger pores compared 

with DC electrospinning technologies. The relative alignment of larger fibres mixed with thinner 

randomly orientated ones could provide a suitable environment for specific stem cell differentiation 

and co-cultures. There is still a lot to learn from this recent and relatively untapped electrospinning 

technology, and future work is needed to elucidate its true potential. 

The next chapter explores functionalisation strategies to enhance cell attachment and growth rate, 

with the aim of engineering novel non-spherical edible microcarriers. 
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CHAPTER IV 

FUNCTIONALISATION OF SILK FIBROIN MATS 

AND CREATION OF IRREGULAR 

MICROCARRIERS 

 

4.1 Introduction 

One of the biggest challenges when facing scaled production of cultivated meat resides in the difficulty 

in efficiently expandind sufficient cell numbers to generate large amounts of meat tissue.  From recent 

estimations, to assemble a single cultivated beef quarter pounder (120 g), approximately 1010 cells 

would be needed (Post et al., 2020), and impressively this could be achieved within 4 days, using 

bovine mesenchymal stem cells (bMSC) with optimal seeding conditions in stirred tank reactors 

(Hanga et al., 2020; Hanga et al., 2021; Moutsatsou et al., 2023).  

To boost the yields of anchorage-dependant stem cells it is important to maximise scaffold attachment 

and reduce proliferation time. Efficient attachment greatly improves final cell yields and is dependent 

on several factors encompassing surface chemistry, topography and the presence of cell binding 

motifs (Derakhti et al., 2019). Biomaterial surface properties, such as hydrophilicity and surface 

charge, play a significant role in improving cell adhesion and can be easily modified with 

functionalisation strategies. For instance, blending materials can improve the surface chemistry of the 

composite by overcoming the factors that negatively affect cell adhesion in the main biomaterial or 

by displaying functional properties from the other. However, to securely attach cells, integrin-

mediated binding to extracellular matrix binding motifs is desirable (Derakhti et al., 2019). In addition, 

chemical and physical modifications using crosslinking agents or UV-irradiation can purposefully alter 

the functional groups present on the scaffold surface to improve wettability and the adsorption of 

adhesive molecules during conditioning. Whatever the method, the chosen blending material or 

physical functionalisation procedure should also consider improving nutritional value, organoleptic 

properties and consumer perception without significantly impacting sustainability, cost or food safety.  

To enhance proliferation, the surface available to cells should also be increased and the culture 

parameters controlled. To achieve this efficiently, cells should be expanded on 3-dimensional scaffolds 
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that can be integrated in bioreactor systems. One such method is using microcarriers, which provide 

a high surface-to-volume ratio and allow anchorage-dependent cells to grow in suspension in a 

controlled environment.  

In this chapter, blend and physical functionalisation strategies are adopted to modify the surface 

chemistry of silk fibroin electrospun scaffolds in an attempt to improve cell attachment and 

proliferation. The scaffolds are then converted into non-spherical microcarriers and compared with 

commercial and prototype microcarriers in static conditions. This study provides the basis for future 

work on cell expansion in dynamic systems such as spinner flasks and stirred tank bioreactors. 

4.2 Materials & Methods   

4.2.1 Materials 

Bovine adipose-derived mesenchymal stem cells (bMSCs) were purchased from Quest Meat Ltd (UK) 

at passage 1. Ethanol (99.8%), calcium chloride (97%), sodium carbonate (≥99.5%), paraformaldehyde 

in PBS (4%), formic acid (98+%) (Acros Organics), and zein anhydrous protein powder (Acros Organics) 

were purchased from Fisher Scientific (UK). Ground psyllium husk was purchased from Holland & 

Barrett (UK). Invitrogen™ LIVE/DEAD™ viability/cytotoxicity kit, Invitrogen™ PrestoBlue™ Cell Viability 

Reagent, Alpha-modified Eagle medium (α-MEM; Gibco™), ultraglutamine (Gibco™), Dulbecco’s 

phosphate buffered saline (DPBS; Gibco™), penicillin-streptomycin (Gibco™), Trypan Blue solution 

0.4% (Gibco™) were purchased from Thermo Fisher Scientific. Trypsin-EDTA and fetal bovine serum 

(FBS) were obtained from Merck Life Science (UK). Bombyx mori silkworm cocoons (brand TMISHION) 

were bought on Amazon (UK). Basic fibroblast growth factor (bFGF) was acquired from PeproTech 

(UK). Cytodex 3 was purchased from Cytiva (UK). Solohill® Plastic (P-221) microcarriers were obtained 

from Sartorius (UK). Hybrid X prototype microcarriers were gifted from Gelatex Technologies OÜ 

(Estonia). Deionised water was used in all experiments unless otherwise stated. 

4.2.2 Degumming of silk fibroin 

As in Chapter III, section 3.2.2 silk fibroin was degummed from B. mori silk cocoons. After finely 

chopping the cocoons into small pieces and soaking them in diH2O for 3h, they were soaked in 0.05% 

(w/v) Na2CO3 overnight. The pieces were then boiled three times in 0.2% (w/v) Na2CO3 and washed 

every time in diH2O. Finally, the degummed fibres were dried under a laminar flow at room 

temperature overnight. 

The degummed fibres were then dissolved in Ajisawa’s solution and dialysed against diH2O for 3 days. 

The final solution was then cast into petri dishes and oven-dried at 40 °C to produce regenerated silk 

fibroin (RSF) films.   
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4.2.3 Silk fibroin blends 

Functionalisation was achieved by blending RSF films with psyllium husk or zein to produce an SFφPHχ 

or SFφZψ electrospinning solution, where φ, χ, and ψ represent the weight percentage of silk fibroin, 

psyllium husk and zein, respectively. First, regenerated silk fibroin was dissolved in formic acid at a 

concentration of 6-10% (w/w) for SFPH or 0-12% (w/w) for SFZ, after which 1.5-3% (w/w) psyllium 

husk (Table 6) or 0-25% (w/w) zein (Table 7) was added progressively under constant stirring. The 

solutions were then left to dissolve for 24 h at room temperature under constant stirring. For SFPH, 

homogeneous solutions could not be achieved due to the presence of insoluble fractions in the 

psyllium husk composition that were not feasibly removable (Guo et al., 2008). The electrospinning 

solutions were then stored at 2 °C and used within 2 days.  

Table 6: List of silk fibroin and psyllium husk blends used in this study. 

Blends 
Percentage of silk fibroin in 

formic acid (% (w/w)) 

Percentage of psyllium husk in 

formic acid (% (w/w)) 

Dry percentage of 

psyllium husk (%) 

SF6PH1.5 6 1.5 20.0 

SF6PH3 6 3 33.3 

SF8PH1.5 8 1.5 15.3 

SF8PH2 8 2 20.0 

SF9PH1.5 9 1.5 14.3 

SF9PH2 9 2 18.2 

SF10PH1.5 10 1.5 13.0 

SF12 12 0 0.0 

PH2 0 2 100.0 

PH3 0 3 100.0 
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Table 7: List of silk fibroin and zein blends use in this study. 

Blends 
Percentage of silk fibroin in 

formic acid (% (w/w)) 

Percentage of zein in formic 

acid (% (w/w)) 

Dry percentage of 

zein (%) 

Z25 0 25 100.0 

SF3Z18.75 3 18.75 86.2 

SF6Z12.5 6 12.5 67.6 

SF9Z6.25 9 6.25 41.0 

SF12 12 0 0.0 

SF12Z6.25 12 6.25 34.2 

SF12Z12.5 12 12.5 51.0 

 

4.2.4 Electrospinning  

As per Chapter III, section 3.2.3, a needle-electrospinner was used to electrospin silk fibroin SF12, zein 

Z25, SFφPHχ and SFφZψ  blends at 15 kV with a 10 cm collector distance. A variable flow rate of 0.1-1.0 

mL/h was adapted according to the solvent evaporation time and jet formation rate. The resulting 

SF12-U, Z25-U, SFφPHχ-U and SFφZψ-U   mats were subsequently air dried for 24 h at room temperature 

and immersed in 98.8% EtOH for 20 min to produce stabilised SF12-E, Z25-E, SFφPHχ-E and SFφZψ-E 

scaffolds. Electrospinning experiments were performed at 21 °C (± 2 °C) and 30% (± 5%) relative 

humidity.  

4.2.5 UV functionalisation 

Ultraviolet light (UV) functionalisation was attempted to induce surface modifications in silk fibroin 

electrospun mats. Research has shown that silk fibroin fibres absorb light strongly at around 270 nm 

in the UV-C range. Therefore, electrospun SF12-U and SF12-E mats were placed in a steel box, 3 cm 

directly below a 6W monochromatic 254 nm wavelength lamp for up to 480 min (Figure 42). To limit 

heat build-up, the box walls were covered in aluminium foil and a small hole was cut out. Mats were 

labelled as SF12UVω’-U when irradiated untreated, SF12UVω’-E when irradiated after EtOH-treatment, 

and SF12UVωU→E when irradiated first and then EtOH-treated, where ω’ represents the UV exposure 

time in minutes.  
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Figure 42: Cross-section of UV treatment box. 

 

4.2.6 Engineering microcarriers 

Non-spheroid nano-fibrous and micro-porous microcarriers were produced from electrospun mats in 

two ways: hand-sliced (hsMC) or cryomilled (cryoMC). The hand-sliced microcarriers were created 

from SF12-E,  SF12Z6.25-E and SF9PH2-E EtOH-treated electrospun scaffolds using a rotary blade (Sew Easy 

45MM Rotary Cutter, Argos, UK) (Figure 43), and labelled as hsMCSF, hsMCSFZ and hsMCSFPH 

respectively. Cryomilled microcarriers were produced from SF9PH2-E EtOH-treated electrospun mats 

only, using a CG-200 Freezer/Mill® cryomiller (Cole Parmer, UK), as a time efficient and reproducible 

alternative to hand-slicing, and labelled as cryoMCSFPH. The milling cycle consisted of a 9 min sample 

precooling followed by a 2 min run time at a speed of 15 counts per second (cps) and 2 min cooling 

time. The cycle was repeated a total of 4 times. The dimensions and size distribution of the hsMC and 

cryoMC microcarriers were determined using SEM and ImageJ software.  
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Figure 43: Process of hand cutting electrospun microcarriers. (A) A scaffold of known surface area is cut using a puncture 

tool. (B) The scaffold is sliced several times in multiple directions, (C) Using a paintbrush, the cut particles are swept into a 

pile and sliced again in multiple directions. This process is then repeated 3 more times. 

The surface area available for culturing cells (𝑆𝐴ℎ𝑠𝑀𝐶) and the specific surface area (𝑆𝑆𝐴ℎ𝑠𝑀𝐶) of hand-

sliced microcarriers were determined based on two assumptions: (1) repeatedly hand-slicing scaffolds 

as a planar disc, reduces the size in the x- and y-directions but not significantly in the z-direction 

(height); and, (2) slicing scaffolds into smaller micro-scaffolds or microcarriers does not significantly 

affect the density of the fibrous material.  

To calculate the area, hand-sliced microcarriers were first imaged using SEM, which displayed them 

as 𝑛-sided polygons. To then determine their average dimensions, the 𝑛-sided polygons were 

converted to the nearest fitting rectangle and the length (𝐿), width (𝑙) and height (ℎ) were measured. 

As ℎ matched the thickness of the electrospun scaffolds that were sliced, the first assumption could 

be validated. The surface area of hsMC for cell culture was approximated as the nominal surface area 

of the measured parallelepiped (Equation 25). This is reasonable because negligible distances in 

between fibres relative to the size of the cells largely prevented cell infiltration (Wu and Hong, 2016).  

𝑆𝐴ℎ𝑠𝑀𝐶 = 2(𝐿𝑙 + 𝑙ℎ + 𝐿ℎ)                                                                     (25) 

In order to determine the specific surface area of the hand-sliced microcarriers (e.g. the total area of 

hsMCs per gram), the number of microcarriers per scaffold (𝑛ℎ𝑠𝑀𝐶/𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑) was first calculated as the 

quotient of the volume of the scaffold disc and the volume of each microcarrier, where 𝑟 represents 

the radius of the scaffold disc (Equation 26).  

𝑛ℎ𝑠𝑀𝐶/𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 =
𝜋𝑟2ℎ

𝐿𝑙ℎ
=

𝜋𝑟2

𝐿𝑙
                                                                  (26) 
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To then determine the amount of microcarriers per gram (𝑛ℎ𝑠𝑀𝐶/𝑔), the number of microcarriers per 

scaffold was divided by the mass of a scaffold (𝑚𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑) itself (Equation 27), measured as the 

product of the scaffold volume and the density of EtOH-treated electrospun silk fibroin 

(𝜌𝑆𝐹−𝐸 = 0.6330 g/cm3). 

𝑛ℎ𝑠𝑀𝐶/𝑔 =
𝑛ℎ𝑠𝑀𝐶/𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝑚𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑
=

𝜋𝑟2

𝐿𝑙
𝜋𝑟2ℎ × 𝜌𝑆𝐹12−𝐸  

=
1

𝐿𝑙ℎ𝜌𝑆𝐹12−𝐸
                             (27) 

Finally, the specific surface area was calculated as the number of microcarriers per gram, multiplied 

by the culturable area of a single microcarrier (Equation 28).  

𝑆𝑆𝐴ℎ𝑠𝑀𝐶 = 𝐴ℎ𝑠𝑀𝐶 × 𝑛ℎ𝑠𝑀𝐶/𝑔 =
2(𝐿𝑙 + 𝑙ℎ + 𝐿ℎ) 

𝐿𝑙ℎ𝜌𝑆𝐹12−𝐸
                                           (28) 

For cryomilled microcarriers, the irregular shapes created, combined with their altered fibrous 

structure would have likely changed the fibre density. As such, the specific surface area of cryoMCs 

could not be calculated. The culturable area (𝑆𝐴𝑐𝑟𝑦𝑜𝑀𝐶; Equation 29) was estimated as the average of 

the surface area calculated as a parallelepiped and as a sphere.  

𝑆𝐴𝑐𝑟𝑦𝑜𝑀𝐶 =
2(𝐿𝑙 + 𝑙ℎ + 𝐿ℎ) + 4𝜋𝑟2

2
= 𝐿𝑙 + 𝑙ℎ + 𝐿ℎ + 2𝜋𝑟2                    (29) 

The specific surface area (𝑆𝑆𝐴) of the electrospun fibres was calculated as the ratio of the area (𝑆𝐴) 

and the mass (𝑚) of the fibres (Equations 30-32), where 𝑟𝑓 represents the radius of the fibres (which 

are considered infinitely long), and 𝜌𝑆𝐹12−𝐸  is the fibre density.  

𝑆𝐴 = 2𝜋𝑟𝑓ℎ                                                                                      (30) 

𝑚 = 𝜋𝑟𝑓
2ℎ𝜌𝑆𝐹12−𝐸                                                                              (31) 

𝑆𝑆𝐴 =
𝑆𝐴

𝑚
=

2

𝑟𝑓𝜌𝑆𝐹12−𝐸
                                                                    (32) 

Finally, the fibrous area (𝑎) was calculated as the specific surface area (𝑆𝑆𝐴) divided by the number 

of microcarriers per gram (𝑛ℎ𝑠𝑀𝐶/𝑔) (Equation 33). 

𝑎 =
𝑆𝑆𝐴

𝑛ℎ𝑠𝑀𝐶/𝑔
                                                                                  (33) 
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4.2.7 Physicochemical characterisation  

4.2.7.1 FTIR  

As per Chapter II, section 2.2.4.1, FTIR was used qualitatively to determine chemical and 

conformational changes in biomaterials and quantitatively to measure secondary structure contents 

in proteins.  

FTIR spectra were adjusted by subtracting the absorbance baseline from 1900 cm-1 to 4000 cm-1 from 

the whole FTIR spectra values, so that at 4000 cm-1 and 900 cm-1 the absorbance reading would tend 

to 0. An offset was then performed by subtracting the average absorbance values of the region 

spanning 1900-1950 cm-1. The data was then normalised using the integral absorbance of the region 

spanning 800-1800 cm-1 to compensate for signal intensity variations in the electrospun samples.  

When normalisation was not possible due to predicted variance in most peaks as in the case of UV- 

functionalised mats, the ratio of the absorbance values at specific wavenumbers was used to compare 

peak intensities and conformation ratios between samples.  

The 𝐼𝑎𝑚𝑖𝑑𝑒𝐼/𝐼𝐼 ratio found in the literature as a marker for degradation analysis of silk fibroin provides 

information on the C=O to N-H and C-N by comparing the height of the amide I and amide II (Koperska 

et al., 2014; Equation 34).  

𝐼𝑎𝑚𝑖𝑑𝑒 𝐼/𝐼𝐼 =
𝐴(𝑎𝑚𝑖𝑑𝑒 𝐼)

𝐴(𝑎𝑚𝑖𝑑𝑒 𝐼𝐼) 
                                                             (34) 

To compare the ratio of β-sheets to random coils, the crystallinity index of the Amide I can be 

calculated as the quotient of the intensity of the values at 1620 cm-1 and 1652 cm-1 corresponding to 

β-sheets and random coils, respectively, in the Amide I (Equation 35). 

𝐼1620/1652 =
𝐴(1620 𝑐𝑚−1)

𝐴(1652 𝑐𝑚−1)
                                                         (35) 

Likewise, the crystallinity index of the amide II band can be calculated similarly by dividing the 

absorbance value at 1516 cm-1 (β-sheets) by that of 1540 cm-1 (random coils) in the amide II band 

(Equation 36). 

𝐼1516/1540 =
𝐴(1516 𝑐𝑚−1)

𝐴(1540 𝑐𝑚−1)
                                                         (36) 

All other intensity ratios were calculated similarly, by dividing the absorbance at a specific 

wavenumber (𝑤) to that of the amide I maximum absorbance (Equation 37).  
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𝐼𝑥 =
𝐴(𝑤)

𝐴(𝑎𝑚𝑖𝑑𝑒 𝐼)
                                                                    (37) 

4.2.7.2 Scanning Electron Microscopy 

As per Chapter II, section 2.2.4.2, SEM was used to analyse the shape and size of electrospun fibres 

and microcarriers.  

4.2.7.3 Tensile testing 

As per Chapter II, section 2.2.4.5, tensile testing was conducted to quantify the strength, elasticity and 

stiffness of SF12Z6.25 functionalised electrospun mats.  

4.2.8 Biological characterisation 

4.2.8.1 Cell proliferation on scaffolds 

Electrospun scaffolds were autoclaved and conditioned in complete media in ultra-low attachment 

well plates for 1 h. Scaffolds were seeded with bovine mesenchymal stem cells (bMSCs) at 3000 

cells/cm2. A PrestoBlue™ proliferation assay and a full complete media exchange were carried out 

every two days from day 1 of culture (see Chapter III, section 3.2.8.4). 

4.2.8.2 Cell proliferation on microcarriers 

To compare the performance of the electrospun hand-sliced and cryomilled microcarriers with 

commercially available and prototype microcarriers, bMSCs were cultured in static conditions on 

hsMC, cryoMC, Cytodex 3 (C3), Solohill Plastic (SP), and Hybrid X (HX), all of which were prepared 

according to manufacturer’s specifications.  

Cytodex 3 microcarriers were briefly rinsed in DPBS (Ca2+ and Mg2+ free) and soaked in DPBS for at 

least 4 h before being autoclaved at 121 °C for 20 min. Solohill Plastic microcarriers were autoclaved 

in diH2O at 121 °C for 20 min. Hybrid X microcarriers were sterilised using dry heat in a fan assisted 

high temperature oven (SQ Oven-80 HT; SciQuip, UK) at 170 °C for 1 h. The HX microcarriers were then 

soaked in DPBS for 1 h, after which the supernatant was removed. Finally, both hsMCs and cryoMCs 

were autoclaved in foil envelopes at 121 °C for 20 min. All microcarriers were then placed in cell 

strainers (70 μm mesh size; Falcon, FisherScientific, UK) in ultra-low attachment well plates (Corning, 

UK) and rinsed twice in DPBS before being conditioned for 1 h at 37 °C, 5% CO2 in complete α-MEM 

growth media and seeded at 1500 cells/cm2. A full media exchange was carried out every 2 days.  

A PrestoBlueTM proliferation assay was performed every 2 days from day 1 of culture. Before and after 

every assay, the microcarriers were rinsed with DPBS twice. For each assay, the microcarriers were 

immersed in a 10% (v/v) PrestoBlue™ solution in α-MEM complete growth media, incubated at 37 °C, 

5% CO2 for 2 h, and then the fluorescence was read at 560/590 nm. A calibration curve was traced on 
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each day, using cells incubated in the same volume of PrestoBlue™ solution and treated under the 

same conditions as the cells in contact with the microcarriers (Figure 44).  

 

Figure 44: Flow chart showing bMSC proliferation assay on microcarriers. 

4.2.8.3 Fluorescence imaging 

To image bMSCs on scaffolds and microcarriers, the media was removed and the cells were rinsed 

twice in DPBS. The cells were then immersed in a 5 mM calcein-AM and 20 mM ethidium homodimer-1 

staining solution (LIVE/DEAD™ viability/cytotoxicity assay) for 20 min at room temperature, after 

which the cells were rinsed twice with DPBS. Calcein-AM was used to stain the cytoplasm of live cells 

green, ethidium homodimer-1 was used to stain the nucleus of dead cells red. The cells were 

subsequently fixed in 4% paraformaldehyde and stored in DPBS at 4 °C.  

4.2.9 Statistical analysis 

Statistical analysis was carried out using Microsoft Excel version 2208 to determine the mean and 

standard deviation (𝑆𝐷), with a confidence interval of 95%. For biological characterisation, 

experiments were conducted in triplicates and other experiments were performed with 3 to 12 

replicates. All results were displayed as mean ± 𝑆𝐷 (𝑛 ≥ 3).  

The statistical significance of the results was calculated using a one-way ANOVA followed by Tukey’s 

Honestly Significant Difference test. Lower case letters were used to display groups that were 

statistically different from one another. 
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4.3 Results & Discussion 

4.3.1 Functionalisation and characterisation of silk fibroin non-woven mats 

As demonstrated in Chapter III, section 3.3.3, electrospun silk fibroin scaffolds could support bMSC 

attachment, migration and proliferation, but the inert protein fibres lacked strong adhesion, leading 

to a moderate seeding efficiency and lag phase. Therefore, to improve cell attachment and ultimately 

increase cell yields, the properties of silk fibroin were modified either by blending the protein with 

other more functional biomaterials, or physically, using UV-irradiation to induce chemical alterations 

on the surface of the electrospun fibres.  

4.3.1.1 Electrospun blends 

Blending biomaterials has the advantage of introducing functional properties to a carrier material 

affecting its mechanical, chemical and biological properties, while improving nutritional value and 

consumer acceptance (Sionkowska, 2011). Similarly to the carrier material, the blending material 

should be non-animal derived, abundant, renewable, easily extractable, food safe, compatible with 

processing techniques and commercially viable. Psyllium husk, a soluble fibre obtained from the seeds 

of Plantago ovata plants, is a versatile material commonly prescribed for the treatment for 

gastrointestinal disorders, high cholesterol and even chronic diseases such as colorectal cancer, all of 

which have been associated with the high consumption of red meat (de Bock et al., 2012; Alkandari 

et al., 2021). Psyllium husk is also commonly used in the food industry as a gelling and thickening agent 

due its high solubility and viscosity (Singh et al., 2021) and for landscaping as a low-cost and 

environmentally friendly natural binder (Guo et al., 2008). Most of the benefits attributed to psyllium 

husk are owed to its high polysaccharide content, which constitutes 85-90% of its dry weight (Guo et 

al., 2008). Fabricating scaffolds from psyllium husk blends for cultivated meat production, could 

potentially provide a better microenvironment for cell attachment and proliferation in aqueous 

culture medium, as well as improve texture of the final product and boost consumer acceptance by 

making cultivated red meat potentially healthier than the slaughtered kind. The most abundant 

polysaccharides in psyllium husk are arabinoxylan and glucuronic acid, which represent 79% and 3.8% 

of its dry weight respectively (Guo et al., 2008). Although arabinoxylan is mostly composed of a 

(1→4)-β-linked xylose pyranose backbone, branched with α-linked arabinose furanose and β-linked 

xylose on C2 or C3, other carbohydrates such as galactose, mannose and rhamnose also occasionally 

branch the polysaccharide in psyllium husk (Ren et al., 2022).  

FTIR was used to chemically characterise psyllium husk powder and silk fibroin-psyllium husk (SF9PH2) 

blends. The whole FTIR spectrum of psyllium husk (Figure 45A) displayed a broad band from 3670 cm-1 
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to 2980 cm-1 corresponding to the O-H stretching vibration of bound water, probably caused by 

moisture in the fibre. The narrow band from 2930-2859 cm-1 was assigned to C-H stretching vibration. 

The peak at 1731 cm-1 was assigned to the C=O stretching vibrations of carboxyl groups in glucuronic 

acid (Singh et al., 2021; Ren et al., 2020). The absorbance in the band from 1600 cm-1 to 1700 cm-1 

could be the amide I of protein (Singh et al., 2021), however the lack of amide II could result from the 

extremely low overall protein content in psyllium husk (<1%; Guo et al., 2008). The peak at 1411 cm-1 

was assigned to C-H and -CH2 bending deformation (Singh et al., 2021). The peaks at 1371 cm-1 and 

1315 cm-1, and 1245 cm-1 corresponded respectively to -CH2 wagging and -CH2 twisting out-of-plane 

deformations of the arabinose side chains (Wiercigroch et al., 2017). In the fingerprinting region 

(1200-800 cm-1) a large sharp narrow band from roughly 1200 cm-1 to 900 cm-1, expanded in Figure 

45B, characterises the configurations of glycosidic linkages in the arabinoxylan polysaccharide. The 

peak at 1155 cm-1 was assigned to the C-OH stretching vibration of the pyranose rings of the xylose 

backbone. The peak at 1031 cm-1 was assigned to the C-O-C stretching vibrations of glycosidic bonds 

(Ren et al., 2020). A minor shoulder at 1097 cm-1 was linked to in-plane-bending of C-OH in arabinose 

(Wiercigroch et al., 2017), while the one at 1073 cm-1 was linked to the ring of xylose pyranose (Hong 

et al., 2021). The shoulders at 976 cm-1 and 953 cm-1 were assigned to the C-CH and C-C-O in-plane 

bending deformations in galactose (Wiercigroch et al., 2017) the third most common carbohydrate in 

psyllium husk (4.5% dry weight; Guo et al., 2008). Finally, the region spanning 900 cm-1 to 770 cm-1 

identifies anomers of pyranose and furanose. The peak at 893 cm-1 corresponded to C-O ring 

stretching vibrations of the β-linkage of pyranoses in the β-linked xylose backbone of arabinoxylan 

(Wiercigroch et al., 2017; Hong et al., 2021; Ren et al., 2020). The shoulder at 843 cm-1 corresponding 

to C-O ring stretching vibration was assigned to the α-linkage of furanoses in α-linked arabinose side 

chains (Wiercigroch et al., 2017; Hong et al., 2021; Ren et al., 2020). The minor peaks at 809 cm-1 and 

778 cm-1 have been linked to the CO stretching vibrations in the furanose rings of arabinose (Hong et 

al., 2021; Wiercigroch et al., 2017). 
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Figure 45: (A) Whole FTIR spectrum of psyllium husk powder, (B) Fingerprint region of the psyllium husk FTIR spectrum. 

The FTIR spectra of electrospun SFPH-U blends, displayed in Figure 46, were characterised by a 

reduction in intensity in the amide I (1700-1600 cm-1), II (1600-1500 cm-1) and III (1300-1200 cm-1) 

bands which correlated with a diminishing relative silk fibroin content in the electrospun blended 

mats. Likewise, an increase in intensity in the region spanning from 1216 cm-1 to 894 cm-1 showing an 

increase in polysaccharide content, correlated with an increase with the proportion of psyllium husk 

in the blended materials.  

 

Figure 46: FTIR spectra of electrospun SFPH-U blends. 

All preliminary attempts to electrospin psyllium husk alone (without silk fibroin) in water or formic 

acid were unsuccessful, although a Taylor cone could be observed at 2% (w/w) psyllium husk in formic 

acid. Despite the presence of the Taylor cone, only large unspun droplets were transferred with no 

indication of fibre formation on the collector. Increasing the psyllium husk concentration to 3% (w/w) 

was not feasible as the high viscosity of the polymer solution prevented continuous flow. No 
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improvement in the electrospinnability of psyllium husk alone was observed when modifying the 

voltage (10-20 kV), collector distance (7-15 cm) or flow rate (0.05-0.1 mL/h).  It has been reported that 

many charged polysaccharides, while easily hydrated, do not dissolve completely and instead form a 

weak gelled structure, with a clear yield stress that prevents the sufficient build-up of a pulling force 

to maintain stable jets and results in the formation of droplets or complete absence of fibres despite 

the presence of a Taylor cone (Stijnman et al., 2011). Therefore, the inability to electrospin psyllium 

husk in the present conditions is probably due to its high viscosity and negative electrical charge (Lee 

et al., 2009). When silk fibroin was blended with 1.5-3% (w/w) psyllium husk, electrospinning could be 

achieved at 15 kV with a 10 cm collector distance, however the percentage of silk fibroin in the 

polymer solution became a limiting factor in the electrospinnability of SFPH blends. When the silk 

fibroin concentration was too low (<8%), a Taylor cone formed but electrospraying occurred, and 

increasing the concentration of the polymer solution by adding psyllium husk did not improve fibre 

formation. By contrast, when the silk concentration was too high (>9%) the high viscosity of the 

polymer solution prevented continuous flow. However, continuous electrospinning was only possible 

when the concentration of silk fibroin was between 8-9% (w/w) and psyllium husk was between 1.5% 

and 2% (w/w). As shown in Figure 47, SFPH-U electrospun mats displayed a wide distribution of 

homogenous and randomly orientated smooth fibres, that increased in thickness with increasing silk 

fibroin and psyllium husk content within the limits of electrospinability (8-9% (w/w) silk fibroin and 

1.5-2% (w/w) psyllium husk in formic acid; Table 8). SF9PH2-U (232 ± 79 nm) had the largest fibre 

diameter of all the SFPH blends approximately 54% larger than that of SF12-U alone (150 ± 49 nm). As 

for SF12-E mats, the fibre diameter of SF9PH2-E fibres increased with EtOH-treatment to 256 ± 70 nm 

(Figure 48).  

Table 8: Average fibre diameter of electrospun SFPH-U blends (𝑛 = 100). 

Blend Average fibre diameter (nm) 

SF9PH1.5-U 214.6 ± 58.2a 

SF8PH1.5-U 127.6 ± 24.3d 

SF9PH2-U 232.0 ± 78.7a 

SF8PH2-U 177.1 ± 48.7b 

SF12-U 150.2 ± 48.7c 
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Figure 47: SEMs of untreated silk fibroin/psyllium husk blends (left) and fibre distribution (right; n=100). (A) SF9PH1.5-U, (B) 

SF8PH1.5-U, (C) SF9PH2-U, (D) SF8PH2-U, and (E) SF12-U . Scale bar=5 μm. 
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Figure 48: SEMs (left) and fibre distribution (right; n=100) of EtOH-treated (A) SF12-E and (B) SF9PH2-E. Scale bar=5 μm. 

Zein is a globular protein often used in scaffolds for tissue engineering and cultivated meat research 

due to its renewability, biodegradibility, electrospinnability, desirable mechanical properties, 

excellent cytocompatibility and high consummer acceptance (Li et al., 2016; Melzener et al., 2023; 

Jeong et al., 2024). As a prolamin, serving as storage protein in maize (Zea mays), zein is typically 

extracted from distiller’s dry grain, a cheap by-product of the starch and EtOH industry making it 

extremely abundant and readily available (Keshanidokht et al., 2022). Zein is an amphiphilic protein 

with over half of its amino acids being either hydrophobic or of low polarity, making zein insoluble in 

water and absolute EtOH, but soluble in formic acid and aqueous ethanol (50-85% w/v; Lawton, 2006; 

Yao et al., 2009; Li et al., 2012b; Nonthanum et al., 2013). Because of its hydrophilic domains, zein is 

able to swell in water (Rahman et al., 2023). Zein also possesses several beneficial biological features 

such as its high biocompatibility, ability to promote cell attachment and proliferation via interactions 

with ECM components (Cui et al., 2016; Cardenas Turner et al., 2019; Plath et al., 2021), and 

possession of antibacterial properties which could improve the shelf life of zein-containing products 

(Lu et al., 2016; Ghalei et al., 2022). On paper, zein appears as a strong contender to silk fibroin as a 

plant-derived biomaterial for electrospun edible scaffold fabrication, but in fact it suffers from one 

major drawback: its poor hydrolytic stability. While stabilisation is possible through crosslinking, most 

agents used (i.e., glutaraldehyde, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide or genipin) are 
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either cytotoxic, unsafe for consumption or detrimental to fibrous structures in electrospun mats 

(Huang et al., 2015). Blending zein and silk fibroin (SFZ blends), with silk fibroin acting as a carrier 

material, could allow stabilisation of the fibres with 99.8% EtOH, while improving the surface 

wettability and creating a more suitable microenvironment for cell attachment and proliferation (Plath 

et al., 2021). In addition, zein could enhance consumer perception as non-animal-derived additive 

with GRAS status, which could also ease regulatory approval as a scaffold material for cultivated meat 

production (Falsafi et al., 2023). Finally, SFZ blends could provide some protection against common 

food-borne contaminants, such as Escherichia coli or Staphylococcus aureus (Zhou et al., 2014; Lenzuni 

et al., 2024).  

 

Figure 49:(A) Whole FTIR spectrum of zein protein powder, (B) second derivative (top) and spectral decomposition (bottom) 
of the amide I (1600-1710 cm-1) of zein protein powder. 

FTIR was used qualitatively and quantitatively to characterise the secondary structure of zein protein 

powder. As shown in Figure 49A, a large sharp peak at 3290 cm-1 followed by smaller peaks at 3058 

cm-1 were assigned to N-H stretching vibrations in the amide A and B respectively. The peaks at 2958 

cm-1, 2931 cm-1 and 2873 cm-1 were assigned to C-H stretching vibrations in aliphatic compounds. For 

the amide I (C=O stretching vibrations), II and III (C-N stretching vibrations and N-H in-plane bending 

deformations) bands, the peaks at 1644 cm-1, 1530 cm-1 and 1239 cm-1 were characteristic of zein’s 

α-helix and random coil conformations (Erickson et al., 2020; Sadat et al., 2022). Finally, a relatively 

narrow peak at 1447 cm-1 was assigned to N-H in-plane bending deformations (Cardenas Turner et al., 

2019). As shown in Figure 49B, second derivative analysis and curve fitting was used to measure the 

relative conformations in the secondary structure of zein protein revealing a mostly crystalline 

structure formed of α-helices and intramolecular β-sheets. 

Electrospinning zein on its own (Z25) led to a shift from 1644 cm-1 to 1652 cm-1 in the amide I and from 

1530 cm-1 to 1541 cm-1 in the amide II bands indicating a reduction in β-sheets and increase in α-helix 

and random coil conformations (Figure 50A). This conformational shift was caused by formic acid 
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cleaving hydrogen bonds in the intra-molecular and inter-molecular β-sheets of the globular protein, 

allowing its molecular chains to dissolve and entangle for successful electrospinning. After EtOH-

treatment, peaks in the amide I and II shifted back to 1645 and 1530 respectively, indicating a 

conformational shift back to zein’s crystalline β-sheet- and α-helix-dominant structure (Figure 50B).  

 

Figure 50: Whole normalised FTIR spectra of SFZ blends before (A) and after (B) EtOH-treatment.  

An increase in β-sheet crystallinity was observed after EtOH-treatment for all SFZ electrospun blends 

(Figure 51), marked by a strong increase in inter-molecular β-sheets. This was further observed by an 

increase in brittleness of the EtOH-treated SFZ samples (with a Young’s modulus of 671.1 ± 83.4 MPa 

and ultimate tensile strength of 7.6 ± 1.3 MPa for SF12Z6.25-E, see Appendix C, Figure S12). Although 

silk fibroin displayed a similar level of crystallinity to zein, in terms of total β-sheets, the proportion of 

inter-molecular β-sheet (of the total β-sheet content) was considerably higher in SF12-U (36%) and 

SF12-E (57%) than in Z25-U (11%) and Z25-E (23%). Despite this, no trend was observed between the 

crystallinity levels or composition of SFZ blends in relation to their silk fibroin to zein ratio.      
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Figure 51: Effects of zein blending with silk fibroin on β-sheet crystallinity (whole bar, with inter-molecular β-sheets (dark) 
and intra-molecular β-sheets (light)) in (A) untreated and (B) EtOH-treated electrospun mats. Blends were ordered from left 

to right by increasing overall zein content. For detailed results see Appendix C, Figures S10 and S11).   

On its own, zein (Z25) was easy to electrospin and no optimisation was needed to obtain thick, 

uniform, and bead-free randomly orientated fibres at voltages around 15-20 kV and 10-15 cm collector 

distance. Therefore a 15 kV and 10 cm collector distance were chosen for all SFZ blends to match the 

silk fibroin electrospinning parameters (Figure 52). Zein produced significantly thicker fibres than silk 

fibroin, with a diameter of 259 ± 44 nm compared to 160 ± 48 nm, respectively. The SF3Z18.75-U blend 

displayed a bimodal distribution of fibres with larger fibres (>170 nm; n=24) and thinner fibres (<169; 

n=76), averaging 248 ± 60 nm and 67 ± 33 nm, respectively. The larger fibres of the SF3Z18.75-U blend 

were similar in size to those of Z25 which could indicate a lack of miscibility in between silk fibroin and 

zein at those ratios. In addition, the smaller fibres could be caused by silk fibroin producing its own 

fibres off the zein polymer jets, in which case zein would be acting as the carrier material for silk 

fibroin.  When increasing the silk fibroin concentration and further lowering the zein concentration, 

the fibre size distribution narrowed significantly, and a normal distribution was observed. However, 

when adding zein to 12% silk fibroin to form SF12Z6.25-U and SF12Z12.5-U blends, the average fibre 
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diameter and distribution increased considerably reaching 416 ± 141 nm and 687 ± 122 nm, 

respectively. No obvious correlation between the silk fibroin to zein ratio and fibre diameter could be 

identified. Yao et al. (2009) showed a fibre diameter reduction in zein blends with silk fibroin at 2:1, 

1:1 and 1:2 ratios, although their results seemed to correlate with a strong reduction in the overall 

polymer concentration used for each blend which would naturally decrease fibre diameter 

independently of the silk fibroin or zein ratio (Yao et al., 2009; Haider et al., 2018). 
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Figure 52: SEM images (left) and fibre size distribution (right; n=100) of untreated silk fibroin/zein (SFZ) needle electrospun 
blends. (A) Z25-U, (B) SF3Z18.75-U, (C) SF6Z12.5-U, (D) SF9Z6.25-U, (E) SF12-U, (F) SF12Z6.25-U and (G) SF12Z12.5-U. Scale bar = 5 μm. 

Immersing electrospun Z25-U mats in 99.8% (v/v) EtOH immediately caused them to visibly shrink, 

harden and become very brittle after drying, making them unsuitable for handling and tissue 
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engineering applications. SEM results (Figure 53A) showed a total disappearance of the nanofibrous 

structure of Z25-E and instead displayed a film-like surface. While zein does not dissolve in 100% EtOH, 

self-assembly occurs, causing a conformational shift and transition from fibrous structures to other 

complex spatial states (Erickson et al., 2022). Increasing the silk fibroin content in SFZ blends caused 

patchiness in the EtOH-treated samples where some intact fibres were seen engulfed in a swollen and 

film-like substance (Figure 53B,C). This was most evident in SF6Z12.5-E (Figure 53C) where patches 

occupied approximately half of the mat surface. In samples with higher silk fibroin content 

(>9% (w/w); Figure 53D-G) the fibres appeared swollen but distinctly visible, as is characteristic of 

stabilised silk fibroin. These results demonstrate the reliance on carrier materials when 

electrospinning zein blends, with zein acting as a hydrogel-like material, absorbing water and swelling 

to the point of affecting fibre morphology and even damaging the fibrous network in highly 

concentrated blends. Therefore, a sufficient concentration of silk fibroin is required in the polymer 

solution to form stronger bonds between silk fibroin and zein, allowing the blended polymer solution 

to produce uniform jets during electrospinning and displaying composite fibres that exhibit large 

randomly aligned nanofibers.  
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Figure 53: SEM images (left) and fibre distribution (right; n=100) of EtOH-treated silk fibroin/zein (SFZ) needle electrospun 

blends. (A) Z25-E, (B) SF3Z18.75-E, (C) SF6Z12.5-E, (D) SF9Z6.25-E, (E) SF12-E, (F) SF12Z6.25-E and (G) SF12Z12.5-E. Scale bar =5 μm. 

As shown in Figure 54, a significant increase (𝑝<0.05) in fibre diameter was observed following EtOH-

treatment in SF9Z6.25-E and in SF12-E from 125 ± 29 nm and 160 ± 46 nm to 157 ± 39 nm and 179 ± 51 

nm, respectively. In SF12Z6.25-E fibre diameter was unaffected and in SF12Z12.5-E it even decreased 

slightly from 417 ± 141 nm and 687 ± 121 nm to 424 ± 164 nm and 637 ± 105 nm, respectively. All 

further characterisation experiments were carried out on SF9Z6.25-E, SF12Z6.25-E and SF12Z12.5-E as these 

were the only mats that remained intact following EtOH-treatment.  
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Figure 54: Average fibre diameter before (blue bars) and after (orange bars) EtOH-treatment of electrospun mats created 

from silk fibroin and zein blends. Results displayed as mean ± SD (𝑛 = 100 fibres), with different lower-case letters indicating 

statistical differences (𝑝<0.05). For Z25, SF3Z18.75 and SF6Z12.5 no results were produced for EtOH-treated samples. 

4.3.1.2 UV-functionalisation 

Moving away from the blending strategies, silk fibroin electrospun mats were also functionalised post-

processing using UV-irradiation, a common method for modifying the surface properties of 

electrospun proteins (Sionkowska and Planeka, 2011; Li et al., 2012a; Sionkowska et al., 2014; Girao 

et al., 2019). In addition, UV functionalisation is generally considered as a cheap and environmentally 

friendly alternative to chemical crosslinking agents (Girao et al., 2019), and UV radiation is commonly 

used in food processing systems (Gomez-Lopez et al., 2021; Levi et al., 2022). By emitting an intense 

monochromatic light in the material’s UV absorption range (10-400 nm), high energy photons can 

induce photochemical reactions on the material’s surface, improving wettability without significantly 

affecting bulk properties (Li et al., 2012a; Duque Sanchez et al., 2016). UV radiation has been widely 

used in the textiles industry for coloration and filtration purposes (Rastogi et al., 2019; Hu et al., 2020) 

and more recently in tissue engineering for scaffold functionalisation (Uchiyama et al., 2014; Girao et 

al., 2019; Porras Hernández et al., 2020). Silk fibroin has been shown to have a strong absorption peak 

around 270-275 nm in the UV-C range (100-280 nm) (Sionkowska and Planeka, 2011; Girao et al., 

2019). While the effects of UV-C on silk fibroin have been investigated on films and untreated 
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electrospun fibres (Sionkowska et al., 2014; Girao et al., 2019), its effects on cell attachment on EtOH-

treated electrospun silk fibroin scaffolds have not.   

 

Figure 55: Baseline corrected, non-normalised, FTIR spectra of (A) SF12UV-U and (B) SF12UV-E following a 0 to 480 min UV-

irradiation time (𝜆 = 254 nm). No spectrum was presented for SF12UV480’-U as samples disintegrated preventing FTIR 

analysis. 

FTIR was used to characterise UV-irradiation photochemical modifications to the molecular and 

secondary structure of SF12UV-U (Figure 55A) and SF12UV-E (Figure 55B). The spectra of the UV-

irradiated samples were characteristic of electrospun SF12-U and SF12-E with only minor occasional 

band shifts (≤3 cm-1). Both SF12UV-U and SF12UV-E presented broad bands at 3283 cm-1 corresponding 

to N-H bending (Amide A) trailed by minor peaks at 2935 cm-1 and 2581 cm-1 relating to the C-H 

stretching of aromatic rings. Similarly, there were small shifts for the Amide I (C=O stretching), Amide 

II (N-H bending and C-N stretching) and Amide III (C-N stretching and N-H bending) peaks for SF12UV-U 
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(at 1640 cm-1, 1540 cm-1 and 1516 cm-1, and 1237 cm-1, respectively; Figure 55A), and for SF12UV-E (at 

1627 cm-1, 1516 cm-1, and 1234 cm-1, respectively; Figure 55B).  

 

Figure 56: Chemical changes of silk fibroin electropsun mats following exposure to UV for up to 480 min. Estimated 

degradation of amide I (C=O stretching) to amide II (N-H bending and C-N stretching) for (A) untreated mats SF12UV-U and 

(B) following EtOH treatment SF12UV-E. Crystallinity indexes of the amide I in (C) SF12UV-U and (D) SF12UV-E, and for the 

amide II for (E) SF12UV-U and (F) SF12UV-E. No results were collected for SF12UV480’-U as samples disintegrated preventing 

FTIR analysis. 
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Due to the ability of UV-C to degrade O-H, C-H, C-N, N-H, C-C and S-S covalent bonds, normalisation 

was not possible and quantitative analysis of the spectra had to be done using absorbance intensity 

ratios (Kumar et al., 2021; Koperska et al., 2014). The ratio 𝐼𝑎𝑚𝑖𝑑𝑒 𝐼/𝐼𝐼 of the maximum intensity of the 

Amide I (~1640 cm-1 for SF12UV-U or ~1627 cm-1 for SF12UV-E) and the Amide II (1516 cm-1 in both 

SF12UV-U and SF12UV-E) bands, provides some useful information when studying the degradation of 

silk fibroin (Koperska et al., 2014). In SF12UV-U, the 𝐼𝑎𝑚𝑖𝑑𝑒 𝐼/𝐼𝐼 remained constant until 240 min of UV 

exposure (Figure 56A) at which point a small increase of the amide I (C=O) was observed. In addition, 

the crystallinity indexes 𝐼1620/1652 comparing the ratio of β-sheets to random coils in the amide I 

showed a reduction in β-sheets from 240 min of irradiation (Figure 56C). In contrast, in SF12UV-E, UV-

irradiation caused a slight increase in 𝐼𝑎𝑚𝑖𝑑𝑒 𝐼/𝐼𝐼 within the first 30 min of exposure, which remained 

constant up to 240 min (Figure 56B). This also resulted in a reduction of the crystallinity index 

𝐼1627/1640 of the amide I band (Figure 56D). These results therefore suggest that UV irradiation 

damages β-sheets with prolonged exposure time leading to reorganisation into random coils. As such 

extending the UV irradiation time led to a reduction in crystallinity even though no major shift was 

observed on the FTIR spectra of SF12UV-U and SF12UV-E. The reduction in crystallinity is thought to 

result from cleavage of the hydrogen bonds linking polypeptide chains resulting from extended UV-

irradiation time (Gong et al., 2024).  

As shown in Figure 57, the relative absorbance at specific wavenumbers gave information on the 

degradation and creation of functional groups from increased UV-C exposure to SF12UV-E mats. The 

relative absorbance at 3283 cm-1 and 1442 cm-1 (Figure 57A,F) corresponded to a progressive 

reduction of N-H, -CH3 and -CH2 bonds, indicating damage to the primary structure of silk fibroin with 

increased UV-irradiation time (Matreveli et al., 2010). In contrast, the relative absorbance at 1726 cm-1 

and 1699 cm-1 (Figure 57D,E) showed a progressive increase in C=O bonds resulting from the creation 

of carboxyl (-COOH) photoproducts with increased UV-irradiation time (Sionkowska et al., 2011). 

Interestingly, the relative absorbance at 2935 cm-1 and 2851 cm-1 (Figure 57B,C) slightly increased 

within the first 30 minutes of UV exposure but then dropped at around 60 minutes, after which it 

increased slowly with UV-irradiation time. This could indicate damage to hydrogen bonds and the 

subsequent creation of -COOH photoproducts (Koperska et al., 2014).  
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Figure 57: Relative absorbance at (A) 3283 cm-1, (B) 2935 cm-1, (C) 2851 cm-1, (D) 1726 cm-1, (E) 1699 cm-1, (F) 1558 cm-1, (G) 

1442 cm-1 following increasing UV irradiation exposure in SF12UV-E mats. 

The formation of new C=O and -COOH groups by photooxidation has been confirmed in the literature 

by multiple studies (Koperska et al., 2014; Lee et al., 2021; Gong et al., 2024). In contrast to the results 

obtained with SF12UV-U, which showed no significant change from UV-irradiation before 240 min, 

Sionkowska and Planeka (2011) showed significant reductions for all amide bands from 30 min of UV 

exposure that continued to decrease with extended UV exposure time (𝜆=254 nm) in Silk I dominant 

films. It is worth noting however, that the FTIR spectra in the study was not showing any change in 

other expected areas translating to the presence of photoproducts, and therefore the apparent 

reduction in all amide bands could have been the result of inappropriate normalisation (Sionkowska 

and Planeka, 2011). 

Due to the absence of shift from Silk I to Silk II in SF12UV-U, further EtOH-treatment was required to 

stabilise the electrospun scaffolds. To investigate the effects of EtOH-treatment on previously UV-

irradiated electrospun samples, FTIR was carried out on SF12UV240’-U, after which the sample was 

treated in EtOH for 20 min (SF12UV240’-U→E) and analysed using FTIR once again. The results presented 

in Figure 58A showed an expected shift from 1649 cm-1 to 1627 cm-1 in the Amide I band corresponding 

to a transition from Silk I to Silk II conformations. This is further confirmed by a reduction in the 

intensity of the peaks at 1540 cm-1 and 1230 cm-1 indicating a reduction in random coils. However, 

quantitative analysis of the relative intensity ratios (Figure 58B-D) showed a closer similarity between 

SF12UV240’-U→E and SF12-E than between SF12UV240’-U→E and SF12UV240’-E, as SF12UV240’-U→E and 
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SF12-E shared similar crystallinity indexes in both the amides I and II bands and 𝐼𝐴𝑚𝑖𝑑𝑒 𝐼/𝐼𝐼 ratios. This 

may have been due to the dehydrative effect of EtOH, absorbing water molecules from the newly 

formed functional groups and hydrophobic amino acids, repairing broken covalent bonds in tyrosine, 

phenylalanine, alanine and glycine and enhancing crystalline domains and β-sheet formation (Johari 

et al., 2020; Kaewpirom and Boonsang, 2020). Consenquently, UV functionalisation should always be 

performed after EtOH-treatment.   

 

Figure 58: Comparison of the effects of EtOH-treatment on electrospun silk fibroin before and after UV-irradiation. (A) 

Baseline adjusted non-normalised FTIR spectra of EtOH-treated SF12-E without UV irradiation, UV-irradiated untreated 

SF12UV240’-U and EtOH-treated SF12UV240’-E mats, and UV-irradiated untreated silk fibroin subsequently treated with EtOH 

SF12UV240’-U→E. (B) Degradation indicator 𝐼𝐴𝑚𝑖𝑑𝑒 𝐼/𝐼𝐼, (C) crystallinity index of the amide I 𝐼1620/1652 and (D) crystallinity 

index of the amide II 𝐼1516/1540. 

4.3.2 Cell culture on functionalised scaffolds 

To measure the impact of blending and physical functionalisation strategies on electrospun silk fibroin 

scaffolds, PrestoBlueTM assays were conducted to monitor bMSC attachment and proliferation on 

SF9PH2, various SFZ blends and SF12UV scaffolds over a 7-day period to encompass the whole 

exponential growth phase (Figure 59). Blending silk fibroin with psyllium husk (Figure 59A) resulted in 

a reduction in bMSC proliferation growth rate reduction and an increased doubling time compared to 

the SF12-E control, from 42.3 ± 1.8 h to 50.5 ± 4.8 h (Figure 60B) with no change in apparent cell 

attachment or seeding efficiency. In contrast, zein blends had a neutral to positive effect on bMSC 

proliferation which appeared to associate with the fibre diameter of the scaffolds (Figure 59B). Indeed, 
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the zein blends with the largest fibres, SF12Z6.25-E (424 ± 164 nm) and SF12Z12.5-E (637 ± 105 nm), 

significantly outperformed those with smaller fibres SF9Z6.25-E (157 ± 39 nm) and SF12-E (179 ± 51 nm) 

in terms of bMSC growth rate and proliferation. In addition, no significant difference in cell 

proliferation was measured on day 7 between SF12Z6.25-E and SF12Z12.5-E, nor between SF9Z6.25-E and 

SF12-E, supporting this theory. An increase in scaffold porosity may have stemmed from increased fibre 

diameter, facilitating O2 and nutrient diffusion and roughness, thereby increasing cell attachment for 

SF12Z6.25-E and SF12Z12.5-E (Milleret et al., 2012). In addition, the SF12Z6.25-E blend displayed on day 1 a 

seeding efficiency above 100% indicating that the blend significantly promoted cell attachment and 

proliferation. As a result on day 7, bMSCs grown on SF12Z6.25-E electrospun scaffolds demonstrated 

31.3 ± 7.4 fold increase, almost double that of bMSC grown on SF12-E at 15.8 ± 1.9 (Figure 60D). Finally, 

UV-functionalisation had a detrimental effect on bMSC proliferation on SF12UV scaffolds that was 

significantly worsened with increasing UV exposure time (𝑝<0.05), although the considerable 

reduction for SF12UV240’-E was not statistically significant (𝑝>0.05). Surprisingly, UV functionalisation 

had the opposite effect of what was expected as the increase in -COOH functional groups has been 

shown to promote cell attachment and proliferation (Li et al., 2005; Koperska et al., 2014). This 

deteriorating effect may be subject to the overabundance of negatively charged functional groups 

repulsing negatively charged cells, and hindering cell attachment and proliferation. Indeed, Yuan et al. 

(2015) showed charge repulsion on carboxylated PCL microcarriers which was attributed to the 

anionically charged -COOH and led to reduction in endothelial cell attachment (Yuan et al., 2015).  
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Figure 59: Relative bMSC proliferation on electrospun (A) silk fibroin and SFPH blends (SF12-E and SF9PH2-E), (B) silk fibroin 

and SFZ blends (SF12-E, SF9Z6.25-E, SF12Z6.25-E and SF12Z12.5-E), (C) silk fibroin and UV-functionalised scaffolds (SF12-E, 

SF12UV240’-E and SF12UV480’-E). Results displayed as mean ± 𝑆𝐷 (𝑛>6), with different lower-case letters indicating significant 

differences at each time point.  
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Figure 60: Comparative proliferation of electrospun silk fibroin, zein and psyllium husk blends and UV-functionalised 

scaffolds. (A) Prestoblue proliferation assay, (B-D) Growth kinetics based on cell density results obtained from calibration 

curve (Appendix B, Figure S8), with (B) Seeding efficiency, (C) Doubling time during exponential growth phase and (D) Fold 

increase during exponential growth phase. Results shown as mean ± 𝑆𝐷 (𝑛 > 6), with different lower-case letters showing 

significant differences between means (𝑝<0.05). 

As shown in Figure 60, electrospun SF12Z6.25-E scaffolds showed the greatest increase in cell 

attachment (Figure 60B) and fold increase (Figure 60D), and largest decrease in doubling time (Figure 

60C), thereby considerably increasing the scalability of bMSC expansion. Although SF9PH2-E performed 

slightly worse than the SF12-E control, its health, digestive and antimicrobial properties could still 

benefit electrospun scaffolds if these properties were transferred to the final meat product. In 

contrast, SF12UV240’-E had a comparable doubling time (46.2 ± 4.3 h) and fold increase (13.1 ± 3.5) to 

SF9PH2-E, but has no other functional benefits. As such only the SF12Z6.25-E and SF9PH2-E blends were 

investigated further.  

4.3.3 Cell culture on functionalised microcarriers 

For the electrospun materials to be fit-for-purpose and become integrated into large scale cell 

expansion systems such as stirred tank bioreactors, they must be converted into microcarriers. Initial 

experiments relied on manual cutting of the scaffolds to create irregularly shaped microstructures 

(Figure 43). Hand-slicing the microcarriers predictably led to some batch-to-batch variation, with 

particles appearing as irregular 𝑛-sided polygons that varied in size but matched the thickness of the 

electrospun scaffold that they were crafted from (Figure 61). Overall, measuring the dimensions of 
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over 400 hand-sliced electrospun silk fibroin microcarriers (hsMCSF) over four separate experiments 

led to an average length of 115 ± 29 μm and thickness of 20 ± 2 μm (results shown as mean ± 𝑆𝐷). 

SEM analysis confirmed that the hand-sliced microcarriers retained their nanofibrous and 

microporous architecture, with the cross-section along the sliced edge showing truncated fibres with 

no visible deformation from blade compression (Figure 61C). As such, the hand-sliced microcarriers 

can be considered as micro-sized electrospun scaffolds that would logically share the same physical 

properties in relation to fibre density and porosity, as the regular sized electrospun scaffolds. Despite 

these structural similarities, the higher surface-to-volume ratio of hand-sliced microcarriers is a major 

difference with the electrospun scaffolds. Indeed, the total growth area of all microcarriers cut out 

from a single scaffold, exceeds the growth surface area of that scaffold. As shown in Figure 61, the 

hand sliced microcarriers had an average growth area of 0.00041 ± 0.00012 cm2, regardless of the 

material or blend type (hsMCSF, hsMCSFZ, hsMCSFPH), which was smaller but within the same order of 

magnitude as commercially available Cytodex-3 (C3; 0.00071 cm2) and Solohill Plastic (SP; 0.00090 

cm2) microcarriers (Table 9). Any variance regarding the dimensions, and by extension the growth 

surface area, of the hand sliced microcarriers was deemed to result from the effects of manual slicing. 

It should be noted that, at a nano-scale, there was a considerable difference between the fibrous area 

of the hand sliced microcarriers of different blends, which decreased with increased fibre diameter 

(𝑎𝑆𝐹 = 0.091 cm2; 𝑎𝑆𝐹𝑃𝐻 = 0.051 cm2; 𝑎𝑆𝐹𝑍 = 0.030 cm2) although the size of the fibrous area would 

have a negligeable impact on cell proliferation as bMSCs cannot infiltrate the electrospun microcarrier 

nano-sized pores (Ge et al., 2021). The total culturable surface of the hand sliced microcarriers should 

therefore be regarded as 2-dimensional (Wu and Hong, 2016). 
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Figure 61: Scanning Electron Microscopy images of (A) irregularly shaped hand sliced electrospun hsMCSF microcarriers, (B) 

top view of a single hsMCSF, (C) side view of a single hsMCSF; (D) surface area distribution of hsMCSF. Area distribultion 

results displayed as mean ± 𝑆𝐷 (𝑛 = 100; 4 repeats). 

Table 9: Types of microcarriers used in this study. 

    Microcarrier   Materials     Shape 
SA  

(x10-5 cm2) 

    Number of     
microcarriers per 

gram (dry) 

Density 
(g/cm3) 

 SSA  
  (cm2/g) 

   Comments 

Electrospun 
hand-sliced 

(hsMCSF) 
Silk fibroin (100%) 

Polygonal 
𝐿=115 μm 
ℎ=20 μm 

4.37 4.9 × 106 0.64 2000 
Highly porous, 

edible, irregular, 
non-scalable 

Electrospun 
hand-sliced 
(hsMCSFPH) 

MCSFPH 
Silk fibroin (81.8%) 

Psyllium husk (18.2%) 

Polygonal 
𝐿=115 μm 
ℎ=20 μm 

4.37 4.9 × 106 0.64 2000 

Highly porous, 
edible, irregular, 

non-scalable, 
improved 

functionality 

Electrospun 
hand-sliced 

(MCSFZ) 

Silk fibroin (65.8%) 
Zein protein (34.2%) 

Polygonal 
𝐿=115 μm 
ℎ=20 μm 

4.37 4.9 × 106 0.64 2000 

Highly porous, 
edible, irregular, 

non-scalable, 
improved 

functionality 

Electrospun 
Cryomilled 
(cryoMC) 

Silk fibroin (81.8%), 
psyllium husk (18.2%) 

Irregular 
polyhydron 
∅=120.5 μm 

4.41 5.6 × 106 N/A N/A 
Irregular, 

scalable and 
reproducible 

Cytodex 3 (C3) 
Cross-linked dextran 

coated with thin layer of 
denatured collagen 

Spherical 
∅=150.0 μm* 

7.07 3.0 × 106* 1.04* 2700* (wet) 

Gold standard, 
non-edible, 

functionalised 
with ECM 
proteins 

Solohill Plastic 
(SP) 

Cross-linked polystyrene 
Spherical 

∅=168.5 μm* 
8.94 4.6 × 105* 1.03* 360* Plastic, non-

edible 

Hybrid X (HX) 
Zein protein (91%), 

gelatin (8%), 
monosaccharide 

Spheroid 
∅=358.5 μm* 

40.36 4.1 × 104* 1.17* 165* 
(dry) 

Edible, non-
commercial 
prototype, 

functionalised 
with ECM 
proteins 

*As quoted by manufacturer. 
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The morphology (Figure 62A,C,E,G) and structural characteristics (Figure 62B,D,F,H) of each 

microcarrier used in this study, showed some similarities between microcarrier types as well as some 

limitations that may partially impact the validity of the study. Firstly, the hsMCs are the only non-

spheroid microcarriers (Figure 62A). Secondly, the fibre diameter and porosity, which has been shown 

to promote cell attachment and proliferation by providing increased focal adhesion sites and 

facilitating nutrient and O2 diffusion (Molina et al., 2021; Rahmati et al., 2021), differ significantly 

between the nanofibrous hsMC and Cytodex-3 and microfibrous Hybrid X microcarriers. In addition, 

while it is known that Cytodex-3 microcarriers are only fibrous on their exterior (collagen coating), no 

information is available on the interior of Hybrid X microcarriers (Figure 62B,D,H). Therefore, it may 

be that hsMCs were the only microcarriers with interconnected pores considered in this study. Thirdly, 

differences in density between the commercial Cytodex-3 (1.04 g/cm3) and Solohill Plastic (1.03 g/cm3) 

are very different to the heavy Hybrid X (1.17 g/cm3) and light hsMCs (0.64 g/cm3). With a density 

lower than culture medium (~1 g/cm3) the hsMCs float in static conditions, making cell attachment 

suboptimal. Although this was also the case for larger electrospun scaffolds, these could be sunk by 

sufficiently wetting the scaffolds and dunking them using a pipette tip. Fourthly, the microcarriers 

have different degrees of functionality as both Cytodex-3 and Hybrid X are coated with ECM proteins. 

As such, these microcarriers carry adhesion motifs that are expected to enhance cell attachment and 

proliferation. Fifthly and possibly most importantly, the specific surface area of each microcarrier is 

calculated differently by each manufacturer with Solohill Plastic, Hybrid X and hsMC measured using 

the nominal surface area and Cytodex-3 seemingly including the outer fibrous area. While the nominal 

surface area of hsMC and Solohill Plastic microcarriers may not differ too significantly from their 

culturable surface area, the large and protruding macrofibres constituting Hybrid X microcarriers 

should logically play an important role in increasing its available surface area (Figure 62H). 
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Figure 62: SEM images of dry microcarriersand their surface topology. (A) hsMC, (B) nanofibrous surface of hsMC, (C) 

Cytodex-3, (D) fibrous collagen coating of Cytodex-3, (E) Solohill Plastic, (F) relatively smooth surface of Solohill Plastic, (G) 

Hybrid X, (H) macrofibrous surface of Hybrid X. 
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As shown in Figure 63, the comparative results of bMSC proliferation on hsMCSF, hsMCSFPH and hsMCSFZ 

were similar to those on electrospun SF12-E, SF9PH2-E and SF12Z6.25-E scaffolds (Figure 60). As expected, 

this was marked by greater bMSC proliferation on hsMCSFZ than proliferation on hsMCSF and hsMCSFPH 

which performed similarly (𝑝>0.05). Interestingly, the electrospun hsMCs performed on par with 

commercial and experimental ones when seeded at 1500 cells/cm2 in static conditions (Figure 63). All 

microcarrier types displayed a relatively poor seeding efficiency, with the more efficient ones being 

29.9 ± 3.6% for hsMCSFZ and 29.2 ± 3.6% for Hybrid X and the less efficient ones being 17.5 ± 7.5% for 

Cytodex-3 and 8.9 ± 6.1% on Solohill Plastic microcarriers. These results were far lower than the 

seeding efficiency results on scaffolds (40-137% for SF12-E and SF12Z6.25-E, see section 4.3.2), and could 

therefore be due to the experiment design as well as the time needed for cells to adapt to the 

microcarrier surface. To ensure that the PrestoBlueTM assay could be carried out over multiple days 

and prevent microcarrier loss from frequent washing steps, the microcarriers were held in an inert 70 

μm cell strainer which allowed non-adhered cells to pass through but retained microcarriers (Figure 

44). It is possible that many cells seeded on day 0 did not attach to any microcarriers and were 

subsequently lost on day 1 at the start of the proliferation assay. In addition, the lower density of the 

electrospun hsMCs, causing some to float, also prevented many microcarriers from coming into 

prolonged contact with cells. Despite this, bMSC proliferation rate was comparable between the 

microcarrier types and increasing at an exponential rate up to day 7 and then slowing down up to day 

11 when cells entered the stationary phase. Interestingly, bMSC grown on Solohill Plastic microcarriers 

reached a maximum proliferation on day 9 (with a 29.9 ± 5.7 fold increase) after which the 

fluorescence started decreasing steadily. This can be explained by cell detachment on the plastic 

microcarriers occurring after reaching confluency. As cells cease to divide and become senescent, their 

metabolic activity is diminished leading to a reduction in resazurin and leading to a lower fluorescence 

(Sonnaert et al., 2015; Weng et al., 2022). In addition, the detaching cells that did not migrate to empty 

microcarriers contributed to a continuous decrease in cell population.  
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Figure 63: (A) bMSC proliferation on electrospun hand-sliced (MCSF, MCSFPH and MCSFZ), Cytodex-3 (C3), Solohill Plastic (SP) 

and Hybrid X (HX) microcarriers; (B-D) bMSC growth kinetics on the microcarrier types, with (B) displaying the seeding 

efficiency, (C) the doubling time in the first 7 days, and (D) the fold increase at day 11 (day 9 for SP). Results shown as mean 

± 𝑆𝐷 (n=3), with different lower-case letters showing significant differences between means (𝑝<0.05). Cell density was 

estimated based on calibration curve (Appendix C, Figure S13). 

Fluorescent microscopy was used as a qualitative tool to study the proliferation of bMSCs on 

electrospun hsMCs, Cytodex-3, Solohill Plastic and Hybrid X microcarriers (Figure 64). However, it was 

difficult to detect any cells on electrospun hsMCs and Hybrid X microcarriers, due to their strong 

autofluorescence (Figure 64A-C,F). This is because silk fibroin and zein (the main component of Hybrid 

X microcarriers) contain aromatic amino acids, namely tyrosine and phenylalanine, that absorb 

photons in the UV range and emit light in the blue to green range (Amirikia et al., 2018). Consequently, 

this autofluorescence interferes with the emission of fluorescent dyes such as calcein AM. In addition, 

the low intensity of the autofluorescence prevents effective visualisation of the microcarrier fibrous 

morphology (Bucciarelli et al., 2023). In contrast, the Cytodex-3 and Solohill Plastic microcarriers 

imaged well due to their relative transparency. As expected, the Cytodex-3 microcarriers were mostly 

covered in cells, but surprisingly the Solohill plastic ones were mostly devoid of cells altogether. This 

would suggest that cells were in fact detached, and lost, from the Solohill Plastic microcarriers. This 

likely resulted from the absence of functional properties of the polysterene microcarriers which may 

have only provided weak adhesion to the bMSCs due to is mostly smooth surface and neutral electric 

charge. To better study the attachment of bMSC on the different microcarriers it is important to 
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address the autofluorescence of hsMC and Hybrid X microcarriers in the blue and green range 

(400 – 550 nm). As such dyes with emissions in the far red or infrared should be prioritised. For 

instance, as an alternative to calcein AM which emits within the autofluorescence range (~ 515 nm), 

Calcein Deep Red AM, which emits light in the far red (~ 660 nm), can stain live cells red. In contrast 

ethidium homodimer-1 could be replaced with Live/Dead Fixable Yellow stain or SYTOX Green 

(Taborda et al., 2023) which emit at 575 and 523 nm, respectively. As an alternative to Live/Dead 

staining, phalloidin stains such as rhodmanine-phalloidin have commonly been used to dye the F-actin 

cytoskeleton of mesenchymal stem cells red (Kumar et al., 2011; Plath et al., 2021; Bai et al., 2023; 

Yang et al., 2023).     

 

Figure 64: bMSC stained with calcein AM after 11 days of culture on (A) MCSF, (B) MCSFPH, (C) MCSFZ, (D) Cytodex 3, (E) 
Solohill Plastic and (F) Hybrid X. Scale bar = 250 μm. A, B, C and F display significant autofluorescence. 
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While the electrospun microcarriers were shown to act as capable contenders to commercial 

microcarriers in static conditions, cell expansion in static environments is neither efficient nor 

financially feasible for cultivated meat production (Post et al., 2020; Bodiou et al., 2020). Therefore, it 

is important that microcarriers can be used in large scale bioreactors and be fabricated with low batch-

to-batch variability, as quality control is a critical step towards cultivated meat regulatory approval 

(Lanzoni et al., 2024). To remediate this and attempt to replace the hand slicing method with a more 

industrially relevant and reproducible way to generate microcarriers, electrospun SF9PH2-E mats were 

cryomilled into cryoMCSFPH. Cryomilling is considered an environmentally friendly technology for the 

fast production of millimetre-to-nanometre particles. Unlike traditional ball milling, cryomilling is 

performed at very low temperatures (<150 °C) and often cooled in liquid nitrogen, preventing heat 

build-up and degradation of the milled material (Shamshina et al., 2021). Cryomilled particles also 

have smoother edges and conserve material morphology, crystallinity and mechanical properties 

better than those produced under conventional milling methods (Katiyar et al., 2020). Cryomilling is 

also very versatile and has been used for a variety of foods and spices, metals, ceramics and alloys, 

explosives and tissue engineering scaffolds (Jonnalagadda et al., 2014; Lim et al., 2014; Fernandez-

Perez and Ahearne, 2019). Furthermore, it is scalable from laboratory to industrial systems capable of 

producing up to 4000 kg of particles per hour (Katiyar et al., 2020). 

 

Figure 65: (A-C) SEM images and (D) Surface area distribution of cryoMCSFPH microcarriers. 
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Figure 66: (A) Proliferation and (B) doubling times of bMSC grown on MCSFPH and cryoMCSFPH. Cells were seeded at 3000 
cells/mg. Results displayed as mean ±SD (𝑛=3) with different lower-case letters indicating significant differences between 

the means. Cell density was estimated based on calibration curve (Appendix C, Figure S13). 

Due to time and material constraints only one batch of cryoMCSFPH was produced, characterised and 

tested with bMSCs. Unlike the hand-sliced electrospun microcarriers, the cryomilled microcarriers 

appeared as broken 3-dimensional shapes with no defined edges or common dimensions (Figure 65). 

There was a high variability in microcarrier sizes with an average diameter of 121 ± 65 μm and growth 

area around 0.00049 ± 0.00074 cm2, although the size distribution could be narrowed in future 

experiments by optimising particle size on the cryomiller settings or sieving to retain microcarriers of 

desired sizes (Shamshina et al., 2021). Cryomilled electrospun microcarriers did not retain their 

nanofibrous and microporous architecture and instead appeared as a dense amalgamation of sheared 

fibres (Figure 65C) which made estimations of density measurement impossible. Therefore, 
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bMSC proliferation on hsMCSFPH and cryoMCSFPH was compared by weight after seeding cells at 3000 

cells/mg, a cell density close to 1500 cells/cm2 for hsMCSFPH. Despite major morphological differences, 

hsMCSFPH and cryoMCSFPH performed similarly, albeit with a slightly slower doubling time on cryoMCSFPH 

of 76.3 ± 4.0 h compared to 72.9 ± 1.9 h for hsMCSFPH and slightly lower fold increase, at day 11, of 

10.4 ± 1.4 compared to 12.4 ± 0.8 (𝑝>0.05). This may result from a comparatively rough surface 

resulting from tightly interspaced smooth fibres in the case of hsMCSFPH and tightly packed sheared 

fibres for cryoMCSFPH. It is also worth noting that hsMCSFPH and cryoMCSFPH behaved differently in 

suspension with the cryomilled microcarriers sinking to the bottom of the cell culture wells, 

highlighting the higher density of the milled particles, which may be sufficient for culture in 

bioreactors.  

4.4 Conclusion 

Silk fibroin was successfully blended with abundant plant-derived biopolymers (psyllium husk or zein) 

to produce functionalised electrospun scaffolds with increased fibre diameter and potential 

antimicrobial and health benefits. Cell proliferation was similar between blended silk fibroin and 

psyllium husk and non-blended silk fibroin scaffolds. In contrast the silk fibroin and zein (SF12Z6.25-E) 

scaffolds had a significantly greater cell attachment, doubling times and yields. This was attributed to 

the much larger nanofibres of SF12Z6.25-E (417 ± 121 nm) which may have provided a better surface for 

cell attachment.  

Silk fibroin electrospun scaffolds were also functionalised with UV irradiation, which demonstrated an 

increase in -COOH photoproducts with increasing UV exposure times. However, unexpectedly, this 

had a detrimental effect on cell attachment and proliferation, possibly caused by charge repulsion of 

the excessive negatively charged functional groups on the scaffold surface after long UV exposure 

times (>240 min). To investigate this further contact angle testing could be used to measure the 

surface wettability and energy (Idaszek et al., 2014).  

To increase the scalability of the bioprocess, electrospun scaffolds were converted into electrospun 

hand-sliced (hsMCs) and cryomilled (cryoMCs) non-spherical microcarriers, a first of their kind. The 

hsMC were characterised and a cell proliferation assay revealed that bMSC proliferation on hsMCs 

was comparable to commercially available (Cytodex-3 and Solohill Plastic) and experimental (Hybrid 

X) microcarriers. In addition, the hsMCs produced from SF12Z6.25-E outperformed all other 

microcarriers tested, highlighting the biocompatibility of the silk fibroin and zein composite. Finally, 

cryomilling proved to be an efficient and scalable method for microcarrier production, as cryoMCs 



137 
B. Dagès, PhD Thesis, Aston University, 2024 

performed on a par with hsMCs when comparing bMSC growth by microcarrier weight. However, it is 

too soon to draw firm conclusions as there was no time to repeat any experiments with microcarriers.  
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CHAPTER V 

MECHANICAL AND TEXTURAL PROPERTIES OF 

BEEF BURGERS AND THEIR PLANT-BASED 

ANALOGUES 

 

5.1 Introduction 

Texture plays an important role in how consumers perceive food, with mouthfeel experiences 

trumping taste when determining product quality (Isutzu and Wani, 1985; Chow et al., 2024). In 

addition, several studies have reported that familiarity with existing products, especially their 

organoleptic properties, drives consumers to try and repeat-buy alternative products and novel foods 

(Imtiyaz et al., 2021; Pakseresht et al., 2022; Kamei et al., 2024). For cultivated meat products to be 

widely adopted, it is therefore highly desirable that they should have sensory and textural properties 

which match the consumer expectation of farmed meat (Verbeke et al., 2015; Pakseresht et al., 2022). 

The texture of farmed meat is influenced by several evolutionary, biological, physiological and 

environmental factors as well as post-mortem maturation that cannot be replicated in plant-based 

alternatives (Starkey et al., 2016). Instead, commercially available alternative protein products must 

rely on the heavy use of secondary ingredients such as meat extenders and fillers to improve 

organoleptic properties and texture. Despite many plant-based analogues (PBAs) looking, cooking and 

tasting just like real meat, there are still palpable differences in product texture compared with farmed 

meat (Goldschalk-Broers et al., 2022). While cultivated meat production could theoretically replicate 

many of the biological and physiological factors affecting meat texture, the precise impact of each 

factor on texture is not well understood. A more feasible approach might be to engineer scaffolds and 

hydrogels, which when combined with the cultivated tissue growing on them, complete the textural 

profile of the final product to replicate that of traditional meat (Ben-Arye et al., 2020; Bonkamp et al., 

2022). However, for this to occur, the desired textural properties of the cultivated meat must be 

ascertained and quantified.  

Food texture can be assessed either descriptively, by trained human testers evaluating mouthfeel 

characteristics based on their sensory perception, or instrumentally, using methods that replicate 
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mouthfeel through mechanical forces (Murray et al., 2001; Shreuders et al., 2021; Nasrollahdazeh et 

al., 2024). Texture profile analysis (TPA) is widely recognised as the most useful instrumental method 

for determining the textural properties (hardness, adhesiveness, cohesiveness, springiness, resilience 

and chewiness) of raw and cooked meat products (de Huidobro et al., 2005; Bonkamp et al., 2022; 

Paredes et al., 2022). However, the lack of a standard protocol for TPA is a limitation for direct 

comparison between studies (Shreuders et al., 2021). The mechanical tests of the International 

Organization for Standardization (ISO) standardised protocols have also been used to quantify meat, 

with tensile testing becoming increasingly popular (Paredes et al., 2022; Ko et al., 2023; 

Nasrollahdazeh et al., 2024). However, the ISO protocols were designed for plastics and semi-rigid 

plastic composites rather than food (International Organization for Standardization, 2002; 

International Organization for Standardization, 2019a; International Organization for Standardization, 

2019b) and the resulting values have yet to be characterised as mouthfeel properties which 

differentiate between products of a similar food type (e.g. beef burgers). 

This chapter aims to characterise the mechanical and textural properties of beef and plant-based 

analogue burgers, using a battery of robust mechanical tests and TPA, to identify and present relevant 

mechanical and textural values as a guide for cultivated meat production to develop and  replicate the 

mouthfeel expectations of traditional meat in order to appeal to consumers. 

Disclaimer: The work presented in this chapter was a team effort. I conducted the pilot study on the characterisation of the 

mechanical properties of beef burgers with the aim of informing cultivated meat production. For this initial study burgers B1-

B3 were selected based on customer reviews and were characterised in flexion, tension, compression and cutting following 

ISO standards (2002; 2019a; 2019b) in both raw and cooked states. The results of the pilot study provided a case to expand 

the testing parameters and extend the range of tested burgers (B4-B7). Although I was still associated with this research, I 

neither collected nor processed the data for the mechanical results for burgers B4-B7 (although I tested B6 in tension and 

flexion in alternative conditions) and provided the TPA results for all types of burger (B1-B7). I was, however, involved in the 

supervision of the undergraduate students who did part of this project, and contributed to the paper introduction, methods, 

results and discussion that encompasses the whole study presented here (Souppez et al., 2025). 

5.2 Materials & Methods 

5.2.1 Burgers tested 

To obtain a representative characterisation of the mechanical and textural properties of burgers 

across the breadth of commercially available products, five beef burgers of varying beef content (high 

beef content > 95%; low beef content < 85%), fat content (high fat > 19%; low fat < 5%) and price 

points (high price > 10 £/kg; low price < 10 £/kg) were tested, along with two plant-based analogues 
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(PBA) – pea and soy protein. All tested burgers, labelled B1-B7, were purchased fresh (i.e. not frozen) 

and their details and full ingredients composition are displayed in Table 10. 

5.2.2 Burger preparation 

All burgers were tested in raw (straight from the package) and cooked (well-done) states. The 

mechanical and textural properties of burgers in the raw state were particularly relevant to 

manufacturing and handling, while those in the cooked state were most relevant to mouthfeel and 

potential consumer acceptance.  

All experiments were conducted at room temperature (15.8-24.2 °C) and ambient humidity (26-41 

%RH). All burgers were tested within the shelf life of the product (i.e. before the best before date). 

Raw burgers were tested on the day that the package was opened, whereas cooked burgers were 

tested within 24 h of cooking. In line with previous work (Hautrive et al., 2019; Cho and Ryu, 2022), a 

pre-heated oven at 200 °C was used to cook the burgers for 8 min (4 min of each side). The cooked 

burgers were then cooled at room temperature for at least 4 h and placed in an air-sealed container 

until further use. 

Table 10: Summary of the burgers tested, based on manufacturer’s packaging information. *Prices as of April 2023. 

Label 
Protein 
Source 

Commercial description Fat (%) 
Price* 
(£/kg) 

Ingredients list 

B1 Beef 
Morrisons 4 

Beef Burgers 5% Fat 
4.7 8.81 

Beef (96%), rice flour, black pepper, salt, preservative 
(sodium sulphite), antioxidant (sodium ascorbate). 

B2 Beef 
Marks & Spencer 4 

Aberdeen Angus Beef 
Burgers 

19.4 10.46 
British beef (95%), water, dried potatoes, rice flour, 
sea salt, cracked black pepper, preservative (E223 

(sulphites), salt, dextrose). 

B3 Beef 
Haji Baba 

Halal Beef Burger 
3.8 17.57 

Beef (82%), chilli burger seasoning (8%) (rusk (wheat 
flour (calcium carbonate, iron, niacin, thiamine), salt), 
spices (chilli, paprika, cumin, chipotle chilli) (13.34%), 
salt, red peppers, demerara sugar, stabilisers (E450), 
preservative (E223) (1.13%) (sulphite), spice extracts 
(pepper, chilli), antioxidant (E300)), chilli, coriander. 

B4 Beef 
Marks & Spencer Select 

Farms 4 Beef Burgers 
3% Fat 

2.8 12.5 

Beef (81%), water, roast beef stock (water, beef bones, 
tomato purée, mushrooms, seaweed, onions, carrots, 

white wine vinegar), dried potatoes, onions, broad bean 
flour, rice flour, sea salt, salt, preservative: E223 

(sulphites), cracked black pepper, dextrose. 

B5 Beef 
Morrisons 4 British 

Beef Quarter Pounders 
19.2 5.93 

Beef (76%), pea flakes, water, cracked black pepper, 
salt, sea salt, preservative (sodium metabisulphite), 

coarse tellicherry pepper, antioxidant (ascorbic acid), 
rapeseed oil. 

B6 Soy 
Tesco Plant Chef 2 
Meat Free Burgers 

12.1 6.86 

Reconstituted soya protein (47%), water, rapeseed oil, 
rice flour, shea fat, maize flour, soya protein concentrate, 

pea fibre, stabiliser (methyl cellulose), coconut oil, 
colours (plain caramel, beetroot red), salt, yeast extract, 
flavouring, smoked rice flour, black pepper, maize starch, 

maltodextrin, modified tapioca starch, sugar, dextrose, 
onion. 

B7 Pea 
Beyond Meat 2 

Plant Based Burgers 
19.0 17.70 

Water, pea protein (16%), canola oil, coconut oil, rice 
protein, flavouring, stabilizer (methylcellulose), potato 

starch, apple extract, colour (beetroot red), maltodextrin, 
pomegranate extract, salt, potassium salt, concentrated 

lemon juice, maize vinegar, carrot powder, emulsifier 
(sunflower lecithin). 
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The cooking yield by mass 𝑌𝑀 (Equation 38) and by volume 𝑌𝑉 (Equation 39) are respectively 

calculated as: 

𝑌𝑀 =
𝑀𝑐𝑜𝑜𝑘𝑒𝑑

𝑀𝑟𝑎𝑤
                                                                           (38) 

and 

𝑌𝑉 =
𝑉𝑐𝑜𝑜𝑘𝑒𝑑

𝑉𝑟𝑎𝑤
                                                                             (39) 

where: 𝑀𝑐𝑜𝑜𝑘𝑒𝑑  is the cooked mass, 𝑀𝑟𝑎𝑤 is the raw mass, 𝑉𝑐𝑜𝑜𝑘𝑒𝑑 is the cooked volume, and 𝑉𝑟𝑎𝑤 is 

the raw volume.  

 

5.2.3 Mechanical testing 

Mechanical testing refers to tests conducted to determine and characterise the properties of meat as 

an engineering material, when subjected to a load. The tests, namely flexion, tension, compression 

and cutting (blade-compression), were performed on a TA ElectroForce 3200 Series III (TA 

Instruments, USA) using a 10 N load cell (LC1) for the raw burgers and a 450 N load cell (LC2) for the 

cooked ones. Measurements were recorded at 100 Hz with a displacement rate of 2 mm/min, with 

both load cells employing a 0.1 N pre-load applied at 2 mm/min. Samples were prepared from single 

burgers using a precision cutting knife. The dimensions for each test were measured using a calliper 

and were defined by standards ISO 178 (International Organization for Standardization, 2019a), ISO 

527 (International Organization for Standardization, 2019b) and ISO 604 (International Organization 

for Standardization, 2002) for the determination of flexural, tensile and compressive properties of 

plastics, respectively.  

5.2.3.1 Flexion 

Flexural tests were undertaken in accordance with the ISO 178 (International Organization for 

Standardization, 2019a) using a 3-point bending setup (Figure 67A), where the contact points were 4 

mm diameter cylinders 40 mm apart.  

The flexural strain (𝜀𝑓; Equation 40) was defined as:  

𝜀𝑓 =
6𝜔ℎ

𝑠2
                                                                              (40) 

where: 𝜔 is the measured deflection, ℎ is the thickness and 𝑠 is the span between support points 

(𝑠 = 40 mm). 

The flexural stress (𝜎𝑓; Equation 41) was given as:  
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𝜎𝑓 =
3𝐹𝑠

2𝑙ℎ2
                                                                           (41)   

where: 𝐹 is the measured force and 𝑙 is the sample width. 

Finally, the flexural modulus (𝐸𝑓; Equation 42) was calculated using the linear least square method for 

0.005 ≤ 𝜀𝑓 ≤ 0.025, provided that the coefficient of determination 𝑅2 ≥ 0.995, such that: 

𝐸𝑓 =
𝜎𝑓

𝜀𝑓
                                                                                  (42) 

When 𝑅2 < 0.995 then the upper bound of 𝜀𝑓 was reduced from the ISO recommendation of 

0.005 ≤ 𝜀𝑓 ≤ 0.025 by the minimum amount to yield 𝑅2 ≥ 0.995. This was necessary due to the varying 

failure behaviours and yield strains obtained from the different burgers. 

 

Figure 67: TA ElectroForce 3200 Series III experimental setup for (A) flexion, (B) tension, (C) compression and (D) cutting 

5.2.3.2 Tension, Compression and Cutting 

Tensile tests were performed in accordance with ISO 527 (International Organization for 

Standardization, 2019b) with serrated grips, 15 mm wide and 10 mm long (Figure 67B). The 

compressive tests were measured following the ISO 604 (International Organization for 
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Standardization, 2002) using 20 mm diameter compression plates (Figure 67C). The cutting tests, while 

not directly following any specialised ISO protocol, were conducted similarly to the compressive tests, 

replacing the upper compression plate with an 11 mm square blade of 1 mm thickness and 30 ° bevel 

(Figure 67D).  

For tension, compression and cutting, the strain (𝜀; Equation 43) was defined as: 

𝜀 =
∆𝐿

𝐿
                                                                           (43) 

where: ∆𝐿 is the measured changed length (elongation in tension, contraction in compression and 

cutting) and 𝐿 is the original length of the sample. For tension 𝐿 is equivalent to the gauge length 𝐿0, 

while in compression and cutting it represents the distance between the bottom plate and upper plate 

or blade respectively. 

The stress (𝜎; Equation 44) was calculated as: 

𝜎 =
𝐹

𝑙ℎ
                                                                           (44) 

with 𝑙ℎ representing the cross-sectional area perpendicular to the load direction. For cutting, 𝑙ℎ is also 

the projected area of the blade during compression.  

5.2.4 Texture profiling using Texture Profile Analysis (TPA) 

Texture Profile Analysis (TPA) is a test which characterises the properties of a food by quantifying its 

mouthfeel. TPA was performed on an Instron 5965 Series (Instron, USA) fitted with a 500 N load cell 

(LC3). Measurements were recorded at a frequency of 1000 Hz and a displacement rate of 1 mm/s. 

The test consisted of two loading cycles (where a cycle is defined as a compression followed by a 

withdrawal), each to a strain of 𝜀 = 0.50, and with a 1 s pause between the first and second 

compression cycles. The resulting force-time curve, as shown in Figure 5.2, provides information on 

the following values: 

• 𝐹1, the peak force of the 1st compression cycle. 

• 𝑡1and 𝑡2, the times required for the sample to reach maximum load from initial deformation 

for the 1st and 2nd compression cycle respectively. 

• 𝐴𝑎, the area under the force-time curve during the 1st compression (downstroke). 

•  𝐴𝑏, the area under the force-time curve during the 1st withdrawal (upstroke) while 𝐹 ≥ 0. 

•  𝐴𝑐, the area under the force-time curve 1st withdrawal (upstroke) and for 𝐹 ≤ 0. 

•  𝐴𝑑, the area under the force-time curve during the 2nd compression (downstroke). 

•  𝐴𝑒, the area under the force-time curve during the 2nd withdrawal (upstroke) and for 𝐹 ≥ 0.  
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Figure 68: Sample force-time curve resulting from TPA, displaying the two compression and withdrawal cycles separated by 
a 1 s pause, and definition of the hardness 𝐹1, times 𝑡1 and 𝑡2, and areas 𝐴𝑎, 𝐴𝑏, 𝐴𝑐, 𝐴𝑑 and 𝐴𝑒. 

From these values, the following textural properties can be ascertained:  

• The hardness 𝐻 (Equation 45), relates to the stiffness of the burger and directly influences 

the mouthfeel of the first bite. 

𝐻 = 𝐹1                                                                                  (45) 

• The adhesiveness 𝐴ℎ (Equation 46) corresponds to a negative force being generated due to 

the stickiness of the burger. 

𝐴ℎ = 𝐴𝑐                                                                                  (46) 

• The cohesiveness 𝐶𝑜 (Equation 47), relates to the consistency of the burger, a lower value 

being characteristic of disintegration. It is defined as the ratio of the area under the force-time 
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curve of the second compression cycle (downstroke and withdrawal), compared to the first 

cycle.  

𝐶𝑜 =
𝐴𝑑 + 𝐴𝑒

𝐴𝑎 + 𝐴𝑏
                                                                      (47) 

• The springiness 𝑆 (Equation 48), relates to the ability of the burger to recover its original 

geometrical shape between the two compression cycles, and is computed as the ratio of the 

time needed to reach maximum force for the 2nd downstroke compared to the first.  

 

𝑆 =
𝑡2

𝑡1
                                                                             (48) 

• The resilience 𝑅 (Equation 49), quantifies the recovery from deformation during the first 

compression cycle. It is defined as the ratio of the area under the curve of the first withdrawal 

compared to the first compression. 

𝑅 =
𝐴𝑏

𝐴𝑎
                                                                         (49) 

• The chewiness 𝐶ℎ (Equation 50) relates to the ease of biting and energy needed to chew to 

swallow. It is calculated as the product of hardness, springiness and cohesiveness. 

𝐶ℎ = 𝐻𝑆𝐶𝑜                                                                      (50)  

5.2.5 Uncertainty and Statistical analysis 

The uncertainty 𝑈 (Equation 51) of the results is expressed as the root sum of the bias 𝐵 and the 

precision 𝑃, such that: 

𝑈 = √(𝐵2 + 𝑃2)                                                                     (51) 

The bias (Equation 52) of a given quantity 𝑋, computed using a number 𝑁 of independent measured 

variables 𝑥𝑖, is given as: 

𝐵(𝑋) = √෍ (
𝜕𝑋

𝜕𝑥𝑖
𝐵(𝑥𝑖))

2𝑁

𝑖=1

                                                          (52) 

where the bias limits 𝐵(𝑥𝑖) associated with the measured quantities and load cells employed are 

detailed in Table 11. 

The precision (Equation 53) is computed as the 95% confidence level such that: 

𝑃 =
𝑡95𝜎𝑑𝑒𝑣

ξ𝑛
                                                                                 (53) 

Where 𝑡95 = 2.201 is the critical value at 95% confidence for the number of samples tested 𝑛 = 12 and 

𝜎𝑑𝑒𝑣 is the standard deviation.  
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The results were analysed using a one-way analysis of variance (ANOVA) followed by a Tukey’s 

Honestly Significant Difference (HSD) test (see Chapter II, section 2.2.5). The bar charts presented in 

this chapter show the means for each type of burger (𝑛 = 12), with error bars representing the 

uncertainty associated with the mechanical properties quantified. The different letters above each bar 

indicate statistical difference (p<0.05). Burger types with the same letter have means that are not 

significantly different from each other. 

 

Table 11: Summary of bias limits for the three load cells used for testing. 

Bias 

TA ElectroForce Instron 

LC1  

(10 N) 

LC2 

 (450 N) 

LC3  

(500 N) 

Force, 𝐵(𝐹) (N) 0.00013 0.00020 0.0005 

Width, 𝐵(𝑙) (mm) 0.005 0.005 0.005 

Thickness, 𝐵(ℎ) (mm) 0.005 0.005 0.005 

Length, 𝐵(𝐿) (mm) 0.005 0.005 0.005 

Elongation, 𝐵(∆𝐿) (mm) 0.00073 0.00233 0.0005 

Span, 𝐵(𝑠) (mm) 0.005 0.005 0.005 

Deflection, 𝐵(𝜔) (mm) 0.00073 0.00233 0.0005 

Sampling time, 𝑡𝑠 (s) 0.005 0.005 0.0005 

5.3 Results & Discussion 

5.3.1 Burger selection 

Food quality is subjective and therefore choosing burgers that represent the ideal meat texture can 

be difficult without extensive consumer studies. However, it is well known that human senses directly 

influence the perception of taste and the likelihood that a consumer would buy a product again 

(Imtiyaz et al., 2021; Pakseresht et al., 2022). Moreover, properties such as visual aspect, smell, 

flavour, texture and mouthfeel, influence the perception of quality (Akdeniz et al., 2013). To 

determine the textural properties that make meat products unquestionably meat-like, burgers were 

selected based on attributes that drive quality perception, notably the price, branding, degrees of 

naturalness and processing. When possible, high (≥ 19%) and low (≤ 5%) fat burgers of the same brand 

were compared to elicit the role of fat on texture. In addition, two PBA burgers were selected based 

on the same marketing concepts to compare the texture of existing alternative protein products with 
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their traditionally farmed beef counterparts. A summary of the burgers used in this study as well as 

their composition and marketable attributes were presented in Table 10. 

The B2 and B4 burgers were purchased from Marks & Spencer, a brand that has long been associated 

with food quality and excellent service (Freear, 2015) and has for the third consecutive year won the 

annual “Which? UK Supermarket Satisfaction Survey” (Walsh and Simmonds, 2024). On the other 

hand, the B1 and B5 were purchased from Morrisons which came in last position in that same survey, 

scoring especially low on the perception of their own brand of products. Although, product quality 

cannot be ascertained from perception of the retailer, and the higher prices of B2 and B4 cannot stand 

as scientific proof of better burger quality than the lower priced B1 and B5, it has been shown that 

consumers are heavily influenced by marketing when choosing a product and determining its quality 

(Kurz et al., 2023). Known as the price-quality heuristic, consumers tend to associate higher prices 

with better food quality and thereby create higher expectations of more expensive products. This in 

turn can trigger the marketing placebo effect where products taste better when they are either 

labelled with higher price tags (Plassmann and Weber, 2015) or presented in nicer environments 

(Freear, 2015; Seo, 2015). Burger B3, being the only handmade burger could also be perceived as of 

better quality, since consumers are generally concerned about industrial food processing techniques, 

resulting in a perceived loss of flavour (Abouab and Gomez, 2015). In fact, it has been shown that that 

consumers tend to view handmade foods as unique products of higher value crafted with care (Rivaroli 

et al., 2020). It is worth noting that while the higher cost of B3 may partially reflect the handmade 

assembly of the burger, its inflated cost is also likely associated to halal branding. The composition of 

the various meat burgers (Table 10) also revealed important differences in terms of meat content that 

could influence the perceived quality of the products. B1 and B2 had the highest meat contents (≥ 

95%) compared to B3, B4 and B5 (≤ 82%), which were composed of more additives as meat extenders. 

While additives in the meat burgers were mostly natural (e.g. water, spices), some antioxidants and 

preservatives could also be present. The naturalness of a product has been shown to boost consumer 

perception of quality, with reports of consumers willing to pay more for additive-free foods (Rivaroli 

et al., 2020). Products with fewer and more natural ingredients were shown to be associated with 

higher food quality by consumers (Siegriest and Sütterlin, 2017).  

For the PBA burgers, Tesco own brand Plant Chef B6 burgers were compared to the highly promoted 

Beyond Meat B7. While the higher price of the latter might indicate a higher quality product, part of 

the burger’s high price can be attributed to the costs of research and development and marketing of 

novel foods (GFI, 2021). By contrast, supermarket giants tend to operate on a low-margin/high-volume 

model which enables price parity with traditional meat products (GFI, 2021).  
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The cooking yields, both by mass and volume, for the seven burgers under investigation were 

measured and presented in Table 12. The cooking yield by mass was lower for B2 and B5, possibly 

resulting from some fat loss during cooking, although no correlation was observed between fat 

content and cooking yield by volume. B1, which had just under a quarter of the fat of B2 and B5 and, 

unlike these, an absence of water in the ingredients, had the highest cooking yield by mass and 

volume. This would suggest that the mass and volume lost during cooking resulted from the melting 

of fats and evaporation of water. As for the PBA burgers, the yield by volume and mass remained high 

due to the presence of oils designed to keep the burgers moist and voluminous during the cooking 

process (Kyriakopoulou et al., 2021).  

Table 12: Cooking yield by mass 𝒀𝑴 and volume 𝒀𝑽 (𝑛 ≥ 4). 

Label 𝒀𝑴 𝒀𝑽 

B1 0.755 ± 0.15 0.953 ± 0.07 

B2 0.522 ± 0.10 0.849 ± 0.13 

B3 0.599 ± 0.09 0.882 ± 0.03 

B4 0.655 ± 0.07 0.876 ± 0.12 

B5 0.537 ± 0.08 0.871 ± 0.06 

B6 0.623 ± 0.10 0.946 ± 0.05 

B7 0.612 ± 0.09 0.890 ± 0.14 

 

5.3.2 Mechanical properties 

5.3.2.1 Flexion 

Flexion is a measure of how resistant a material is to being bent. It can be compared to the forces 

applied by the tongue when firmly biting or chewing on a food, thereby directly relating to mouthfeel. 

Results are shown in Figure 69 for all samples except raw B7 which lacked sufficient integrity to be 

handled in its uncooked state at room temperature. 

The cooking process led to an increase in flexural modulus of about one order of magnitude. Yield 

strains (𝜀𝑦𝑓), on the other hand, remained comparable between the raw and cooked burgers, although 

a slight increase in meat products contrasted with a reduction in the plant-based B6. The values of 

𝜀𝑦𝑓,𝑐𝑜𝑜𝑘𝑒𝑑 were of particular interest and exhibited a relevant pattern which could be a first step 

towards characterising the desirable mechanical properties for cultivated meat products. 

The three highest values were achieved by the handmade (B3) and high-beef content products (B1 

and B2, 96% and 95% beef, respectively), with 𝜀𝑦𝑓,𝑐𝑜𝑜𝑘𝑒𝑑  ≥ 0.190, followed by the low-beef content 
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products (B4 and B5, 81% and 76%, respectively) which exhibited a similar values 𝜀𝑦𝑓,𝑐𝑜𝑜𝑘𝑒𝑑 ≈ 0.148, 

and the plant-based burgers (B6 and B7) 𝜀𝑦𝑓,𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 0.115 had the lowest values.    

 

 

Figure 69: Flexural results for (A) the raw burger modulus 𝐸𝑓,𝑟𝑎𝑤, (B) the cooked burger modulus 𝐸𝑓,𝑐𝑜𝑜𝑘𝑒𝑑, (C) the raw yield 

strain 𝜀𝑓,𝑟𝑎𝑤  and (D) the cooked yield strain 𝜀𝑓,𝑐𝑜𝑜𝑘𝑒𝑑  (𝑛 = 12). Note: no results are presented for B6 in subfigures (A) and 

(C) as the B6 burger did not have sufficient structural integrity to undergo the tests when raw. The letters above each bar 
indicate statistical difference (p<0.05). Burger types with the same letter have means that are not significantly different 

from each other. 

It is also notable that the B3 burger stood out with higher moduli (raw and cooked) and yield strain 

(cooked) than all other burgers (Figure 69A,B,D). This could be attributed to the unique manufacturing 

process of the product. As the only handmade burger, it is possible that the meat was ground more 

coarsely, leading to larger meat chunks in the final product (Witte et al., 2022), which would affect the 

mechanical properties of B3 in flexion (Gurikar et al., 2014). Another factor that would influence the 

mechanical properties of B3 was its high composition of wheat flour (Table 10) used as a cheap natural 
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binder in reconstructed meats. Wheat flour is composed of 70-75% starch and 2-4% arabinoxylans 

(Moiraghi et al., 2019) that act by absorbing, entrapping, and emulsifying water and fat (Sharma et al., 

2014; Ahmad et al., 2022), providing a gelling and thickening effect in raw products and preventing 

fluids from leaking during cooking (Kyriakopoulou et al., 2021). The addition of natural binders plays 

a big role in improving meat texture and consumer acceptance in reconstructed meats (Boles and 

Shand, 1999). However, while nearly all the burgers use binders such as rice flour (B1, B2, B4, B6), 

broad bean flour (B4), potato starch (B7) and maize and tapioca starch (B6), the relative concentration 

by weight of binders in other beef burgers was lower (< 5%, for B1 and B2; and listed as final 

ingredients before salt and pepper, for B4) than that of wheat flour in B3 (~ 8%).    

B7 has a very high liquid content with water listed as the first ingredient and rapeseed oil as the third, 

and this is probably the reason for the lack of ability of the raw B7 to maintain its integrity under the 

standard testing conditions. No flexural tests (Figure 69A,C) could be performed in its raw state, even 

by reducing the span from 𝑠 = 4 mm to 𝑠 = 2 mm to improve sample stability However, when the 

sample temperature was also lowered (9-15 °C) the B7 burgers exhibited sufficient integrity to be 

tested but, due to a lack of clear sample fracture, only the flexural modulus could be measured  

𝐸𝑓,𝑟𝑎𝑤 = 0.0020 MPa, which was comparable to the B6 burger at 𝐸𝑓,𝑟𝑎𝑤 = 0.0019 MPa under the 

standard conditions. While the increased integrity of raw B7 in the new testing conditions may have 

resulted from the increased solidity of coconut oil at lower temperatures, it could also have been 

caused by the stiffening from chilling of other components, as mechanical properties of foods are 

temperature dependent (Polachini et al., 2023). It should be noted that as both beef and PBA burgers 

are intended to be stored in a fridge until they are cooked, the handling of B6 and B7 burgers should 

be similar to that of traditional meats in a normal food preparation setting.  

Vegetable oils are often used in PBAs as replacement product for animal fat (Lee et al., 2023). Just like 

meat fat, the low melting temperature of many vegetable oils allows the fluids to seep out of the 

plant-based burger during cooking, improving the flavour, juiciness and tenderness of the patty (Lee 

et al., 2023). Some vegetable oils, such as coconut oil, are rich in saturated fats and semi-solid at room 

temperature (𝑇𝑚,𝑐𝑜𝑐𝑜𝑛𝑢𝑡 𝑜𝑖𝑙  = 25 °C; Srivastava et al., 2017) and are used in PBAs to mimic the 

appearance and texture of animal fat. However, it has been shown that diets with too much saturated 

fat raise cholesterol and incidence of cardiovascular disease (Maki et al., 2021; Wang et al., 2023). To 

counter this and improve cooking properties, other vegetable oils which are rich in unsaturated fats, 

such as rapeseed oil, are widely used in food processing but are completely liquid at room temperature 

due to their low melting point (𝑇𝑚,𝑟𝑎𝑝𝑒𝑠𝑒𝑒𝑑 𝑜𝑖𝑙  =- 10 °C; Fasina et al., 2008). Both B6 and B7 contain 

rapeseed and coconut oils, however B6 had more vegetable oil and that was predominantly rapeseed 
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oil. Studies have also shown that the amount of vegetable oils present in PBA products positively 

correlated with lower product elasticity (de Santos-Paglarini et al., 2019).  

5.3.2.2 Tension 

Tension is a measure of how resistant a material is to being torn. Unlike flexion and compression, this 

process has no direct analogy to eating and mouthfeel. The results of tensile testing are shown in 

Figure 70.  

 

Figure 70: Tensile results for (A) the raw burger modulus 𝐸𝑡,𝑟𝑎𝑤, (B) the cooked burger modulus 𝐸𝑡,𝑟𝑎𝑤, (C) the raw yield 

strain 𝜀𝑡,𝑟𝑎𝑤 and (D) the cooked yield strain 𝜀𝑡,𝑐𝑜𝑜𝑘𝑒𝑑(𝑛 = 12). Note: no results are presented for B6 in subfigures (A) and (C) 

as the B6 burger did not have sufficient structural integrity to undergo the tests when raw. The letters above each bar 
indicate statistical difference (p<0.05). Burger types with the same letter have means that are not significantly different 

from each other. 

 As for flexion testing (section 5.3.2.1), burger B7, with its high content of fluids, notably water and 

rapeseed oil, exhibited poor structural integrity and could not be tested raw. Thus, no data are 
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displayed for B7 in Figure 70A and Figure 70C. Subsequent testing showed that reducing the gauge 

length to 𝐿0 = 1.5 mm and lowering the testing temperature allowed sufficient integrity for the raw 

testing of B7. The modulus of the chilled B7 (𝐸𝑡,𝑟𝑎𝑤 = 0.026 MPa) was significantly higher than that of 

B6 tested under the original conditions (𝐸𝑡,𝑟𝑎𝑤 = 0.011 MPa), and lay within the range of 

measurements of the beef burgers, tested in the original conditions (0.007 MPa ≤ 𝐸𝑡,𝑟𝑎𝑤≤ 0.104 MPa). 

As in flexural testing (section 5.3.2.1) the B3 burger stood out with higher moduli (raw and cooked) 

and yield strain (cooked) than all other burgers. The burgers with the highest meat content (B1 and 

B2, 96% and 95%, respectively) had raw tensile moduli of 𝐸𝑡,𝑟𝑎𝑤 ≈ 0.008 MPa, whereas burgers with 

lower meat content (B3, B4 and B5, 82%, 81% and 76% respectively) had raw tensile moduli of 

considerably higher levels, 0.015 MPa ≤ 𝐸𝑡,𝑟𝑎𝑤  ≤ 0.104 MPa. Although cooking increased the tensile 

modulus of all burgers, the absence of any pattern in the results could be due to the presence and 

cooking of different additives in the burger composition of each sample. No other pattern 

distinguishing different types of burgers was easily discerned from either the moduli or the yield 

strains (raw and cooked), which suggests that tensile properties, despite having a well-established ISO 

test protocol ISO (2019b), may be poor indicators for quantifying a burger’s sensory profile. 

Nevertheless, increasing numbers of studies have used tensile testing either with, or as an alternative 

to, textural profiling methods in foods and especially for meat and meat-replacement products (de 

Avila et al., 2014; Ko et al., 2023; Shlangen et al, 2023). Interestingly, tensile testing is also commonly 

used in tissue engineering for biomechanical characterisation, assessing soft tissue integrity (Griffin et 

al., 2016; Sholze et al., 2020; Wale et al., 2024), and optimising substrate stiffness for cell 

differentiation (Yi et al., 2022) which is particularly relevant to cultivated meat production and textural 

properties (Lee et al., 2024. Lv et al., 2015).  

5.3.2.3 Compression 

Compression is a measure of how resistant a material is to being crushed. It is comparable to the 

forces applied by the jaw when firmly biting into a food at the back of the mouth (molar teeth), thereby 

directly relating to mouthfeel. The compression testing results, displayed in Figure 71 showed striking 

differences between both the raw and cooked moduli (Figure 71A,B) and the cooked yield strains 

(Figure 71D) of meat and plant-based burgers. The raw compressive modulus of beef burgers 

𝐸𝑐,𝑟𝑎𝑤 ≥ 0.09 MPa was significantly higher than that of PBA burgers at 𝐸𝑐,𝑟𝑎𝑤   ≤ 0.03 MPa. In addition, 

the cooking stiffened all burgers by approximately one order of magnitude, bringing the compressive 

modulus of cooked beef burgers to 𝐸𝑐,𝑐𝑜𝑜𝑘𝑒𝑑 ≥ 0.94 MPa and that of PBA burgers to 𝐸𝑐,𝑐𝑜𝑜𝑘𝑒𝑑   ≤ 0.42 

MPa. In contrast,  in the compressive yield strains, higher values were achieved by PBA burgers 

𝜀𝑐,𝑐𝑜𝑜𝑘𝑒𝑑 ≥ 0.210, compared to the high-beef-content and handmade burgers (B1, B2, and B3) scoring 
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intermediate values 0.084 ≥ 𝜀𝑐,𝑐𝑜𝑜𝑘𝑒𝑑 ≥ 0.149, and the low-beef-content burgers (B4 and B5) having 

the lowest values at around 𝜀𝑐,𝑐𝑜𝑜𝑘𝑒𝑑 ≈ 0.048. In summary, cooked beef products were characterised 

by a high compressive modulus and low compressive yield strain, whereas the cooked PBA products 

featured a low compressive modulus and high compressive yield strain. This represents a clear 

distinction, which could inform efforts to develop properties in cultivated meat that would meet 

consumer expectations, while being governed by an established test protocol (International 

Organization for Standardization, 2002) to ensure reproducibility. 

 

Figure 71: Compressive results for (A) the raw burger modulus 𝐸𝑐,𝑟𝑎𝑤, (B) the cooked burger modulus 𝐸𝑐,𝑐𝑜𝑜𝑘𝑒𝑑, (C) the raw 

yield strain 𝜀𝑐,𝑟𝑎𝑤 and (D) the cooked yield strain 𝜀𝑐,𝑐𝑜𝑜𝑘𝑒𝑑  (𝑛 = 12). The letters above each bar indicate statistical difference 

(p<0.05). Burger types with the same letter have means that are not significantly different from each other. 
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5.3.2.4 Cutting 

Cutting is a measure of how resistant a material is to being chopped. In essence, cutting is a 

measurement of compression applied to a much thinner area within the sample and employs a blade 

that descends vertically into a material. This is comparable to the forces applied by the jaw when firmly 

biting into a food at the front of the mouth (incisor teeth), thereby directly relating to mouthfeel.  

 

Figure 72: Cutting results for (A) the raw burger modulus 𝐸𝑐𝑢𝑡,𝑟𝑎𝑤, (B) the cooked burger modulus 𝐸𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑, (C) the raw 

yield strain 𝜀𝑐𝑢𝑡,𝑟𝑎𝑤, and (D) the cooked yield strain 𝜀𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑  (𝑛 = 12). The letters above each bar indicate statistical 

difference (p<0.05). Burger types with the same letter have means that are not significantly different from each other.  

The cutting results for the raw and cooked modulus 𝐸𝑐𝑢𝑡,𝑟𝑎𝑤 and 𝐸𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑 and the raw and cooked 

yield strain 𝜀𝑦𝑐𝑢𝑡,𝑟𝑎𝑤 and 𝜀𝑦𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑 are presented in Figure 72 which shows that similarly to the 

compressive results (section 5.3.2.3), there were clear distinctions between the beef and PBA burgers 

with regards to raw and cooked moduli (Figure 72A,B) and cooked strains (Figure 72D). Again, the 
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beef burgers had significantly higher cutting moduli than PBA burgers, however a stronger distinction 

could be made between cutting moduli of the cooked higher-beef-content burgers and handmade 

burger (B1, B2, and B3) 0.38 ≤ 𝐸𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 0.41 MPa, lower-beef-content burgers (B4 and B5) 

𝐸𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒 ≥ 0.53 MPa and PBA 𝐸𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 0.25 MPa (Figure 72B). Likewise, the cooked yield strain, 

PBA burgers 𝜀𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑 ≥ 0.416, had the highest values, followed by higher-beef-content and 

handmade burgers, around 𝜀𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑 ≈ 0.288, and lastly beef burgers with lower beef content,  

𝜀𝑐𝑢𝑡,𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 0.245. 

These results quantify another sensory aspect of the burgers, clearly establishing trends between 

various types. However, the lack of an ISO protocol dedicated purely to cutting could limit the 

reproducibility of these tests. 

To summarise, the mechanical properties obtained from reproducible ISO standardised single cycle 

uniaxial tests, namely flexion, tension, compression and cutting (using the modified compression ISO 

protocol) on a range of burgers, provided key aspects and indicators of burger quality and ingredient 

compositions. Compression, cutting and flexion tests also showed trends that highlighted differences 

between the higher-beef-content, lower-beef-content and PBA burgers, all of which could inform the 

development of cultivated meat with a view to improving mouthfeel properties and thus increasing 

consumer acceptance. Conversely, despite its use in tissue culture, no clear patterns were observed 

within tensile properties to differentiate between the various burger types.  

5.3.3 Textural properties 

Textural profiling analysis (TPA), focussing directly on texture, may yield properties more relevant for 

food products than ISO standards for mechanical testing, even though there are no established 

standards for TPA. The results for six properties yielded by the TPA double compression cycle test are 

examined in this section. 

5.3.3.1 Hardness  

Hardness is the resistance of a material to plastic deformation and corresponds to the maximum force 

applied during the first compression (downstroke) taken to the same strain for all samples. In short, 

hardness gives information on how easy it is to bite into a material.  

As expected, the hardness results shown in Figure 73 for both raw and cooked burgers were consistent 

with the compressive moduli of raw and cooked burgers (section 5.3.2.3). PBA burgers continued to 

exhibit lower values 𝐻𝑐𝑜𝑜𝑘𝑒𝑑   ≤ 24.845 N compared to beef burgers 34.487 ≤ 𝐻𝑐𝑜𝑜𝑘𝑒𝑑  ≤ 43.863 N. A 

further distinction could also be made between the higher-beef-content and handmade burgers (B1, 

B2 and B3) 41.177 ≤  𝐻𝑐𝑜𝑜𝑘𝑒𝑑   ≤ 43.863 N and the lower-beef-content burgers (B4 and B5) 
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34.487 ≤ 𝐻𝑐𝑜𝑜𝑘𝑒𝑑  ≤ 37.814 N. These results confirmed the results of the compression and cutting 

mechanical tests, which showed that the beef burgers had a greater resistance to deformation than 

PBAs. 

 

Figure 73: Hardness results for (A) raw burgers and (B) cooked burgers (𝑛 = 12). The letters above each bar indicate 
statistical difference (p<0.05). Burger types with the same letter have means that are not significantly different from each 

other. 

5.3.3.2 Adhesiveness 

Adhesiveness is a measure of material stickiness and can relate to the likelihood of foods attaching to 

the mouth, mainly the palate and teeth. While adhesiveness was measured on both raw and cooked 

burgers, no adhesiveness was observed in any of the burgers. Consequently, only the raw results were 

presented in Figure 74. 

 

Figure 74: Adhesiveness results for raw burgers (𝑛 = 12). The letters above each bar indicate statistical difference (p<0.05). 
Burger types with the same letter have means that are not significantly different from each other. 



157 
B. Dagès, PhD Thesis, Aston University, 2024 

No clear trend was evidenced in the results shown although the values may be relevant to the 

manufacturing process, where the adhesiveness of raw burgers could have a non-negligeable impact 

for machinery (e.g. conveyor belts). In a niche setting, these results could also serve as a guide for 

producing cultivated meats aimed at being served raw (e.g. steak tartare). 

5.3.3.3 Cohesiveness 

 

   Figure 75: Cohesiveness results for (A) raw burgers and (B) cooked burgers (𝑛 = 12). The letters above each bar indicate 

statistical difference (p<0.05). Burger types with the same letter have means that are not significantly different from each 

other. 

Cohesiveness relates to the strength of bonds within the body of a food and therefore represents the 

main determinant of food integrity, with lower values indicating food disintegrating more easily. As 

shown in Figure 75, minimal changes were observed between the cohesiveness results in raw and 

cooked states, however, the cohesiveness of beef burgers (0.376 ≤  𝐶𝑜,𝑐𝑜𝑜𝑘𝑒𝑑  ≤ 0.397) was significantly 

higher than that of PBA burgers (𝐶𝑜,𝑐𝑜𝑜𝑘𝑒𝑑  ≈ 0.3). These results highlight textural differences between 

the firmness of beef burgers and mushiness of PBAs.   

5.3.3.4 Springiness 

Springiness is a measure of the recovery and the viscoelastic properties of a food and is therefore 

dependent on cohesiveness. In essence, this corresponds to how quickly a food recovers its shape 

between successive bites. Figure 76 shows that in the raw state there is a clear distinction between 

high-beef-content (0.684 ≤  𝑆𝑟𝑎𝑤  ≤ 0.812), low-beef-content (0.500 ≤  𝑆𝑟𝑎𝑤 ≤  0.585) and PBA burgers 

(0.359 ≤  𝑆𝑟𝑎𝑤 ≤ 0.464). However, the cooked results for all the burgers were similar, indicating the 

success of the PBA burgers in achieving this meat-like property. Nevertheless, high-beef-content 

burgers (B1, B2) exhibited the highest springiness of all (0.85 ≤ 𝑆𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 0.88) although the 
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differences in values within the high-beef and low-beef content groups were not statistically 

significant. 

 

Figure 76: Springiness results for (A) raw burgers and (B) cooked burgers (𝑛 = 12). The letters above each bar indicate 

statistical difference (p<0.05). Burger types with the same letter have means that are not significantly different from each 

other. 

5.3.3.5. Resilience  

Resilience is another measure of the recovery, but unlike springiness, it quantifies how well a material 

regains its original height following plastic deformation. This corresponds to how well foods retain 

their shape after successive biting. Highly resilient foods will require longer chewing before they can 

be swallowed. The resilience of all burgers was significantly increased by cooking, as shown in Figure 

77:. In their raw state the beef burgers showed slightly more resilience (0.056 ≤ 𝑅𝑟𝑎𝑤  ≤ 0.069) than 

PBAs (0.045 ≤  𝑅𝑟𝑎𝑤  ≤ 0.049), and the difference was significantly accentuated in the cooked samples 

to 0.139 ≤ 𝑅𝑐𝑜𝑜𝑘𝑒𝑑  ≤ 0.159 for beef burgers and 0.106 ≤ 𝑅𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 0.107. These results continue to 

highlight differences in firmness of beef and PBA burgers.  
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Figure 77: Resilience results for (A) raw burgers and (B) cooked burgers (𝑛 = 12). The letters above each bar indicate 
statistical difference (p<0.05). Burger types with the same letter have means that are not significantly different from each 

other. 

5.3.3.6 Chewiness 

Chewiness, the product of hardness, springiness and cohesiveness is an aggregated indicator of 

mouthfeel. In essence, chewiness quantifies how much a food needs chewing for it to be swallowed 

efficiently. Optimising chewiness is therefore fundamental when designing new foods with consumer 

acceptance in mind. Results for chewiness are presented in Figure 78. No clear pattern can be 

identified from the beef burgers in their raw state (Figure 78A) due to the lack of pattern in the raw 

hardness (section 5.3.3.1) and raw cohesiveness (section 5.3.3.3) in these burger types. However, 

there was a significant difference between the chewiness of beef burgers (0.701 ≤ 𝐶ℎ,𝑟𝑎𝑤 ≤ 1.516 N) 

and PBA burgers (0.242 ≤ 𝐶ℎ,𝑟𝑎𝑤 ≤ 0.302 N). Moreover, the cooking process significantly increased the 

chewiness of all burger types by one order of magnitude and revealed a clear distinction between the 

higher-beef-content and handmade (B1, B2 and B3; 13.544 ≤ 𝐶ℎ,𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 14.143 N), the lower-beef-

content(B4 and B5; 10.82 ≤ 𝐶ℎ,𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 211.254 N) and PBA (4.469 ≤ 𝐶ℎ,𝑐𝑜𝑜𝑘𝑒𝑑 ≤ 5.054 N) burgers. The 

chewiness range within the burger types was also very narrow, only 4.4% for the higher-beef-content 

and homemade burgers and 4.0% for the lower-beef content burgers. This is particularly important 

because it provides defined ranges for texture optimisation that may clearly correlate to consumer 

expectations and acceptance. On the other hand, the range of the PBA burgers (11.5%) was wider and 

can be explained by the great differences in the main protein type and composition of secondary 

ingredients. 
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Figure 78: Chewiness results for (A) raw burgers and (B) cooked burgers (𝑛 = 12). The letters above each bar indicate 
statistical difference (p<0.05). Burger types with the same letter have means that are not significantly different from each 

other. 

Overall, the TPA results for the cooked burgers showed clear similarities between all the beef burgers 

and a stark contrast between beef and PBA burgers. In the case, of chewiness, which is a composite 

indicator (the product of hardness, springiness and cohesiveness) there was also a clear distinction 

between high and low beef content burgers, as in the earlier flexural and cutting mechanical tests, 

and the handmade burger had similar results to the high beef content burgers. The results for the raw 

burgers also showed that PBAs generally had much lower values than the beef products but proved 

to be less useful in identifying common characteristics across the beef burgers.   

5.3.4 Textural optimisation for cultivated meat production 

Both the mechanical and textural tests identified relevant tests to be undertaken as well as key 

properties to be targeted to improve mouthfeel and increase consumer satisfaction when designing 

new alternatives to traditional meat. In the mechanical tests PBA burgers were characterised as having 

lower moduli and higher yield strains in compression and cutting compared with beef burgers. In 

flexion, however, the PBAs had the lowest yield strains. These results indicated that yield strain, 

whether in flexion, compression or cutting, can be used as the most relevant metric to distinguish 

between burger types. In addition, as a measure of plastic deformation, yield strain was the most 

relevant mechanical value to mouthfeel. PBAs were also shown to have lower textural values than the 

beef burgers in most of the TPA assessed properties. The difference between PBA and beef burgers 

was clearest in terms of chewiness which was the best single differentiator of mouthfeel and indicator 

of burger quality.  
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The ingredient composition of burgers played an important role in both mechanical and textural 

properties. While the effect of each individual ingredient could not be undertaken and, in any case, 

would yield poor conclusions due to their unspecified quantities, some secondary ingredients could 

be grouped by their function and compared by their relative concentration (as determined by their 

position on the ingredients list compared to the meat percentage). Here, three ingredient classes are 

investigated – bulking agents (water), binders and meat extenders (flours, starches, flakes), and fat 

replacers. All burgers, except for B1 had some water added to the products during manufacturing. 

While water is generally incorporated into meat to improve the cooking experience and increase 

juiciness (Zhang et al., 2024), it is also a bulking agent that increases the product volume and weight 

and, subsequently, profit margins. As the only burger without added water, the cooking yield by 

volume and by mass was highest in B1, although there were no apparent correlations between water 

content and mechanical and textural properties. Binding agents were used in all burgers, to improve 

meat consistency by binding and containing water and fat in the restructured product. The B3 burger 

had high values for its mechanical and textural properties, which could be attributed to the greater 

presence of natural binders, namely wheat flour, which represented around 8% of its composition. 

Additionally, B3 also differed from the rest of the burgers tested by its manufacturing method. The 

burger was handmade as opposed to factory ground, which would have likely affected the meat chunk 

size, and consequently its properties.  

Fat replacers, such as substitutes (rapeseed and coconut oils) and mimetics (maltodextrin), were used 

to increase the fat content and visual aspect of the PBA burgers (Owusu-Ansah et al., 2022). Like 

animal fats, fat substitutes influence the juiciness and taste of foods, however their low melting points 

can negatively affect the integrity of products, as seen with B7 which could not be handled effectively 

when raw (sections 5.3.2.1 and 5.3.2.2). Interestingly, the animal fat percentage of beef burgers did 

not appear to contribute to any measured mechanical or textural property. Although it is undeniable 

that fat plays a major role in consumer acceptance by improving flavour, juiciness and visual 

appearance (Fish et al., 2020), studies have shown contradicting evidence on its role in food texture. 

While some studies have demonstrated that fat increased shear force, tensile strength and textural 

properties such as adhesiveness and cohesiveness (Okeudo and Moss, 2005; de Avila et al., 2014; 

Starkey et al., 2016), others have shown either a negative correlation (Fiems et al., 2000) or no 

correlation at all (Zhang et al., 2022). The two beef burgers with the highest fat content (B2 and B5) 

did however exhibit the lowest cooking yield by mass and volume. As the melting temperature of beef 

fat is reached during cooking (25 °C < 𝑇𝑀,𝑏𝑒𝑒𝑓𝑓𝑎𝑡< 50 °C; Lloyd et al., 2014; Huang and Joo, 2017), a 

large portion of the fat content is lost, which could contribute to the lack of an obvious pattern in the 

cooked burgers. In addition, the differences between higher- and lower- fat-containing meat burgers 
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could have been overlooked due to the load cells used, and with a tensile modulus of 𝐸𝑡,𝑓𝑎𝑡 = 0.0001 

MPa, minor differences in mechanical and textural properties may not have been recorded. 

Furthermore, physiological factors, such as post-mortem ageing and muscle-shortening which have 

been shown to play an important role in texture (Starkey et al., 2016), could have also obscured the 

role of fat. Due to the lack of standardisation of TPA and limited role of tensile testing, the quantitative 

comparison of textural properties across the literature has been limited.  

No correlation between the mechanical and textural properties of burgers and their price was 

apparent either. While it has been shown that consumers are willing to pay more for foods of 

seemingly higher quality (Kurz et al., 2023), it has also been demonstrated that once consumers had 

associated a food product with an outcome (expected liking) they pay little attention to the experience 

of consuming it (Oxoby and Finnigan, 2007; Kurz et al., 2023). Consequently, prices may be more 

influenced by marketing strategies than actual mouthfeel qualities.  

The meat content of beef burgers played the biggest role in differentiating between burger types. 

Those with increased beef content (B1 and B2) had significantly higher cooked flexural, compressive 

and cutting yield strains and higher hardness, and chewiness than the ones with lower beef content 

(B4 and B5), indicating that beef content must play a definitive role in the sensory properties of cooked 

products. As such, to appeal to consumer sensory expectations, alternative protein and cultivated 

meat burgers should aim to match the mechanical and textural properties of traditionally farmed 

meat, distancing themselves from existing PBA products. The mechanical and textural ranges for 

farmed beef and PBA burgers established in this study are presented in Table 13. 

Despite being essentially meat at a cellular level, cultivated meat may not exhibit the same mechanical 

and textural properties as traditional meat as the cells are not grown in vivo under normal biological 

conditions. Using TPA and tensile testing, Paredes et al., (2022) showed that cultivated Frankfurter 

sausages were texturally significantly different to traditional Frankfurter sausages, although there 

were similarities between the cultivated Frankfurter sausages and other existing processed and non-

processed meat products.  

Depending on how meat is cultivated, it could contain edible scaffolds, hydrogels or microcarriers that 

aim to biologically and mechanically mimic the function of the extracellular matrix (ECM). In vivo, the 

ECM stiffens allowing stem cells to differentiate towards fat (𝐸𝑡,𝐸𝐶𝑀𝑓𝑎𝑡 = 0.0001 MPa), muscle 

(𝐸𝑡,𝐸𝐶𝑀𝑚𝑢𝑠𝑐𝑙𝑒 = 0.01 MPa) or bone (𝐸𝑡,𝐸𝐶𝑀𝑏𝑜𝑛𝑒 = 0.03-0.05 MPa; Lee et al., 2022). Emulating the 

specific stiffness of ECM in scaffolds could promote better cell differentiation (Engler et al., 2006) 

contributing directly to mouthfeel (Bonkamp et al., 2023; Lee et al., 2024). On the other hand, 

cultivated meats grown by self-aggregation may lack the sufficient cellular alignment to replicate 
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intramuscular cohesiveness, despite being purer on a biological and nutritional level. By combining 

the mechanical and textural properties of cultivated tissues and their respective carrier materials 

(scaffolds or hydrogels) the range of properties presented in this study could be achieved, ensuring 

that products meet consumer expectations of mouthfeel and quality.  

Table 13: Range of values for the mechanical and textural properties of beef burgers and plant-based alternatives. Note: 
cohesiveness, springiness and resilience did not yield any distinction between high and low beef content 

Property 
Meat PBA 

High beef content Low beef content  

Mechanical 

Flexural yield 

strain (-) 
0.19 - 0.33 0.15 0.09 - 0.12 

Compressive yield 

strain (-) 
0.08 - 0.15 0.05 0.21 - 0.34 

Cutting yield strain 

(-) 
0.28 - 0.30 0.22 - 0.25 0.42 - 0.49 

Textural 

Hardness (N) 41.2 - 43.9 34.5 - 37.8 23.2 - 24.9 

Cohesiveness (-) 0.38 - 0.40 0.30 - 0.31 

Springiness (-) 0.76 - 0.88 0.63 - 0.68 

Resilience (-) 0.14 - 0.15 0.11 

Chewiness (N) 13.5 - 14.1 10.9 - 11.3 4.5 - 5.1 

 

In addition, the PBA burgers tested in this study failed to exhibit the textural properties of beef 

burgers, which suggests that cultivated meat may not be able to rely on additives to mimic the texture 

of meat. There is an increased trend towards the design of hybrid plant and cultivated meat products 

and several studies have shown that replacing vegetable oils in PBA products with animal fat enhanced 

their textural properties and led to positive consumer perceptions (Fish et al., 2020; Grasso and 

Goksen, 2023). 

5.4 Conclusion 

To help design cultivated meat products that match the organoleptic properties of traditional meat, 

the mechanical and textural properties of raw and cooked beef and PBA burgers were measured using 

ISO standardised mechanical testing and TPA. The mechanical flexion, compression and cutting tests 

were selected as the most relevant mechanical tests for describing burger quality, as each test could 

replicate an action incurred during chewing. Despite its common use in meat texture analysis, tensile 

testing was shown to be a poor indicator of burger quality as no pattern could be identified to 
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differentiate between burger types. This may suggest that tensile testing may differentiate well 

between group types (e.g. burgers, sausages, fillets), but not when comparing products within the 

same group (e.g. burgers only). 

The cooking process appeared to significantly increase the stiffness (modulus), hardness, 

cohesiveness, resilience and chewiness of all the tested burgers, and the results obtained from cooked 

samples were the most relevant to mouthfeel.  

The composition of burgers played a major role in their mechanical and textural properties, with beef 

content being the highest differentiator. Beef burgers with higher meat content had higher strains in 

the standardised ISO flexion, compression and cutting mechanical tests, compared to those with lower 

meat content. PBA burgers had the highest strains of all burger types, exemplifying their softer 

texture. This pattern was also recurrent in the TPA results, this time with PBA properties being lowest 

for hardness and chewiness, which was shown to be the best descriptor of mouthfeel due to the clear 

distinction and low variance between beef and PBA burger types.  

The plant-based burgers in this study systematically exhibited different mechanical and textural 

characteristics from traditional beef burgers, highlighting the fact that meat extenders and fat 

replacers do not accurately replicate meat texture. This is a key point for cultivated meat production, 

as while meat extenders are not essential, manufacturers may want to include them in order to reduce 

the high costs of cultivated products. Instead, it may be best to mimic traditional meat texture through 

scaffold optimisation, moving away from the low expectations associated with plant-based burgers 

towards improved consumer satisfaction in a more traditional meat-like product.  

Moreover, as consumers are drawn to similarities with existing and familiar products when 

determining the quality of new products, it can be deduced that the mechanical and textural 

properties associated with meat organoleptic properties, should be considered when designing 

cultivated meat products. While these metrics do not guarantee that all properties will be identical at 

all levels, other measures such as contractile stress, intramuscular cohesion or shear, and tensile 

modulus may be more useful for comparing meats at a cellular level. That said, as organoleptic 

properties are perceived at a macroscopic level, the descriptors of burger quality identified in this 

study, namely flexural, compressive and cutting strains, hardness and chewiness should be prioritised.  

The results laid out in Table 13 show novel insights into the characterisation of the mechanical and 

textural properties of both beef and plant-based burgers. However, to effectively compare results 

within the wider literature, method standardisation is needed. Therefore, future work should 

investigate the effects of TPA variables (e.g. maximum strain or displacement rate), storage effects 
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(e.g. fresh or frozen), cooking parameters (e.g. rare to well-done, convection to conduction) and 

sample selection (e.g. mycoprotein) on the resulting properties of meat and propose a new set of ISO 

protocols for the characterisation of meat products that includes cutting and TPA. Finally, to establish 

a clearer link between the effects of perceived meat quality and the results obtained in this study, the 

psychology of consumer acceptance should be investigated by descriptive sensory analysis. This 

would, in turn, help advance the development of all alternative protein products to ensure consumer 

acceptance by design. 
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CHAPTER VI 

CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

The work presented in this thesis set out to design novel edible electrospun microcarriers that 

efficiently promote bovine mesenchymal expansion, with the future goal of scaling unstructured 

cultivated beef production. By developing edible microcarriers which can remain in the final product 

as supports for cell expansion, differentiation and tissue maturation, the need for cell dissociation is 

eliminated whilst opportunities of improving the nutritional and organoleptic properties of cultivated 

ground beef through scaffold engineering are opened up.  

Silk fibroin, extracted from the silk cocoons of Bombyx mori silkworms, is an abundant, low 

environmental impact and versatile fibrous protein with extensive applications in tissue engineering 

where it is used as scaffolds for regenerative medicine and as a preservative and sustainable packaging 

in the food industry. In addition, with its GRAS status, food-safe solvents and cross-linkers, and 

reported excellent cytocompatibility, mechanical properties, and electrospinnability, silk fibroin was 

chosen as a promising biomaterial for scaffold design.  

Non-woven silk fibroin mats were successfully electrospun using a benchtop needle-electrospinning 

setup for research and characterisation purposes. Optimising the polymer solution concentration and 

electrospinning parameters allowed the fabrication of randomly orientated, continuous, homogenous 

and defect-free nanofibers (98 – 160 nm in diameter) using a 12% (w/w) silk fibroin in formic acid 

polymer solution electrospun at 15 kV and 10 cm collector distance. The electrospun mats were 

subsequently stabilised by immersion in monohydric alcohols: ethanol (EtOH) or methanol (MeOH). 

Stabilisation was shown to induce a conformational shift in the protein secondary structure, 

converting Silk I irregular structures (mainly random coils) into Silk II highly ordered and stable anti-

parallel inter-molecular β-sheets. No differences were observed between the effects of EtOH and 

MeOH on β-sheet crystallinity.  When immersing silk fibroin nanofibers in EtOH, the conformational 

shift from silk I to Silk II occurred almost instantly (within 1 min of immersion). No change to β-sheet 

crystallinity was measured thereafter, even up to 1 hour of immersion. Given the similar performances 

of EtOH and MeOH, EtOH was chosen for further work as MeOH is toxic when ingested. Therefore, 

the default stabilisation method was chosen as 20 min immersion in 99.8% EtOH.  
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As a result of stabilisation, the aggregation of hydrophobic amino acids forming β-sheets (alanine, 

glycine and serine) made silk fibroin almost entirely insoluble in water, and after long immersion times 

(> 72h) water annealing appeared to improve hydrolytic stability of silk fibroin mats, making these 

alcohol-treated supports suitable for tissue culture in aqueous environments for at least 2 weeks, 

which is sufficient time to grow muscle tissue. Alcohol treatment also caused the nanofibres to swell, 

significantly increasing in diameter (160-180 nm), but halving the porosity and thickness of the 

electrospun mats. Moreover, the conformational shift, significantly increased the stiffness (350-450 

MPa) and brittleness of the previously ductile electrospun mats (100 MPa). It should be noted that the 

extremely high stiffness in both untreated and alcohol-treated electrospun mats far exceeded the 

stiffness of skeletal muscle extracellular matrix (ECM) which may affect its mechanotransductive 

effects on cell differentiation to soft tissues (muscle and fat). Despite this, the shear modulus proved 

more than sufficient to support the shear stresses encountered in bioreactors of any existing scale 

and impellor speed. 

To improve the cost effectiveness of electrospinning silk fibroin, silk fibroin was degummed from the 

raw silk of domesticated Bombyx mori silkworms using aqueous sodium carbonate (Na2CO3), a highly 

efficient and food safe method at low concentrations. The degumming ratio was lowest, around 30%, 

when using highly diluted Na2CO3 (0.2% (w/v)) indicating complete removal of silk sericin with very 

little silk fibroin loss. To become electrospinnable, the silk fibroin was then dissolved with calcium 

chloride (CaCl2) in a solution of CaCl2:EtOH:H2O in a 1:8:2 molar ratio, referred to as Ajisawa’s solution, 

a more sustainable and food safe alternative to the traditional method of dissolution in concentrated 

lithium bromide (LiBr), before being dialysed against water. The regeneration ratio was also lowest 

when using 0.2% (w/v) Na2CO3 indicating that sodium carbonate damaged molecular chains of 

degummed silk fibroin, reducing its molecular weight and resulting in protein loss during dialysis, an 

effect that increased with sodium carbonate concentration. As such, using 0.2% Na2CO3 significantly 

increased regenerated silk fibroin yields and reduced cost of production. Bulk purchase of raw silk 

could also reduce the cost of silk fibroin in production at scale. For the purpose of illustration, a 

notional price of 0.12 £/g silk fibroin was estimated based on the global market index price of raw silk 

cocoons and the regeneration ratio (this does not take account of the inhouse costs of the process of 

regeneration). 

The productivity of nanofibre production could also be improved considerably using needleless-

electrospinning methods. Using the NanospiderTM NS1S500U semi-industrial DC needleless-

electrospinner, nanofibres were produced at 40 kV at 10 cm at more than 100 times the speed of the 

benchtop needle-electrospinner. In addition, the integrated climate control improved the quality of 

the fibres, allowing better evaporation of formic acid and creating flawless nanofibres (150 nm 
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untreated to 170 nm EtOH-treated). With industrial-scale DC electropsinners able to produce fibres 

up to 1 kg/h (approximately 50000 times faster than the single needle benchtop electrospinner), this 

highly efficient method could enable the mass production of fibres needed for a scalable production 

of cultivated meat, without compromising on fibre quality.  In addition, silk fibroin was also 

successfully electrospun using AC needleless electrospinning, at 35 kV and 50 Hz, producing a thick 

plume of widely distributed large and partially orientated nanofibres (500 nm untreated). However, 

due to time constraints and the fact that this method is still in development, no further work could be 

carried out on this high potential electrospinning technique.   

Heat proved to be an efficient, easy and quick method for the sterilisation of electrospun silk fibroin 

due to its stability at high temperature (260-280 °C). Moreover, autoclaving at 121 °C for 20 min 

decreased the amount of formic acid traces bound to the nanofibres making the electrospun fibres 

less acidic and improving food safety. Bovine mesenchymal stem cells (bMSCs) seeded onto 

electrospun scaffolds were shown to attach and proliferate efficiently. The highest yields were 

obtained at the lowest seeding density (3000 cells/cm2), achieving a 48 h doubling time from day 1 to 

day 7 and a 22-fold increase at the end of the exponential growth stage (on the 7th day of culture). In 

addition, live/dead staining showed only live cells on the electrospun scaffolds after 8 days of culture, 

demonstrating the excellent cytocompatibility of silk fibroin. Although, cellular infiltration was likely 

minimal due to the micropores being much smaller than the cells, cell migration was effective and 

fluorescent microscopy images performed on day 13 of culture showed scaffolds covered in bMSCs as 

they reached confluency. It was assumed that cell attachment and proliferation was possible on the 

inert fibres due to favourable surface chemistry properties and in particular its mild hydrophilicity (56 

°) which is ideal for mesenchymal stem cell attachment.  

Further investigation of functionalisation of electrospun scaffolds to improve cell attachment and 

proliferation was carried out by testing blends of silk fibroin with psyllium husk (SFPH) and with zein 

(SFZ), in the polymer solution, and by UV-irradiating silk fibroin electrospun mats for up to 480 min. 

However, while no significant change to bMSC attachment or proliferation was measured on SFPH 

scaffolds, the dietary, health and antimicrobial properties of psyllium husk could be beneficial if these 

are conserved in the scaffolds or indeed in the final cultivated meat product. As such, it may be 

possible to reduce the incidence of red meat-associated diseases such as type-II diabetes, high 

cholesterol or even colorectal cancer, by consuming psyllium husk as part of the cultivated meat 

product. In contrast, SFZ was shown to significantly promote attachment, doubling times and yields 

when prepared with high percentages of silk fibroin (12% (w/w) in formic acid) and zein (≥ 6.25% (w/w) 

in formic acid) probably as a result of larger fibre diameters (424 – 637 nm) in the SFZ electrospun 
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scaffolds. Zein also possesses antimicrobial properties and, therefore, SFZ scaffolds may prevent 

bacterial contamination and improve the food safety of the cultivated meat product.  

UV-irradiation (at 254 nm) caused minor conformational changes from Silk II to Silk I that increased 

with exposure time. In addition, an increase in carboxyl functional groups were detected which 

increased with irradiation time, indicating the formation of negatively charged soluble photoproducts 

on the surface of the fibres. The effect of UV-functionalisation (≥ 240 min) proved to be detrimental 

on bMSC attachment and proliferation which were significantly worsened with longer exposure times 

(480 min), making this method unsuitable for functionalisation.  

To increase the scalability of bMSC expansion, the electrospun silk fibroin, SFPH and SFZ scaffolds were 

converted into novel electrospun non-spherical microcarriers. As a first proof-of-concept the 

electrospun microcarriers were engineered by manually slicing electrospun mats into micro-sized 

scaffolds with identical chemical, mechanical and structural properties as the macro-sized scaffolds 

(from which they were made). The hand-sliced microcarriers (hsMCs) appeared as irregular 𝑛-sided 

polygons with a constant height (matching the thickness of the original electrospun mat). Although 

they were slightly smaller than commercially available (Cytodex-3 and Solohill Plastic) microcarriers 

their surface area was within the same order of magnitude. Seeding the hand-sliced microcarriers was 

particularly inefficient due to the low density of the highly porous hsMCs, which caused many to float 

and prevented the sustained contact required for cell attachment. Moreover, experimental design 

limitations allowed cell loss through the cell strainers which held the microcarriers. Nevertheless, 

bMSCs were able to proliferate on hsMCs with an average 75 h doubling time during the exponential 

growth stage, matching bMSC growth on the functionalised Cytodex-3 and experimental Hybrid X 

microcarriers. In addition, by day 11, the hsMCs performed as well as the commercial microcarriers 

despite the fact that commercial microcarriers are functionalised with ECM proteins (in fact the 

measured yields were higher in hsMCs but this difference was not statistically significant). As with 

growth on SFZ scaffolds, bMSC growth on hsMCs made from zein and silk fibroin outperformed all 

microcarrier types with increased attachment (30% seeding efficiency), proliferation (56 h doubling 

time) and yields (17-fold increase), confirming the efficacy of the blends. To then explore the 

scalability of electrospun microcarrier fabrication, electrospun SFPH blended mats were cryomilled to 

form cryoMCs which appeared similar in surface area to hsMCs but lost their defined fibrous structure. 

Still bMSC growth on cryoMCs was not significantly different to growth on hsMCs, likely resulting from 

the higher density of cryoMCs which sunk in growth medium, and it is possible that roughness caused 

by shearing of the nanofibres on the surface of the cryoMCs improved cell adherence. 
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Relevant mechanical and textural properties of raw and cooked beef and plant-based analogue 

burgers (PBAs) were quantified and characterised to determine specific values directly relating to 

mouthfeel. Mechanical tests that mimicked chewing actions (flexion, compression and cutting) were 

shown to be most relevant to quantify the organoleptic properties of meat, with the yield strains being 

the best descriptors of quality. Likewise, differentiation between beef and PBA burgers was best 

achieved by measuring hardness and chewiness. Ingredient composition played a major role on the 

mechanical and textural properties of burgers, with beef and PBAs showing systematically different 

values. No clear relationship was observed between the textural and mechanical properties of meat 

burgers when compared by price or fat percentage, however a clear divide was shown when 

comparing burgers by meat content. As such, high meat content burgers (> 95%) displayed higher 

flexural strength, compressiveness, hardness and chewiness than lower meat content (76-82%) 

burgers and both had significantly higher values in these variables than the PBAs. The mushiness of 

PBAs was explained by their high yield strains and low chewiness, probably resulting from the 

excessive use of meat extenders and fat replacers that do not accurately replicate meat texture. While 

cultivated meat are still in development, the mechanical and textural properties of PBAs provide a 

lesson regarding consumer satisfaction. Cultivated meat products should not rely on meat extenders 

to bulk up the products, instead research could focus on developing edible supports that are designed 

to improve texture and are integrated into the cultivated meat product from the start. Finally, the 

values obtained could provide targets for cultivated meat production, however it should be noted that 

the lack of specific ISO testing standards for mechanical and textural testing of meat products limits 

comparisons between studies.   

6.2 Future work 

The work presented in this thesis provides the groundwork for future experiments on electrospun silk 

fibroin microcarriers for cultivated meat production. Had more time been available, four future work 

avenues could have been explored and are discussed here.   

6.2.1 Overcoming experimental limitations and reproducibility 

Although most of the work presented in this thesis has been statistically analysed for significance using 

one-way ANOVA and Tukey’s Honestly Significant Difference test, some experiments such as FTIR and 

SEM analysis of fibre morphology and size, consisted of measurements of single samples. As such, no 

standard deviation or formal statistics could be calculated. Moreover, bMSC proliferation on 

microcarriers was performed only once in triplicate which could not allow for experimental bias.  
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Rather than relying entirely on the literature to interpret and quantify protein secondary structures, 

complementary spectroscopic methods such as Raman spectroscopy (Lefèvre et al., 2017), X-ray 

crystallography (Narita et al., 2020) or even nuclear magnetic resonance (Asakura et al., 1999) could 

be used to validate the methodology for protein conformation quantification, thereby improving the 

accuracy of secondary structure content estimations (Belton et al., 2018).  

In addition, to avoid relying on indirect estimations of metabolically active cells and directly quantify 

live cell densities on scaffolds and microcarriers, all bMSC proliferation experiments could be 

repeated, this time by detaching cells with Trypsin-EDTA, and counting cells using a haemocytometer. 

Alternatively, the cells could be directly counted using fluorescent microscopy at defined time points 

or using live cell monitoring techniques to precisely measure bMSC attachment and growth kinetics 

on various substrates.  

Finally, measuring the density of cryomilled microcarriers (cryoMCs) could enable more accurate 

seeding on cryoMCs, enabling comparison with other microcarrier types. The density of cryoMCs could 

be measured by weighing packed cryoMCs in a known volume and then dividing the mass by the 

volume. Alternatively, the density of the cryoMCs could be measured in suspension using a 

hydrometer by measuring the buoyancy of the microparticles.  

6.2.2 Improving functionality 

To continue the functionalisation work explored in and characterised in Chapter IV, electrospun silk 

fibroin could be functionalised with cell adhesion motifs. This could be achieved by blending silk fibroin 

with pumpkin seed protein, which naturally possesses RGD and DGEA peptide binding motifs (Kong 

and Huan, 2023). Alternatively, chemical functionalisation strategies could be used to coat the 

electrospun scaffolds with recombinant capsular antigen fragment-1 (Caf1), a bacterial fimbrial 

protein that can be genetically engineered to mimic ECM cell adhesion motifs (Dura et al., 2022). 

Another option could involve degumming silk fibroin from wild Antheraea mylitta cocoons which 

naturally contains RGD peptide motifs (Boulet Audet et al., 2015; Naskar et al., 2021) however this 

would significantly reduce the scalability of silk fibroin regeneration due to its limited availability.  

In addition, it would be worth measuring the antimicrobial effects of zein, in SFZ electrospun fibres, 

against common meat pathogens such as gram positive (Staphylococcus aureus or Listeria 

monocytogenes) and gram negative (Escherichia coli or Salmonella enterica) bacteria. To achieve this 

SFZ microcarriers could be first suspended in agar, after which the agar could be inoculated with 

bacteria. Subsequently, colony forming units would be counted using a plate counting method and 

compared with positive and negative controls.  
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6.2.3 Investigating differentiation 

Due to the high stiffness of the electrospun randomly orientated silk fibroin nanofibres, it could be 

worth looking into possible spontaneous differentiation towards osteogenic lineages. This could be 

achieved by measuring osteogenic differentiation markers such as the expression of RUNX2, or 

accumulation of osteocalcin and alkaline phosphatase in cells (Nakamura et al., 2009; Sonomoto et 

al., 2016; Trivedi et al., 2020). Furthermore, it would be advantageous to measure the differentiation 

potential of bMSCs by swapping growth media with differentiation media after the exponential 

growth stage. This could be achieved by measuring the expression of early differentiation factors such 

as PAX7, MYOD1, and MYF5 using qPCR for myogenic lineages (Zhang et al., 2020) or measuring lipid 

accumulation using immunohistochemistry techniques (Yang et al., 2011) or histological stains such 

as Oil Red O for adipogenic lineages (Kraus et al., 2016). It would also be worth electrospinning silk 

scaffolds and microcarriers with aligned or woven nanofibers to promote myogenic differentiation 

and myoblast fusion (Kim et al., 2015) by using a fast-rotating collector drum (Kiselev and Rosell-

Llompart, 2011).  

6.2.4 Exploring bioprocess scalability 

The efficiency of hsMCs and cryoMCs could be investigated in dynamic conditions starting with growth 

in spinner flasks. First, it would be necessary to observe the behaviour of the microcarriers in response 

to varying agitation speeds as it is important that they neither float nor stay at the bottom of the flask. 

Then studies could investigate optimal seeding concentration (in cells/mL) and the best cells to 

microcarrier ratio for maximal seeding efficiency. Finally, the nutrient and oxygen flow and 

distribution could be investigated to prepare for work in stir tank bioreactors.  
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Appendix A 

 

Figure S1: FTIR normalisation steps. (A) Raw FTIR data, the blue line will be used as the control. (B) Transmittance spectra 
are converted to absorbance for data manipulation 𝐴 = 2 − 𝑙𝑜𝑔(%𝑇). (C) Noise is reduced by subtracting the average 

absorbance of the region spanning 1950 – 1900 cm-1 from the entire spectra. (D) Normalisation is achieved by matching the 
integrated absorbance of each spectrum from 1800 – 800 cm-1 against the integrated absorbance of the control. (E) The 

absorbance spectra are converted back into transmittance spectra for presentation purposes. As a comparison, (F) shows 
FTIR of the same region (1800 – 800 cm-1) without normalisation. 
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Figure S2: FTIR spectra of 99.8% (A) Ethanol and (B) Methanol (ν – stretching vibration; δ – bending deformation). 

The FTIR characteristic absorbance bands of EtOH are the C-O stretching vibrations in 1088 cm-1 and 

1046 cm-1 and C-O-C stretching vibration at 880 cm-1 while those of MeOH are the C-O stretching 

vibrations at 1118 cm-1 and 1021 cm-1. These characteristic bands are used to determine the presence 

of EtOH or MeOH in a compound (Garrigues et al., 1997). 
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Figure S3: Effect of 99.8% (v/v) EtOH-treatment time on the secondary structure of silk fibroin. (A) 0 min, (B) 10 min, (C) 20 
min, (D) 30 min, (E) 45 min and (F) 60 min and (G) untreated. (SC: Tyrosine side chains, iβS: intermolecular β-sheets, IβS: 

intramolecular β-sheets, RC: random coils, βt: β-turns). 
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Figure S4: Effect of 99.8% (v/v) MeOH-treatment time on the secondary structure of silk fibroin. (A) 0 min, (B) 10 min, (C) 20 
min, (D) 30 min, (E) 45 min and (F) 60 min and (G) untreated. (SC: Tyrosine side chains, iβS: intermolecular β-sheets, IβS: 

intramolecular β-sheets, RC: random coils, βt: β-turns). 
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Figure S5: Effects of EtOH (left) and MeOH (right) concentration on electrospun silk fibroin during a 20 min stabilisation. (A) 
100% (v/v), (B) 90% (v/v), (C) 80% (v/v), (D) 70% (v/v) and (E) untreated. (SC: Tyrosine side chains, iβS: intermolecular β-

sheets, IβS: intramolecular β-sheets, RC: random coils, βt: β-turns). 
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Figure S6: FTIR spectrum of 98%+ formic acid (ν – stretching vibration; δ – bending deformation). 

The FTIR characteristic absorbance bands of formic acid are C=O stretching vibrations at 1697 cm-1 

and C-O stretching vibrations at 1171 cm-1.  
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Appendix B 

 

Figure S7: Stress:strain curve of needle-electrospun regenerated silk fibroin (A) before (SF12-U) and (B) after EtOH treatment 

(SF12-E). 

EtOH-treatment increased the Young’s modulus from 154.3 ± 33.1 MPa to 356.9 ± 84.0 MPa, the 

ultimate tensile strength from 2.4 ± 0.7 MPa to 4.3 ± 1.1 MPa, and reduced yield strain from 3.3 ± 0.9% 

to 1.8 ± 0.5% in NSF12-U and NSF12-E, respectively. As such, no differences were observed between the 

tensile properties of needle electrospun commercial silk fibroin and regenerated silk fibroin.  
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Figure S8: PrestoBlue assay calibration curve in for experiments in 24-well plates. This calibration curve was used to 

quantify cell density and growth kinetics for all scaffold experiments. 

 

Figure S9: Exponential growth phase on electrospun silk fibroin seeded at 3000 (grey), 6000 (orange), 10000 (grey) 

cells/cm2. Results displayed as mean ± 𝑆𝐷. 

The trendlines for cells grown on 3000, 6000 and 10000 cells/cm2 demonstrated an exponential 

growth between day 1 and day 7, as shown by high R2 values. Beyond day 7 the R2 of the exponential 

trendlines reduced considerably indicating slowing down of the proliferation rate.   
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Appendix C 

 

Figure S10: Spectral decomposition of the amide I of SFZ untreated electrospun blends. (A) SF12-U, (B) SF9Z6.25-U, (C) SF6Z12.5-
U, (D) SF3Z18.75-U, (E) Z25-U, (F) SF12Z6.25-U and (G) SF12Z12.5-U. 



241 
B. Dagès, PhD Thesis, Aston University, 2024 

 

Figure S11: Spectral decomposition of the amide I of SFZ EtOH-treated electrospun blends. (A) SF12-E, (B) SF9Z6.25-E, (C) 
SF6Z12.5-E, (D) SF3Z18.75-E, (E) Z25-E, (F) SF12Z6.25-E and (G) SF12Z12.5-E. 
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Figure S12: Stress:strain curve of EtOH-treated needle-electrospun silk fibroin SF12Z6.25-E. 

EtOH-treated SF12Z6.25-E electrospun mats had a Young’s modulus of 671.1 ± 83.4 MPa, an ultimate 

tensile strength of 7.6 ± 1.3 MPa, and a yield strain of 1.4 ± 0.3%. Therefore, blending silk fibroin 

with zein increased the brittleness of the electrospun scaffolds. 

 

 

Figure S13: PrestoBlue assay calibration curve in for experiments in 6-well plates. This calibration curve was used to 

quantify cell density and growth kinetics for all microcarrier experiments. 


