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Abstract 
 

The sustainability of conventional meat production has long been in question [1]. An 

alternative may be found in in vitro production of meat from myogenic progenitor cells. A 

crucial component in this model is a highly renewable, easily processed, edible, and non-

animal-derived bioscaffold [2, 3]. This thesis explores the compatibility of a small number of 

natural biomaterials, mainly plant-based to satisfy the aforementioned criteria, and their 

development into a bioscaffold on which myogenic cells may be cultured into muscle tissue.  

Hydrogel scaffolds were produced from κ-carrageenan by crosslinking aqueous 

carrageenan solutions using potassium chloride (KCl). The resultant hydrogels were highly 

susceptible to degradation, and results provide evidence that this is due to displacement of 

the crosslinking potassium ions by ambient sodium ions. Results showed that the surface 

coating of these hydrogels imparted stability, particularly when chitosan was used as the 

coating material. However, coated hydrogels still appeared to lack the ability to support 

C2C12 cell growth. Another coating material, Bombyx mori silk fibroin (SF), was briefly 

analysed independently for its biocompatibility with myogenic cells. Films of this silk fibroin 

were able to support C2C12 proliferation and differentiation. Microfluidic flow focusing was 

used to produce SF microcarriers. When a mixture of methanol, oleic acid, and span 80 

was used as the continuous / outer phase, SF particles with mean diameters as high as 

318.87 µm ± 17.89 µm were produced.  

Zein was analysed for its ability to support the growth (measured by resazurin 

metabolic assay), spreading (via image analysis), and differentiation (image analysis after 

immunostaining for myosin heavy chain) of myogenic cells on zein films alongside tissue 

culture plastic (TCP) controls. Zein displayed an ability to facilitate these cell functions to a 

degree comparable to that of TCP Various methods were employed in order to produce 

scaffolds from zein which would be well-suited for implementation in commonly used 

bioreactor designs: microfluidic flow focusing and emulsification precipitation for 

microcarrier scaffolds, as well as wet-spinning into a non-solvent (water) for macrofibre 

membranes, and electrospinning for nanofibres. The attempts to produce microcarriers and 

wet-spun fibres were unsuccessful, with the majority of particles exhibiting mean diameters 

consistently below 50 µm, and fibres failing to precipitate into solid constructs. Electrospun 

nanofibers were successfully produced, but showed instability in water. Carbodiimide-

crosslinking appeared to stabilise the fibres, but reduced their cytocompatibility. 

Crosslinking via treatment with citric acid also imparted stability, but considerably increased 

the time taken for production. Allowing the fibres to remain adsorbed to a substrate 

stabilised the fibres without these drawbacks, and so electrospun zein fibres show great 

potential as a bioscaffold for cultured meat and wider tissue engineering applications. 
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Chapter 1 – Introduction 
 
1.1 Thesis overview 
 

This work attempts to determine whether a purely plant-based bioscaffold can be produced 

which can support the proliferation and differentiation of myogenic cells to a degree 

comparable to scaffolds produced from animal-derived or synthetic biomaterials, in order to 

further develop the field of cultured meat. This chapter contains a literature review of tissue 

engineering with particular emphasis on muscle-tissue culture. Topics of focus will include 

an overview of tissue engineering, an overview of cultured meat, sources of myogenic cells 

and their development into muscle tissue, choices of biomaterials for use in scaffolds, and 

considerations for scaffold design. The aims and objectives of this body of research will be 

stated at the end of the chapter. Chapter 2 details the experimental methodologies (and 

materials) used in this research. Chapters 3, 4, and 5 present and discuss the results of the 

research. Chapter 3 explores the use of carrageenan scaffolds for the culture of myogenic 

cells. Chapter 4 analyses the cytocompatibility of zein and silk fibroin (from bombyx mori) 

with regard to myogenic cells, and chapter 5 explores methods of developing these 

materials into more complex bioscaffolds whose morphologies are well-suited to bioreactor 

implementation. Chapter 6 summarises the work presented throughout this thesis, drawing 

conclusions and discussing potential avenues for further work.  

 

1.2: Tissue Engineering 
 
Any work in which engineering and biological sciences are applied to the production, 

maintenance, or restoration of biological tissue can be classed as part of the 

multidisciplinary field of tissue engineering [4]. Though tissue engineering is a highly 

interdisciplinary field, the general paradigm is usually geared toward regenerative medicine 

applications, as outlined in figure 1.01.  
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Figure 1.01: Overview of the tissue engineering process with emphasis on regenerative medicine: 

the usual application of the field. Created with Biorender.com.  

 

As can be seen in figure 1.01, the typical process involves the isolation of stem cells from 

a patient, the expansion of their numbers (which can be greater than 1010 cells if 

transplanting fully differentiated cells which will no longer proliferate in vivo [5]), and their 

seeding onto scaffolds. These scaffolds (shown in figure 1.01 as particulate and fibrous 

scaffolds) are placed into a bioreactor to facilitate their development into complex 3-

dimensional tissue, which can then be implanted into the patient in order to replace 

defective tissue or grafted to aid recovery of damaged tissue. 

 
1.2.1 Scaffold design 
 
1.2.1.1 Biomaterial sources 
 
Biomaterials from which scaffolds are constructed are typically one of three general classes 

[6]. Natural polymers are perhaps the most effective choice, as these are commonly 

bioactive; containing molecular structures that bind cells and induce signalling pathways [6]. 

Synthetic biomaterials have the drawback of not typically being innately bioactive (for which 

reason areas of research such as bioprinting are key, wherein scaffolds can be effectively 

functionalised via 3-dimensional (3D) printing of bioactive features), though their structure 

and mechanical properties can be tuned more easily than natural polymers [7]. A third 

category, ceramics, are typically defined by their mechanical properties: in that they exhibit 

high levels of brittleness [6]. They are not typically applied to scaffold designs for soft tissues, 

being more suited for bone-tissue culture [6].  
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1.2.1.2 Fibrous scaffolds 
 
Scaffolds for tissue engineering can be produced by a wide variety of methods [8]. Fibrous 

scaffolds can, for example, come in the form of nanofibers [9] or macro-sized hollow fibre 

membranes [10]. The former are particularly attractive as they mimic the structure of the 

fibrous extracellular matrix (ECM) [11, 12].  

 

Electrospinning is a notable method by which nanofibrous scaffolds can be produced. In 

the electrospinning design, a polymer solution is extruded through a spinneret onto which 

an electrode is attached [13, 14]. When the electric charge administered to the spinneret is 

sufficient to overcome the surface tension of the polymer solution droplet at its tip, the 

polymer solution erupts as a jet [13, 14]. As the solution is drawn out into an ultrathin stream, 

the solvent evaporates, leaving the polymer as a solid fibre [13, 14]. The charged polymer 

fibre is drawn to an earthed collector, causing it to stretch [13, 14]. The surface charges of 

the fibre also give rise to repulsion forces, which causes a whipping effect as the fibre travels 

to the collector [13, 14]. This is similar to the practice of dry-spinning, wherein a polymer 

solution extruded from a spinneret is subjected to heat instead of electrostatic forces, which 

causes evaporation of the solvent and leaves behind a solid, ultrathin polymer fibre [14]. 

 
Wet-spinning is a process by which macroscopic fibres can be produced. In this model, the 

polymer solution is extruded directly into a coagulation bath, which contains a liquid which 

is miscible with the polymer solvent but is a non-solvent for the polymer itself [14]. Phase 

exchange takes place between the polymer solvent and the coagulation bath’s non-solvent, 

leading to precipitation of solid polymer fibres [14]. This approach can also be used to 

produce hollow fibre membranes via the simple addition of a boring element at the centre 

of the polymer solution stream [10, 15].  

 

These methods for producing fibrous scaffolds are illustrated in figure 1.02.  
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Figure 1.02: Overview of various methods of producing fibrous scaffolds. A: electrospinning, B: wet-

spinning, C: dry-spinning. Created with Biorender.com 

 

1.2.1.3 Particulate scaffolds 
 

Particulate scaffolds may be used in two ways. Cells may be encapsulated within the 

particles, commonly by suspending them in the polymer solution before being formed into 

solid particles. Cells may also be seeded on the surface of the particles, and particles used 

for this purpose are termed microcarriers. Microcarriers have the advantage of a large 

(combined) surface area on which to seed cells, as well as being compatible with various 

designs of bioreactors (to be discussed in section 1.2.2). Another advantage of the use of 

particulate scaffolds, is that more microparticles can be added to the culture environment 

as cell proliferation occurs, as cells are able to migrate between beads [16].  

 

There are various methods by which microparticles can be produced. Emulsification 

precipitation, illustrated in figure 1.03, is perhaps the most commonly employed method by 

which microparticles are generated [17]. This procedure involves mixing the polymer 

solution with a non-solvent, often hydrophobic in nature [17]. The solutions are agitated, 

which generates shear stress [17]. This in turn causes the polymer solution to form droplets 

which are suspended as an emulsion in the non-solvent, and can then be precipitated or 

crosslinked to generate solid particles [17].  
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Figure 1.03: Overview of emulsification precipitation production of microparticles. Created with 

Biorender.com. 

Another method by which microparticles can be produced, microfluidic flow focusing 

(illustrated in figure 1.04), also relies on generating shear forces between two immiscible 

solutions in order to generate microparticles: in this design, a solution of non-solvent (be it 

a hydrophobic phase such as oil [18], or a crosslinker solution [17], as appropriate for the 

polymer) is pumped through a the double-ended section of a T-shaped flow channel and 

allowed to flow out of the exit aperture. This non-solvent is referred to as the “continuous” 

or “outer” phase. The polymer solution, referred to as the “disperse” or “inner” phase, is then 

pumped in, at a slower flow rate, via the second flow channel. The mechanical sheer 

exerted upon the incoming, slower-flowing polymer solution (the disperse phase) by the 

faster-flowing non-solvent solution (the continuous phase) causes the disperse phase to 

enter the continuous phase as droplet suspensions [17]. Microfluidic flow focusing is noted 

to provide a higher degree of control over resultant particle size when compared to other 

particle producing techniques [17]. 
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Figure 1.04: Overview of microfluidic flow focusing for production of microparticles. Created with 

Biorender.com.  

 

To summarise, fibrous and particulate designs for scaffolds each have their own distinct 

merits that make them suitable for the work presented here: nanofibrous scaffolds have the 

distinct advantage of simulating the fibrous nature of the extracellular matrix (ECM) [11, 12]. 

Larger macrofibre membranes have the potential to be applied to innovative bioreactor 

designs (see section 1.4.4.1), wherein large amounts of cells can be cultured on their vast 

surface area, whilst requiring relatively little growth medium [10, 15]. Particulate scaffolds 

are highly versatile; being applicable to a wide-range of bioreactor designs [19, 20], and 

afford the ability to add more particles to a culture system as cell populations increase [16].  
 

1.2.2 General function and design of bioreactors 
 

A bioreactor is an umbrella term for a vessel in which cell culture can take place, and whose 

conditions (such as temperature, potents of hydrogen (pH), oxygen (O2) and carbon dioxide 

(CO2) concentration) can be precisely monitored and controlled [20-22]. Whilst the role of 

the bioscaffold is essentially, as mentioned, to provide a mechanical framework to which 

cells may adhere, and to provide molecular stimulation for their signalling pathways, the 

role of the bioreactor is essentially to provide for the cells’ needs in terms of physiological 

environment.  
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Critically, with regard to tissue engineering applications, a bioreactor must aim to reproduce 

the physiological conditions the cultured cells would experience in vivo [20]. Other important 

aspects of an ideal bioreactor are the ability to carry out cell culture under antimicrobial 

conditions and a high degree of adaptability; since fully developed tissue is usually 

composed of more than one type of cell, and the physiological needs of the cells are likely 

to change over time [21] (for example, a reduction in serum triggering differentiation of 

densely populated myoblasts). Another is the capacity to produce dynamic conditions within 

the culture environment; static conditions in bioreactors are unfavourable, as they lead to 

the build-up of variances in factors such as pH, oxygen and CO2 concentration, and 

presence of nutrients of cellular waste products throughout the culture environment [21]. 

Many types of cells also experience mechanical stimuli in vivo: a need which bioreactors 

must also accommodate [21]. Notably, the aforementioned dynamic environment of the 

bioreactor produced the first mechanical force exerted on the cells (in the form of sheer 

stress) [21, 23]. Of particular relevance to this work, muscle tissues experience stretching 

and self-generated contractile forces. Bioreactors can facilitate the former by exerting 

tensile stress on the cultured cells, and the latter by application of electrical current [23], to 

be discussed further in section 1.5.  

 

Bioreactors come in many forms, usually (but not always) classified by their method of 

producing a dynamic internal environment. Notable examples include: Stirred tank 

bioreactors, in which a physical stirrer agitates the liquid environment of the vessel, are 

perhaps the most common form of bioreactor. The aforementioned stirred flask is of course 

an example of the stirred tank bioreactor [20, 24, 25]. Rotating wall bioreactors, which 

involve a horizontal, cylindrical vessel whose outer wall rotates, these bioreactors have the 

advantage of producing a dynamic environment for cultured cells whilst maintaining low 

shear stresses [20, 23, 26]. Stirred-tank and rotating wall vessels are particularly suited to 

particulate scaffolds. Hollow fibre bioreactors, which are specially designed to work with a 

particular type of scaffold, that being (as the name implies) hollow fibre membranes. Hollow 

fibres allow cells to adhere to the internal or external surface of the fibre, presenting a large 

amount of scaffold surface area on which cells may adhere, and their structure replicates 

blood capillaries which supply cells with essential factors in vivo, as culture medium can be 

transported along the hollow interior and diffuse through the porous walls [10, 20, 27]. 

Alternately, medium can be perfused across the outer surface of the fibres, and cells 

adhered to the interior surface are shielded from shear stress of the liquid flow, which may 

allow for higher flow rates and higher degrees of nutrient delivery [10, 20]. The hollow fibres 

of Ellis et al. were applied to a bioreactor by taking a bundle of 10 such fibres and encasing 

them in a glass tube, culture medium could then be applied coaxially [15]. Airlift bioreactors, 
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which inject gasses at the base of a vertical cylinder. As the gases rise through the culture 

medium, they create dynamicity in the liquid, before escaping through the top [28]. Fixed-

bed bioreactors, which involve the immobilisation of cells onto a static matrix (usually affixed 

to the interior wall of a cylindrical vessel), with medium and oxygen delivered by radial flow 

through the centre [29]. These are perhaps well-suited for fibre matrices. Fluidised-bed 

bioreactors, which involve cells on or encapsulated within microparticles that are not fixed 

to a surface within the vessel. The culture medium flows through a vertical cylinder with 

filters to prevent the microparticles escaping the reactor with the outflow of medium, and 

the microparticles are thusly fluidised within the reactor [30]. These are also suited for 

particulate scaffolds. A summary of these bioreactor designs is illustrated overleaf in figure 

1.05. 
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Figure 1.05: Summary of bioreactor designs discussed in section 1.2.2. A: Stirred-tank bioreactors 
as described by Martin et al. [20] i) continuous flow, ii) batch feed. B: Rotating wall bioreactor as 

described by Martin et al. [20] C: Hollow-fibre bioreactor as described by Wung et al. [10]. D: Airlift 

bioreactor as described by Ondrey [28] E: i) Fixed-bed bioreactor as described by Pörtner and 

B 

C 
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E 

i) ii) 

A 

i) ii) 
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Barradas [29], ii) fluidised-bed bioreactor as described by Nikravesh et al. [30].  Created with 

Biorender.com 

 

1.3 Myogenic cells and myogenesis 
 
1.3.1 Features of muscle tissue 
 
Muscle cells are characterised by their high degree of actin and myosin expression, giving 

rise to a contractile system far more developed than that of other types of cell [11]. It is well 

known that mammalian muscle tissue comes in four varieties: skeletal muscle, cardiac 

muscle, smooth muscle, and myoepithelial muscle [11]. The skeletal and cardiac varieties 

differ from the latter two in that their contractile proteins (actin and myosin) are arranged 

into aligned structures, allowing the cells to contract more efficiently along an axis [11]. 

Specifically, thick myosin bands are enclosed by thin actin bands in long chains whose 

repeating units are known as sarcomeres [31]. These two categories of striated muscle are 

distinct from one another in that skeletal muscle is the variety of muscle tissue responsible 

for voluntary movement, whereas cardiac muscle operates on an involuntary basis [11]. 

Smooth muscle cells are not striated, and so not specialised for contraction along any 

particular axis, and are involved in involuntary mechanical processes such as the movement 

of food along the gastrointestinal tract [11].  

 

Skeletal muscle is the tissue of focus in this work, as it is the type of muscle most often 

consumed as meat. In addition to their actin / myosin striations, skeletal muscle cells are 

defined by their being composed of multiple nuclei from numerous progenitor cells which 

have fused together into a tubular shaped cell, termed a myotube [11]. These myotubes 

align together in bundles surrounded by connective tissue (termed the perimysium) to form 

superstructures known as muscle fibres, which in turn align to form a complete skeletal 

muscle (also surrounded by connective tissue, termed the epimysium) [11, 31].  

 

The myotubes of skeletal muscle are further subcategorised by the nature of their 

contractile ability: “fast twitch” muscle fibres are specialised for quick contraction, operate 

via anaerobic respiration and contain fewer mitochondria than their “slow twitch” 

counterparts, which are specialised for slower but sustained contraction powered by 

aerobic respiration [11, 31, 32]. 
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1.3.2 Origin of myogenic progenitor cells in vivo 
 

The term “myogenesis” refers to the formation of muscle tissue, and of course myogenic 

cells are precursors of differentiated muscle cells. Skeletal muscle is the tissue of focus in 

this work, as it is the type of muscle tissue which is most often consumed as meat. The 

defining traits of fully developed skeletal muscle cells are their arrangements of actin and 

myosin to create striations, the presence of multiple nuclei, an overall tubular shape, and 

their involvement in voluntary movement (as opposed to cardiomyocytes, which have 

striations but are not under voluntary control of the larger organism) [11]. Skeletal muscle 

cells, also referred to as myotubes, are formed from multiple myogenic precursor cells 

termed myoblasts [11]. Myoblasts first appear during embryonic development; arising from 

cell-blocks called somites  (which in term arise from the mesoderm (one of three germ layers 

in early embryos)  [11, 33]. These cell blocks give rise to more specialised forms of cells, 

including myoblasts which, as stated, are precursors for skeletal muscle cells [11].  

 

1.3.3 Formation of myotubes from myoblasts 
 

While proliferating, myoblasts exhibit spreading (also referred to as migration or motility) 

where rearrangement of the actin cytoskeleton produces changes in the overall shape of 

the cell, which becomes elongated and jagged [34]. This spreading / migration is a precursor 

stage to myoblastic aggregation, wherein myoblasts interact by way of their cell surface 

receptors [35]. Knudsen et al. noted that neural cadherin (N-cadherin), a surface-expressed 

adhesion molecule which facilitates cell-cell adhesion via homophilic associations [11], is 

involved in myoblast aggregation: the introduction of anti-N-cadherin antibodies inhibited 

this aggregation [35]. This also had a deleterious effect on the subsequent stage of myotube 

development: fusion [35].  

 

With removal of signal proteins such as fibroblast growth factor and hepatocyte growth 

factor, myoblastic proliferation becomes arrested, and the individual myoblasts merge to 

form multinucleated myotubes [11]. The number of cells fusing to form myotubes is 

commonly expressed as a percentage of the total cell population, and termed the fusion 

index. Myoblast fusion is facilitated by activation of various genes [11], which lead to 

increased expression of a variety of adhesion proteins, both cell-cell surface adhesion 

proteins as previously described, and cell-matrix adhesion proteins such as integrin α3, 

whose inhibition also leads to reduced myoblast fusion [36]. The ability of myoblasts to fuse 

into myotubes was not fully eliminated in the aforementioned study of Knudsen et al. owing 
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to the presence of adhesion glycoproteins that, unlike N-cadherin, operate independent of 

calcium [37]. The various adhesion proteins interact with each other to form complexes: for 

example, integrin α3 associates with CD9 and CD81, while integrin α4 associates with 

vascular cell adhesion protein 1 (VCAM-1) and then also with integrins β1 or β7, denoting 

the highly intricate nature of cell-cell binding in myoblast fusion [36]. Binding of myoblasts 

via cell-cell binding proteins is not sufficient to produce myotubes, however. Following this, 

the adhered cells begin to rearrange their actin cytoskeleton in order to bring their 

membranes as close as possible [38]. It is theorised by Kim et al. that the bilayer 

membranes of the cells are then rearranged in order to bring phosphatidylserine lipids 

(which typically reside on the interior surface of the membrane bilayer) of each into contact, 

which facilitates destabilisation and subsequent merging of the cell membranes [38, 39]. 

Phosphatidylserine expression on the outer membrane surface is noted to play a role in 

apoptosis by signalling for macrophage engulfment [39], which would also involve structural 

changes in the membrane of the macrophage. Indeed, Jeong et al. demonstrated that 

phosphatidylserine is presented on the cell surface during myoblastic fusion, and that the 

introduction of phosphatidylserine produced in vitro enhances the formation of myotubes 

[39]. Once myoblasts have been incorporated into the larger structure of the myotube, their 

nuclei permanently cease replication of DNA [11]. More myoblasts can be added to the 

myotube structure, but this process is eventually halted by the secretion of a signalling 

protein, myostatin, from the myotube itself, which prevents proliferation and differentiation 

of myoblasts [11].  

 

1.3.4 Satellite cells 
 

This cessation of deoxyribonucleic acid (DNA) replication and prevention of additional 

myoblasts to the myotube does not, however, mean that the myotube cannot grow further. 

Cells termed satellite cells are found in between the basal lamina of the myotube and the 

cell membrane [11, 40]. Even upon their first published identification by Mauro, satellite cells 

were correctly hypothesised to recommence myoblastic function in the event of damage to 

the myotube [41]. The degree of damage to the myotube(s) have a direct impact on the 

number of satellite cells activated, and the length of their period of proliferation before 

entering the differentiation stage [40]. The activation of satellite cells is likely induced by the 

release of inflammatory response molecules when damage to the myotubes occur [40]. In 

their dormant state, satellite cells have been noted to hold low densities of organelles within 

their cytoplasm (including Golgi apparatus, endoplasmic reticulum, and mitochondria) [42]. 

Upon stimulation however, satellite cells were observed to increase their volume of 

cytoplasm and increase organelle development [42]. Satellite cells can be found in larger 
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numbers in slow-twitch muscle fibres as opposed to fast-twitch fibres, and are generally 

found toward the ends of the muscle fibres [40]. It has been noted that the stage of satellite 

cell activity can be ascertained by analysis of the markers they express; satellite cells in a 

state of proliferation will express paired box 7 (Pax7) and myoblast determination protein 

(MyoD), whereas those in a state of differentiation will express only MyoD [40]. The capacity 

of satellite cells to form new muscle tissue is not unlimited: excessive and repeated 

stimulation will eventually exhaust their ability to proliferate [11].  

 

1.3.5 The use of myoblasts versus satellite cells 
 
Whether for production of muscle grafts for reimplantation into a patient from whom the cells 

were derived, or for production of muscle tissue for consumption as meat, satellite cells are 

the ideal choice. With regard to the production of muscle grafts, cells would need to be 

harvested from the patient in order to prevent immune rejection upon reimplantation, which 

necessitates the use of satellite cells as this will involve post-natal specimens. With regard 

for the cultivation of muscle tissue for consumption, the use of a post-natal donor herd would 

be far simpler than large-scale use of embryos, and is less likely to raise ethical concerns 

among consumers. Their main advantage is that they can be harvested from postnatal 

muscle biopsies, whereas myoblasts would need to be harvested from embryos, which are 

far more difficult to source than simple muscle biopsies, and may raise ethical concerns 

amongst patients and / or consumers. However, the process of isolating primary satellite 

cells from existing muscle tissue is labour intensive and costly [43] . The work presented in 

this thesis utilises an immortalised myoblastic cell line (C2C12) rather than primary satellite 

cells. Cell lines have the capacity for a vast number of doublings, potentially unlimited, in 

contrast with primary cells which have a finite capacity for proliferation [11, 43-45].  Since 

repeatedly taking biopsies from relevant tissue and isolating cells of finite proliferative 

capacity would place a substantial drain on time and resources, many research studies 

concerning tissue engineering utilise immortalised cell lines as model cells. Mouse-derived 

C2C12 myoblasts are used as model myogenic progenitor cells in a vast number of such 

studies, including the work presented in this thesis, this ensures comparability of the results. 

Additionally, as of the time of this work, there is a lack of commercially available livestock-

derived immortalised cell lines.  

 

As stated, however, a functional model of in-vitro meat production would utilise satellite cells 

derived from muscle biopsies from donor herds. This is due to numerous factors including 

a loss of or alteration cell functions as a result of the processes for generating continuous 
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cell lines (such as, irradiation and introduction of carcinogens) [44]. For example Alge et al. 

noted that primary retinal epithelial cells exhibited increased expression of proteins involved 

in key processes such as cell adhesion, migration, and ECM interactions when compared 

to hTERT cell lines [46]. Additionally, the lack of commercially available, livestock-derived, 

immortalised cell lines and consumer concern regarding the use of genetically modified 

organisms (which an immortalised cell line would be) in food are further considerations as 

to why primary cells would be used in the final model of cultured meat over cell lines.  

 

In summary, due to their cost-effectiveness, potentially unlimited proliferative potential, and 

ease of use, cells of the immortalised C2C12 line are to be used in research to assess the 

viability of potential biomaterials and scaffold designs for the culture of muscle-tissue. 

Production of the consumable meat would be done using primary cells, specifically satellite 

cells isolated from muscle biopsied taken from livestock donor herds.  
 

1.4 Scaffolds for muscle-tissue culture 
 

1.4.1 General function of the scaffold 
 
In order to understand the role of the scaffold in this process, one may study the gold-

standard scaffolds produced and used by the cells themselves in vivo, that being the 

aforementioned ECM [11]. The most obvious role of the ECM is to provide a structural 

framework on which adherent cells may grow, in the same way construction scaffolding 

provides a framework to support the construction of a building, and for a time this was 

thought to be the sole function of the ECM [47]. It has since become clear that the molecular 

structure of the ECM initiates cell signalling pathways via associations with their 

transmembrane receptors, and these signalling pathways govern a vast array of cellular 

processes from proliferation to apoptosis [12, 47], and immobilise growth factors [48]. With 

this in mind, scaffolds produced and used in vitro must have the capacity to provide a 

structural framework for cells and molecular properties which can initiate the correct 

signalling pathways of adhered cells. 

 

An important aspect of muscle-tissue culture is the production of aligned myotubes, as this 

facilitates the contractile abilities of the muscle [9, 11, 49]. Differentiating myoblasts can be 

induced to form myotubes in alignment with one another by modifying the topography of the 

scaffold. For example, Aviss et al. and Choi et al. induced the formation of aligned myotubes 
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by producing electrospun nanofiber matrices where the fibres exhibited a high degree of 

alignment, as opposed to randomly aligned fibres [9, 49]. 

 

1.4.2 Gold-standard biomaterials for muscle-tissue culture 
 
As stated, the ECM represents the gold-standard bioscaffold produced in vivo. It is no 

surprise, therefore, that the various biomaterials which form the ECM are well-suited for 

production of scaffolds in vitro. Three distinct layers have been characterised in the ECM of 

skeletal muscle [50]: the epimysium: which encases the complete muscle, the perimysium: 

which encases bundles of myotubes, and the endomysium: which encases individual 

myotubes [50]. The ECM is composed of various proteins:  

 

Collagen is the most notable biomaterial for use in tissue culture, being the most prominent 

protein of the extracellular matrix and indeed the mammalian body, accounting for 25% of 

all proteins in the body [11]. There are many types of collagen; types I, II, III, V, and IX have 

a fibrous morphology [11, 51], and types I and II are most prominent collagens in skeletal 

muscle ECM [50].  

 

Fibronectin is another notable protein of the ECM. It is a glycoprotein dimer composed of 

two subunits joined by a disulphide bridge [11, 51]. It is not naturally fibrous, but cell-binding 

can cause it to become so, formation of additional disulphide bonds connect dimers and 

lead to the formation of insoluble fibronectin fibrils [11, 51]. Each of the dimers are 

composed of domains, which contain modules that facilitate associations with other 

fibronectin dimers (as described), binding to cell surface adhesion receptors, as well as 

binding to heparin, collagen, and laminin to facilitate organisation of the ECM [11, 50-52].  

 

Also present in skeletal muscle ECM is laminin [50, 51], specifically in the basal lamina [11, 

50]. Laminin-1 is composed of three chains, α, β, and γ, which intertwine in a helix before 

separating [11, 51]. The α chain of laminin as well as the coil-structure of the protein are 

able to bind to cell-surface integrins [11, 50], and the α chain in particular has been noted 

to be integral in the formation of myotubes [50].  
 

Also notable are gelatin and Matrigel, neither of which are present in the ECM, but are 

derived from ECM proteins. Gelatin is formed from hydrolysis of type I collagen [51, 53], 

and Matrigel is a blend of basal laminar proteins including laminin and type IV collagen [54].  
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The individual components of the ECM have the capacity to support cell growth: For 

example, Bardouille et al. cultured C2C12 myoblasts to differentiated myotubes on Petri 

dishes coated with collagen [55]. Chaturvedi et al. cultured C2C12 myoblasts to 

differentiated myotubes on type I collagen and fibronectin [50]. Chaturvedi et al. also, 

however, demonstrated that the complex assembly of these various components provides 

an optimal scaffold on which myogenic cells may be cultured: they found that although 

collagen and fibronectin supported proliferation and formation of myotubes to a degree 

highly comparable to that on the decellularised ECM, myotubes formed on the 

decellularized ECM exhibited a higher degree of alignment, and that the decellularized ECM 

appeared to induce activation of genes associated with differentiation to a more efficient 

degree than collagen or fibronectin alone [50]. Wilschut et al. in particular, compared 

myoblastic cell culture on all of the above-mentioned materials [52]. They noted that all were 

able to support the culture of myoblasts to differentiated myotubes [52]. However, there was 

an apparent variance in the efficiency with which this was accomplished: the cells cultured 

on Matrigel appeared fully confluent after 3 days. Those on collagen and gelatin appeared 

to be near-confluent, cells on fibronectin showed a moderate degree of proliferation, and 

laminin samples showed a relatively high amount of empty space on the culture surface 

[52]. They also analysed the expression of differentiation markers over time on the 

biomaterials: 2 days after the induction of differentiation, cells on collagen and gelatin 

showed significantly higher expression of desmin than those on other biomaterials [52]. At 

the same timepoint, cells on Matrigel and laminin appeared to show the highest expression 

myosin heavy chain (MYH) 2, and at the 5-day timepoint, cells on Matrigel exhibited 

significantly higher expression of myogenin than those on other biomaterials [52]. Myotubes 

formed on these biomaterials also showed an apparent variance in fusion indices: cells on 

laminin appeared to show the highest fusion indices, followed by Matrigel, gelatin, collagen, 

and fibronectin at the lowest [52].  

 

1.4.3 Other biomaterials in scaffolds for muscle-tissue engineering 
 
1.4.3.1 Silk fibroin 
 
Silk proteins are produced by a variety of insect and arthropod species. Silk as produced 

by insects is composed of two proteins: fibroin and sericin [56]. The fibroin forms a fibrillar 

core, whilst the sericin exists as a gum sheath surrounding the fibroin [56]. Whilst sericin 

exhibits some degree of cytocompatibility, it is also noted to trigger immune responses [56]. 

For this reason, sericin is typically removed from the silk, leaving only the fibroin, before the 
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silk can be used for tissue engineering applications [56]. Bombyx mori silk fibroin lacks 

arginylglycyllaspartic acid (RGD) or similar integrin-binding protein motifs and, therefore, 

relies on the presence of positively charged amino acid side-chains within its structure to 

facilitate cell-binding [57, 58]. Specifically, amino acids with positively charged side chains 

such as poly-L-lysine are able to bind to a thin, negatively charged glycoprotein layer (called 

the glycocalyx) expressed on the cell surface [57].  

 

Chaturvedi et al. produced lyophilised bombyx mori silk fibroin sponges for use as 

bioscaffolds, on which human skeletal muscle myoblasts were observed to proliferate and 

differentiate into myotubes [59]. They also noted that, when cultured on silk fibroin produced 

by bombyx mori, cells expressed higher levels of the MyoD1 and MYH7 differentiation 

markers than those cultured in silk fibroin produced by antheraea mylitta, whose most highly 

expressed differentiation markers were actin-alpha-1 (ACTA1) and MYH7 [59].  

 
1.4.3.2 Chitosan 
 
Chitin, commonly derived from crustacea, is the second most abundant polysaccharide in 

nature after cellulose [60, 61]. Its repeating unit is a ring of carbon and oxygen with hydroxyl 

side-chains, as well as an acetyl group connected to the main unit by a nitrogen bridge [60]. 

When chitin is reacted with alkalis or acids, the acetyl groups can be converted to amine 

groups, at which point the biomaterial is referred to as chitosan [60, 61]. The amount of 

acetyl groups converted to amine groups is expressed as a percentage of the total initial 

acetyl groups, termed the degree of deacetylation (DDA%) [61, 62]. Freier et al. noted that 

the degree of deacetylation has a direct impact on chitosan’s biocompatibility; they found 

that chitosan samples of higher DDA% were able to maintain cultures of dorsal root ganglion 

neurons with higher degrees of viability [63]. Although chitosan, as a polysaccharide, has 

no inherent protein structures with which to bind cell-expressed integrins, it is able to adsorb 

serum-proteins such as fibronectin [64, 65].  

 

Hajiabbas et al. produced hydrogels from a blend of chitosan and gelatin, on which they 

were able to culture muscle-derived cells [66]. They noted that proliferation of these muscle-

derived cells occurred on gels containing 4% chitosan (w/v), but not on gels containing 2% 

or 6% chitosan [66]. Ruini et al. produced fibrous chitosan scaffolds on which they cultured 

C2C12 myoblasts [67]. They noted positive proliferation over time, which was enhanced on 

scaffolds whose fibres were aligned [67]. 
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1.4.3.3 Alginate 
 
Alginate is a biomaterial used in the formation of hydrogel scaffolds (to be discussed). It is 

a polymer derived from the Phaeophyceae class of algae [68]. The repeating units of the 

alginate polymer chain are D-mannuronic acid and L-guluronic acid [69]. Alginate lacks the 

ability to directly bind cells, having no structures which can associate with cell integrins, and 

lacking the ability to adsorb serum proteins as chitosan does [70]. Therefore, studies 

involving the use of alginate as a scaffold commonly exploit the polymer’s carboxyl groups 

in order to covalently attach integrin-binding protein motifs such as RGD [70-73]. The 

presence of L-guluronic acid within the structure of alginate is what enables it to form 

hydrogels; at points in the polymer chain where the L-guluronic acid residues are found in 

sequence, they form diamond-shape protrusions [74]. Divalent cations, most commonly 

calcium (but not magnesium), can then be applied to displace the monovalent sodium ions 

within the alginate’s structure [74]. The diamond-shaped double-L-guluronic acid structures 

of different polymer strands align in parallel, creating pockets in which the divalent calcium 

ions facilitate aggregation of a large number of monomers [74, 75]. This ‘encasement’ of 

the calcium ions is the reason this crosslinking mechanism has been termed the “egg-box 

model” [74, 75].  

 

Rowley et al. produced alginate hydrogels, functionalised with RGD-containing peptide 

chains, for the culture of C2C12 myoblasts [70]. The cells seeded onto unmodified alginate 

exhibited minimal attachment, whereas cells were able to adhere to the functionalised 

alginate, and showed a high degree of spreading after 24 hours [70]. The cells also showed 

the ability to proliferate, with the population density on functionalised alginate rising from 

approximately 1 x 104 cells to approximately 8 x 104 cells over 72 hours [70]. Encapsulation 

of cells within alginate gels can also be applied for the purposes of cell maintenance and 

transport, as described by Swioklo and Connon [76].  For example, Wright et al. used 

alginate to produce hydrogels in which corneal and limbal epithelial cells were encapsulated 

[77]. This alginate was oxidised, by way of reaction with sodium periodate, to varying 

degrees [77]. It was noted that an increase in degree of oxidation (from 2% to 5%) resulted 

in an increased number of viable cells extracted from the gels after 3 days of culture [77]. 

 
1.4.3.4 Synthetic materials 
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As previously mentioned, synthetic polymers are another category of biomaterials from 

which scaffolds can be produced. Ceramics, the third category, are not typically used for 

soft-tissue culture. Two examples of commonly used synthetic materials used in scaffold 

design are Poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL).  

 

Poly(lactic-co-glycolic acid) is a polymer composed of two substances: glycolic acid and 

DL-lactic acid, both of which terminate in hydroxyl groups, thus enabling polymerisation via 

condensation reactions [78]. It its monomer form, caprolactone is composed of a ring of 6 

carbons and one oxygen, with a double-bonded oxygen protrusion [79]. Polymerisation of 

caprolactone generally involves ring-opening induced by any of a variety of catalysis, which 

results in a linear carbon chain with a singularly bonded oxygen atom at the terminal, which 

in turn can form links with other repeating units [80].  
 

Choi et al. synthesised fibrous, composite scaffolds of type I collagen and PCL in order to 

culture human skeletal mesenchymal stem cells to myotubes [9]. Scaffolds have been 

produced from PLGA alone, such as the fibrous scaffolds of Aviss et al. onto which 

myoblasts were able to grow [49].  

 

1.4.4 Scaffolds for muscle-tissue culture 
 
1.4.4.1 Fibrous scaffolds for muscle-tissue culture 
 

Aviss et al. produced electrospun fibres composed of PLGA, with diameters ranging from 

0.1 – 1.8 µm, which were able to support the growth and differentiation of C2C12 myoblasts 

[49]. They also noted that, when the fibres were produced with uniform alignment, there 

was a significantly higher fusion index on the fibres than on glass slide controls [49]. Zhang 

et al. also produced electrospun fibres of PLGA which supported culture of C2C12 

myoblasts [81]. Their fibres exhibited diameters ranging from 0.2 – 1.1 µm in the case of 

random-oriented fibres, and 0.1 – 0.8 µm in the case of aligned fibres [81]. Sirivisoot and 

Harrison produced electrospun nanotubes composed of polyurethane carbon, alongside 

fibres of polyurethane [82]. The conductive nature of the former scaffold allowed for 

electrical stimulation of the adhered C2C12 myoblasts, which led to enhanced degrees of 

fusion into myotubes [82]. Choi et al. produced electrospun fibres composed of a blend of 

PCL and collagen, and showed that proliferation of human skeletal muscle cells was 

unchanged when compared to that on TCP controls [9]. Riboldi et al. produced electrospun 
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fibres from the commercially available biomaterial DegraPol [83]. They demonstrated that 

cells were able to proliferate on these fibres to a degree comparable to that on DegraPol 

slides and that, when scaffolds were coated with Matrigel, differentiation of C2C12 

myoblasts occurred [83].  

 

Hollow-fibre membranes as used by Ellis et al. for example, have been produced via wet-

spinning [15, 84]. These hollow fibres were produced from blends of PLGA and polyvinyl 

alcohol (PVA), and appear (from images) to have held diameters of over 500 µm [15, 84]. 

Flat (non-fibrous) wet-spun membranes were analysed for their cytocompatibility and 

showed an ability to support cell growth comparable to that of TCP [15]. Later, these fibres 

were noted to have the ability to allow perfusion of a model serum protein, bovine serum 

albumin [84].    

 

1.4.4.2 Particulate scaffolds for muscle-tissue culture 
 

Molnar et al. noted that myogenic-cell proliferation appeared reduced when cells were 

cultured on commercially available Cytodex-3 or Biosilon microcarriers (composed of 

dextran and polystyrene, respectively) as opposed to culture plate surfaces [85]. 

Nevertheless, they noted that the satellite cells cultured in microcarriers were able to 

proliferate, differentiate, and form 3-dimensional aggregates [85]. Verbruggen et al. cultured 

bovine-derived myoblasts on microcarriers, and noted that cells cultivated on microcarriers 

expressed less differentiation markers than those cultured on the surfaces of well-plates 

[16]. However, they were able to confirm that the myoblasts cultured on microcarriers did 

indeed differentiate, and fuse into myotubes [16]. Kankala et al. produced porous 

microcarriers which C2C12 myoblasts were able to adhere to, and penetrate [86]. These 

C2C12 myoblasts exhibited subsequent proliferation, and the expression of differentiation 

markers such as myosin heavy chain after 7 days [86]. Torgan et al. used commercially 

available microcarriers to culture C2C12 myoblasts, and noted that the cells were able to 

proliferate, express differentiation markers, and form 3-dimensional aggregates [87]. 

Bardouille et al. cultured C2C12 myoblasts on a variety of commercially available 

microcarriers composed of various materials, of which collagen-coated Cytodex beads were 

noted to be the most effective at supporting myoblastic growth, with cells growing to 

confluence and differentiation on the beads’ surfaces [55].  

 

The aforementioned microcarriers of Kankala et al. were produced via microfluidic flow 

focusing, and exhibited a diameter range of 280 – 370 µm (with the highest incidence of 

particles in the 320 – 330 µm range) [86]. Huang et al. produced microparticles from egg 
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proteins using microfluidics (however, rather than a T-shaped arrangement of channels, 

their capillaries were coaxially aligned with the continuous phase flowing around the tip of 

the disperse phase’s needle) with the addition of a heating element [88]. Their 

microparticles had radiuses ranging from 175 – 215 µm, with the highest incidence of 

particles in the 195 – 200 µm range [88], and it was noted that HepG2 cells were able to 

grow on the microcarriers’ surface [88]. Luetchford et al. used microfluidic flow focusing to 

produce microcarriers composed of silk fibroin and gelatin with mean diameters varying 

from approximately 350 – 150 µm, depending on the flow rate ratios of the continuous and 

disperse phases [89]. It was further noted that these microcarriers could support the growth 

of mesenchymal stem cells, with varying efficiencies depending on the ratios of silk fibroin 

and gelatin [89].  

 

1.4.4.3 Gelatinous scaffolds 
 

Hydrogels are another basis of bioscaffold design prevalent in tissue engineering. Though 

they can also be formed into fibrous or particulate scaffolds, their fundamental structure is 

distinct from the solid scaffold designs described previously. Hydrogels are formed when 

polymers in an aqueous solution are crosslinked, resulting in an insoluble polymer matrix 

with a high water content [90, 91]. The fibrous polymer network as well as the high water 

content provide an environment that mimics traits of the ECM [92].  

 

To cite examples of hydrogels formed from the previously discussed biomaterials, Gouviea 

et al. synthesised collagen hydrogels functionalised using chains of arginine, glycine, 

aspartic acid, and serine (RGDS), which in turn were connected to the collagen using N-

(fluorenyl-9-methoxycarbonyl) [93]. The hydrogels themselves were formed by allowing 

collagen solutions to polymerise at 37˚C [93]. They found that cell (human corneal stromal 

fibroblast) cultures on unmodified collagen gels showed a viability of approximately 60% 

after 5 days of culture, and that those on the RGDS-functionalised collagen gels at the same 

timepoint held a significantly higher population viability approximately 80% [93]. Mi et al. 

produced collagen gels by photochemical crosslinking, wherein collagen was treated with 

riboflavin and exposed to ultraviolet light to induce crosslinking, and they noted that these 

gels were able to support the growth of limbal epithelial cells [94]. As previously mentioned, 

Wright et al. produced hydrogels of alginate, which was oxidised by reacting with sodium 

periodate [77]. The alginate was crosslinked using calcium chloride, and some samples 

included type IV collagen [77]. They encapsulated limbal and corneal epithelial cells within 

these gels at densities of 3 x 105 cells, and were able to extract live cells after three days 

[77]. Azab et al. produced chitosan hydrogels by crosslinking the biomaterial using 
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glutaraldehyde for the purpose of drug delivery [95]. Kim et al. synthesised silk-fibroin 

hydrogels by blending aqueous silk fibroin solution with polyaspartic acid solution, and 

leaving the mixture at room temperature for 24 hours, after which they noted gelation had 

occurred [96]. They seeded the scaffolds with human mesenchymal stem cells at densities 

of 5 x 106 cells per scaffold [96]. After 6 weeks of culture, they obtained a minimum of 

approximately 10000 cells per mg of scaffold, and a maximum of approximately 16000 cells 

per mg of scaffold, depending on the ratio of silk fibroin to polyaspartic acid [96]. 

 

Hydrogels have also been applied to myogenic cell culture. As previously mentioned, 

Rowley et al. produced alginate hydrogels functionalised by the addition of RGD-containing 

protein motifs, and demonstrated the ability of C2C12 myoblasts to adhere, spread, and 

proliferate on these gels [70]. Mooney and Rowley would again produce functionalised 

alginate hydrogels, this time comparing alginates high in L-guluronic acid and alginates high 

in D-mannuronic acid [97]. They noted that C2C12 myoblasts cultured on the former 

exhibited enhanced proliferation compared to the latter, and to alginates which contained 

equal amounts of both residues [97]. They also noted what appeared to be extensive 

myotube formation on the functionalised alginate gels with higher amounts of L-guluronic 

acid [97].  

 

1.4.4.2 Scaffold characteristics 
 
An ideal bioscaffold will bear structures which can bind to integrins expressed on the surface 

of cells, which are the primary class of cell-surface receptors that facilitate adhesion to the 

ECM [11, 98]. These transmembrane structures are connected to the actin cytoskeleton of 

the cell, as well as various other structures, and they represent the first step in many cell-

signalling pathways [11, 51]. Particularly notable, integrins of the β1 and β3 varieties are 

noted to bind to collagens, fibronectin, and laminin, among others [51]. To cite just a few 

examples of the many ways in which ECM proteins can bind integrins, fibronectin and 

laminin are able to bind cells using chains of RGD within their structure [11]. This RGD motif 

is perhaps the most notable integrin-binding protein motif, with over half of the documented 

integrins having the capacity to bind it [99]. The coil section of laminin is also able to bind 

to α6β1 and α7β1 integrins [51]. Collagens have been noted to bind to integrins via more 

complex protein motifs such as chains of glycine, phenylalanine, pyrrolysine, glycine, 

glutamic acid, and arginine (GFOGER), as well as chains of glycine leucine, phenylalanine, 

glycine, glutamic acid, and arginine (GLOGER), and also chains of glycine, alanine, serine, 

glycine, glutamic acid, and arginine (GASGER), which bind to integrins α1β1 and α2β1 [98]. 
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The mechanical properties of the scaffold are also of importance with regard to cell culture. 

For example, Wells notes that stiff matrices induce proliferation in various types of liver-

derived cells [100]. When focusing on hepatocytes specifically, stiff matrices induce 

proliferation but inhibit differentiation, and the inverse is true on softer matrices [100]. Foster 

et al. cultured cornea-derived epithelial cells on collage, and found that the expression of 

yes-associated protein (YAP) increased in correlation with substrate stiffness [101]. It was 

further demonstrated that cornea-derived epithelial cells express higher levels of the 

differentiation factor bone morphogenetic protein 4 (BMP4), and that the same cells on 

softer collagen scaffolds showed enhanced proliferation and expression of proliferation 

markers such as β-catenin [102].  With particular regard to myogenic cell culture, Griffin et 

al. noted that increased scaffold stiffness enhances spreading of myogenic cells [103]. 

Additionally, they noted that whilst formation of myotubes was not affected by scaffold 

stiffness, myotube striation was [103]. Specifically, the relationship between striation 

percentage and the elastic modulus of the scaffold exhibited a bell-curve trend; striation 

was most pronounced when scaffolds held elastic moduli in the mid-range, specifically 12 

– 15 kPa, which is the elastic moduli noted for myotubes themselves [103]. 

 

Also of importance is the manner in which cells are seeded onto scaffolds after they have 

been produced. Dynamic seeding is preferable to static seeding, as it facilitates a greater 

degree of cell attachment [21]. For example, Vunjak-Novakovic et al. compared poly-

glycolic acid (PGA) scaffolds seeded under static conditions in a Petri dish, to the same 

seeded under dynamic conditions in a stirred-flask (wherein the liquid inside was agitated), 

and found that scaffolds seeded under the latter conditions showed greater cell population 

densities over time than those seeded under static conditions [24]. Wendt et al. 

demonstrated a dynamic-seeding technique that further improved cell attachment; fluxing 

cell suspension through the pores of a scaffold not only resulted in significantly more viable 

cells than observed on those seeded under static or stirred-flask conditions, but also a 

significant increase in the distribution uniformity of these cells (again, in comparison to both 

static and stirred-flask seeding) [25].  

 

1.5 Bioreactors for muscle-tissue culture 
 
In their review of expansion bioreactors for the production of cultured meat, Allan et al. 

provide numerous examples of studies using various designs of bioreactors for the 

expansion of skeletal muscle cells [19]: 
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Molnar et al. used a high-aspect-ratio-vessel (HARV), a rotating-wall vessel design of 

bioreactor, in order to analyse the culture of rat-derived satellite cells in a simulated micro-

gravity environment [85]. They highlighted the strength of the vessel design, in that it is able 

to produce a dynamic internal environment whilst maintaining low shear-stresses on cell 

cultures [85]. Torgan et al. also utilised the rotating wall vessel design in their culture of 

C2C12 myoblasts on commercially available microcarriers, they noted decreased amounts 

of contractile proteins myosin and trypomyosin in cells cultured in the rotating wall vessel 

compared to those cultured in Teflon bags, which were used as control vessels [87]. The 

bovine-derived myoblasts cultured on microcarriers by Verbruggen et al. were grown in a 

stirred-tank vessel [16].  

 

Bioreactors must also be able to produce mechanical stimuli akin to those the tissue 

cultures would experience in vivo; those for muscle tissue culture should aim to produce 

tensile stress forces and induce contractile forces in the cells [23]. Bhumiratana et al. 

provide an overview of bioreactor designs which accommodate mechanical stimulation into 

their design [23]: Lu et al. for example, designed a bioreactor system in which the cell culture 

matrix is suspended as a column between two vertical pillars, one of which can be pulled 

and rotated to induce longitudinal stress on the cell culture matrix [104]. A relatively early 

and simple example of a bioreactor with the ability to provide electrical stimuli to cells 

cultured within can be found in the design of Berger et al. wherein two electrodes are placed 

into the culture medium contained within a standard culture flask, and noted that stimulation 

in this way prevented loss of contractile function in the cells [105]. Milica et al. also studied 

the effects of electrical stimulation to induce contraction in cardiomyocytes, by placing 

precultured cells into a glass chamber with parallel-aligned electrodes, and noted that 

stimulated cells appeared to show  increased expression of proteins such as myosin heavy 

chain after 8 days of culture compared to unstimulated controls [106].  

 
1.6 Tissue engineering for cultured meat 
 
The biotechnology model of cultured meat, also referred to as in-vitro meat or clean meat, 

utilised the principles of tissue engineering in order to produce meat for general 

consumption. In this model, illustrated in figure 1.05, myogenic cells are harvested from 

donor herds and cultured in vitro into skeletal muscle tissue [107]. 
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Figure 1.05: Overview of the tissue engineering process for cultured meat applications. Created with 

Biorender.com. 

 

Highlighting the potential for innovation in the field of cultured meat in their book “The in 

vitro Meat Cookbook”, van Mensvoort and Grievink speculate on the possible downstream, 

blue-sky implications of the successful development of cultured meat biotechnology [108]. 

They postulate, among many other things, that cultured meat may provide a slaughter-free 

means of producing pet food, particularly for obligate carnivores such as felines [108]. Also 

that dehydrated cultured meat could be used for disaster relief applications [108]. They note 

that cultured avian liver could provide foie gras without the ethical concerns associated with 

the current methods by which foie gras is produced, and that on-the-bone meat products 

could be provided by use of 3D printed skeletal structures [108].  

 

Though research into this biotechnology is in its early stages, notable progress has been 

made: the first cultured meat burger was produced by Dutch researchers led by Dr Mark 

Post and eaten in London in 2013 [109]. This was made by way of a process which relied 

heavily on animal-derived materials, and $50,000 were subsequently invested into 

additional research into an animal-free system by which cultured meat could be produced 

[109].  
 
1.6.1 The environmental implications of meat production 
 

The environmental impacts of conventional meat production are significant, and so the need 

for alternatives to conventional meat is clear. The total area of ice-free land on Earth is cited 

as approximately 13.4 x 109 hectares [110]. The rearing of livestock for meat production is 

noted to use 30% of global ice-free land [1], which would represent an area of approximately 

402 x 106 hectares: enough to cover the United Kingdom (over 24 x 106 hectares [111]) 

more than 16 times over. Conventional meat production contributes to 18% of global 
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greenhouse gas emissions, more than all forms of global transportation combined [1], and 

also required 8% of the Earth’s fresh water [1]. By the year 2050, global meat consumption 

is estimated to be double that of what it was in 1999 [1], and of course the environmental 

impacts of conventional meat production will increase proportionally. It has been postulated 

that the United Kingdom alone will experience a shortage of farmland as early as the year 

2030 [111]. Additionally, concerns have long been raised over the ethicality of practices 

such as factory farming prevalent in the meat industry, as well as ethical concerns over the 

practice of animal-slaughter in general [112]. Considering the aforementioned doubling in 

meat consumption by the year 2050 [1], these concerns are likely to become exacerbated. 

As stated, the need for alternatives to conventional production of meat is highly apparent.  

 

Research into the development of a cultured-meat-production system is still in its early 

stages; the year 2020 would have seen the 6th International Scientific Conference on 

Cultured Meat [113]. Due to the emergent nature of the field, it is difficult to estimate the 

environmental impact of the final product. Nevertheless, there have been attempts to do so. 

Tuomisto and De Mattos produced a study in which the environmental impact of meat 

production was compared to a theoretical model of cultured meat [1]. In this study, it is 

proposed that cyanobacteria will be cultured in ponds and hydrolysed (with an assumed 

yield of 50% biomass) to produce feeding stock for cell cultures [1]. The assumed end 

product is a mince-like mass of cultured meat whose protein content is equal to 19% of the 

total mass, and that this product is produced using a 1000 litre stirred-tank bioreactor which 

can be filled to 80% capacity, and requires 60 days to produce 1000 kg of cultured meat [1]. 

With these parameters in mind, Tuomisto and De Mattos postulate that production of 1000 

kg of cultured meat would require less than 60% of the energy used to produce an equal 

mass of slaughter-derived beef, less than 10% of the water and land, and would produce 

less than 10% of the greenhouse gas emissions (all in comparison to slaughter-derived 

beef) [1]. The theoretical cultivation of cyanobacteria as cell-feed was included in these 

estimations, this cultivation accounted for 23% of the total energy usage of the cultured 

meat system, as well as 28% of the greenhouse gas emissions and 17% of the water use 

[1]. The greenhouse gas emissions in cultured meat production were postulated to be 

different from those in conventional meat production in that they are produced by electrically 

powering the bioreactors, whereas the majority of greenhouse gas emissions in 

conventional meat production are from livestock [1]. Waste products of the cultured meat 

process in this model are noted to be 75% of the cyanobacteria biomass, 50% of which is 

lost during hydrolysis (but can be repurposed), and a further 50% of the remaining biomass 

is metabolised by the muscle cells into carbon dioxide or lactate [1]. 
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In a subsequent study, published 3 years after the first, Tuomisto et al. consider the impact 

of hydrolysed wheat or corn instead of hydrolysed cyanobacteria as feeding stock (with an 

assumed 2 kg of wheat or corn required to produce 1 kg of cultured meat), and the use of 

a hollow-fibre bioreactor instead of a stirred-tank bioreactor [114]. This had the effect of 

increasing the energy use of cultured meat to slightly above that of beef, and increased the 

water use of cultured meat to approximately 50% that of beef [114]. This increased energy 

requirement appeared to be due to the bioreactor design, which would need additional 

heating elements [114]. The increase in water requirements is noted to be due to an 

updated methodology in how the water footprint was calculated, though it is also notable 

that the water requirements vary as the assumed feeding stock is changed (water 

requirements were more than doubled for corn versus cyanobacteria, but reduced for wheat 

versus cyanobacteria) [114]. These studies are optimistic regarding the environmental 

impact of cultured meat versus conventional meat production, but also highlight the highly 

speculative nature of such analyses. The theorised environmental impact of cultured meat 

production will continue to change as research continues.   
 

1.6.2 Serum-free cell culture 
 

As part of Kolkmann et al.’s group, Dr Post would also explore the field of serum-free cell 

culture, with respect to the culture of bovine-derived myogenic cells [115]. They analysed 

myoblast behaviour in the presence of various commercially available serum-free media, 

as well as testing combinations thereof, in comparison to standard culture medium which 

contained fetal bovine serum (FBS) [115]. They noted that it was possible for myoblasts to 

proliferate in serum-free media containing LipoGroTM additive [115], however they also 

noted that this proliferation was reduced compared to that of cells cultured in media 

containing 20% (v/v) FBS [115]. Additionally, they noted that myoblasts cultured in media 

containing LipGro exhibited adipogenic differentiation [115]. There is much progress yet to 

be made with regard to myoblastic culture in serum-free conditions. 

 

1.6.3 Adipocyte coculture and heme protein content 
 

This adipogenic differentiation is a notable, though not positive, result, as it highlights 

downstream challenges the cultured meat biotechnology is likely to face. Though the 

cultured meat community tends to focus on meat in terms of skeletal muscle culture, 

slaughter-derived meat is not limited to muscle tissue. Fat is also a notable part of meat 

[116]. For example, the high fat-content of Japanese Wagyu beef produces a high degree 
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of marbling in the meat, enhancing the flavour and texture, and results in a highly sought-

after steak product which can be sold for high prices [117]. Co-culture of myogenic and 

adipogenic cells will therefore also be a key area of research in development of cultured 

meat, but may present further challenges.  

 

The study of Kolkmann et al. demonstrate that the lipoprotein solution of LipoGroTM induces 

adipogenic differentiation in bovine-derived satellite cells [115]. Beloor provide further 

evidence for this, as they demonstrated that the presence of serum lipid solution, even at 

concentrations as low as 5 µl per ml of medium, can induce adipogenic differentiation in 

bovine-derived satellite cells, heralded by an increase in adipogenic genes such as 

peroxisome proliferator-activated receptor gamma (PPARγ) [118], as well as a lessening in 

myogenic gene expression such as MyoD and myogenic factor 5 (Myf5) [118]. The 

formulation of culture medium will be an important consideration in production of cultured 

meat.  

 

Cell sourcing may also be a consideration with regard to myogenic and adipogenic coculture 

of satellite cells. Schubert et al. for example, demonstrate that satellite cells sourced from 

mouse rotator-cuff muscles, in comparison to those sourced from mouse gastrocnemium, 

show lessened expression of myogenic genes such as myogenic regulatory factor 4 (MRF4) 

and increased expression of adipogenic genes such as PPARγ and fatty-acid-binding 

protein 4 (FABP4) [119].  

 

Heme proteins are also a factor to be considered in the development of cultured meat. It 

has been noted that heme contributes heavily to the taste of meat, with ImpossibleTM foods 

utilising heme produced by genetically modified yeast to flavour their signature “Impossible 

Burger”; a plant-based burger substitute noted to bear similarity to meat-based burgers 

[120]. Simsa et al. analysed the effect of haemoglobin and myoglobin on bovine-derived 

satellite cells, with further consideration to its effect on any resultant cultured-meat product 

[121]. They noted that myoglobin in particular enhanced the proliferation of bovine 

myosatellite cells, and that both haemoglobin and myoglobin increased pigmentation in the 

final tissue construct [121]. 

 

These challenges will be present in the hypothetical production of a steak-like meat product, 

which must be essentially analogous to a cross-sectional cut of muscle tissue. Minced meat 

and products such as burgers, in contrast, are commonly formed from significant grinding 

of large quantities of meat, with burger and sausage product being subsequently formed 

into the appropriate shapes. For the purposes of these products, it may be sufficient to 
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simply culture skeletal muscle tissue which can be compacted into patties from which to 

form burgers, sausages, and similar products. Factors such as fat-content could 

hypothetically be determined afterward, via the addition of vegetable-based fat or plant-

derived heme proteins, for example.  

 

1.6.4 Sources of biomaterials and scaffold design 
 
As discussed, myogenic cell culture typically employs animal-derived biomaterials such as 

collagen, gelatin, or Matrigel. The ideal model for cultured meat would not rely on animal-

derived materials, as these would lessen the scalability of the process as well as increase 

the environmental impact and ethical concerns. Highly renewable plant-based biomaterials 

would be a more ideal choice. Furthermore, the ideal scaffold would be edible so as to be 

consumed with the meat culture. Otherwise, the scaffold would need to be removed from 

the meat before reaching the consumer, which would be a labour-intensive task and would 

have severe implications for the scalability of the biotechnology.  

 

1.6.5 Scale-up considerations 
 
Allan et al. provide a comprehensive review of considerations to be taken into account at 

various stages of the cultured meat model which relate to the potential for mass production 

[19]. Optimisation of cellular functions is an immediately obvious consideration, Allan et al. 

note that cells should have an optimised capacity for proliferation (as previously noted in 

section 1.3.4, primary cells have the disadvantage of limited proliferative capabilities when 

compared to immortalised cell lines), and they should have an optimised capacity for 

induced differentiation [19] (for example, as noted in section 1.6.3, myogenic cells from 

different parts of the body can exhibit differing levels of myogenic gene expression). Media 

would ideally be specially formulated to optimise these parameters as well [19]. The design 

of the scaffold is also of vital importance with regard to the potential for scale-up; the design 

of scaffold directly affects the type of bioreactor which would be used (which, as discussed 

in section 1.6.1, can have significant effects on the energy requirements of the cultured 

meat production model) and will affect parameters such as media requirements [19]. The 

scaffold should also be composed of a material which is constantly available and can be 

sustainably produced, and should also be edible in order to avoid cell-detachment 

considerations [19]. Various bioreactor designs have their advantages and disadvantages 

with regard to scale-up: the hollow-fibre bioreactor is noted to have the potential for 

achieving particularly high final cell densities [19], but due to heating requirements may 

necessitate a higher energy input than stirred-tank systems [114]. However, in order to 
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achieve continuous operation of stirred-tank bioreactors, it would be necessary to 

incorporate complex cell retention devices [19]. 

 
1.7 Aims and objectives 
 
Contributions to the development of cultured meat biotechnology are being made from 

various sub-fields of tissue engineering research. This work focusses on one such sub-field: 

the production of scaffolds. As discussed, bioscaffolds used for tissue engineering (and 

within the field of cultured meat) are usually based on animal-derived ECM proteins, 

typically collagen [2, 3, 6, 115]. The potential of plant-based bioscaffolds has yet to be fully 

explored.  

 

It is postulated here that a plant-based scaffold is ideal for the field of cultured meat. 

Synthetic biomaterials must, of course, be manually synthesised. PCL, for example, is 

synthesised first of all by the oxidation of cyclohexanone into caprolactone monomers via 

peracetic acid [80]. The monomers are then subjected to ring-opening polymerisation by 

one of a variety of chemical processes [80]. With regard to cultured meat, the need to 

synthesise the material to be used for a scaffold would hamper scale-up potential. 

Additionally, the selection of synthetic biomaterials that are edible is limited in comparison 

to naturally occurring biomaterials [122]. It would be far more ideal to harvest a naturally 

occurring biomaterial. Animal-derived biomaterials such as collagen would fit this criteria, 

however such biomaterials are derived from mammalian tissue (collagen, for example, is 

usually obtained from porcine dermis [123]). The biotechnology of cultured meat hopes to 

alleviate the environmental and ethical concerns of the slaughter industry. The use of an 

animal-derived scaffold would make the process of cultured meat reliant on the slaughter-

industry, and add to the demand thereupon, which would be directly contrary to the aim of 

cultured meat to lessen the ethical and environmental concerns caused by the slaughter 

industry. The high degree of renewability associated with plant-derived substances is 

reflected in price comparisons with animal-derived and synthetic biomaterials. For example, 

from the supplier Sigma Aldrich, 5 g of polycaprolactone can be purchased for £32.60 [124]. 

In comparison, 100 g of gelatin can be purchased for £33.40 [125], and 1 kg of cellulose 

can be purchased for £36.70 [126]. Thus a scaffold produced from plant-based biomaterials 

would be ideal for the purposes of cultured meat if it were able to support myogenic cell 

growth and differentiation to a degree comparable to animal-derived or synthetic 

biomaterials. As stated, this work aims to produce such a scaffold. Aside from being plant-

based, characteristics for an ideal scaffold for cultured meat production are given in table 1.  
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Characteristic Rationale 

The scaffold must be cytocompatible 

Cells must be able to adhere to the 

substrate, and the substrate must be able 

to facilitate cell proliferation, spreading, and 

differentiation without exhibiting cytotoxic 

effects. 

The biomaterial must be renewable and 

readily available 

It must be possible to produce the scaffold 

easily, cheaply, and quickly in order for the 

cultured meat process to have scale-up 

potential. The biomaterial should be 

renewably sourced in order to minimise the 

environmental impact of the cultured meat 

process. As stated, this is a distinct 

strength plant-based biomaterials. 

The scaffold must be compatible with 

bioreactors designs commonly used in 

tissue engineering 

As novel bioreactor design is beyond the 

scope of this work, it must be possible to 

utilise the scaffold in existing bioreactor 

designs. This means that the scaffold must 

be produced in morphologies such as 

hydrogels, hollow-fibre membranes, 

microparticles, or electrospun fibre 

matrices.  

The scaffold should ideally be edible 

The scaffold should be edible so as to be 

consumed along with the cultured meat. If 

the scaffold were inedible, it would require 

displacement of the cells before the product 

can be eaten, which would negatively 

impact potential for scale-up.  

The scaffold should ideally have an elastic 

modulus of approximately 12 - 15 kPa 

As previously noted, the ability of myotubes 

to develop striations is dependent on the 

stiffness of the substrate on which they are 

formed. Specifically, the substrate must 

have an elastic modulus within the range of 

12 – 15 kPa in order for myotubes to 

develop striations [103], which will optimise 
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the induction of contractile forces [11]. This 

is listed as an ideal characteristic as 

myotubes will still form on a substrate 

regardless of stiffness [103]. 

The scaffold should ideally have 

topographical features such as parallel 

grooves 

It is noted that topographical features of a 

scaffold can influence the behaviour of 

myogenic cells: Random microscale 

structures on the substrate surface are not 

noted to exert such an influence, however 

micropatterned grooves and ridges have 

been noted to induce cell alignment [127]. 

Such alignment will be necessary to 

optimise stimulation of cultured cells, such 

as by inducing contractile forces or 

applying tensile forces. 

 
Table 1: Requirements of an ideal scaffold for cultured meat production 

 
The scaffold will be plant-based to as much of a degree as possible. The biomaterial from 

which the scaffold is formed will be a plant-derived protein or polymer, though there may be 

cause to investigate cross-material blending. Such avenues of investigation would be based 

on established literature, and so secondary biomaterials used for blending may not be plant-

derived. The intention is, nonetheless, to produce a scaffold composed of only plant-derived 

biomaterials. Standard procedures will be used for cell culture, therefore cell feeding stock 

will be standard culture medium (containing foetal bovine serum) and differentiation medium 

will make use of horse serum. As stated, research into serum-free myogenic cell culture is 

beyond the scope of this work. Cell displacement during passaging or seeding will be 

accomplished using trypsin solution (which will also be animal-derived) as is standard 

laboratory practice. Procedures involving modification of the materials (such as 

crosslinking) will be carried out using methods and reagents that are standard for the 

material in question, this is for the sake of comparability of results and for time and cost 

efficiency, as the primary objective is a plant-based physical scaffold. However, in the 

interest of producing not only a sustainable scaffold, but doing so by sustainable means, 

due consideration will be given to animal-free alternatives where possible (if the procedure 

in question relies on animal-derived reagents). The myogenic cells will, of course, be 

animal-derived.  
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With regard to the theoretical model of a complete cultured meat system, the emergent 

nature of the field makes it difficult to draw concrete conclusions as previously discussed. 

However, several possibilities exist. Whilst the view expressed herein is that a plant-based 

scaffold is the ideal choice, there is still the potential for a scaffold constructed from animal-

derived biomaterials, synthetic biomaterials, or the use of decellularised ECM which may 

be obtained from slaughter industry waste. It is generally thought that cell feeding stock will 

not be animal-derived [115], though this does not necessarily mean it will be plant-derived; 

as previously discussed, Tuomisto and De Mattos postulate a model in which cell feeding 

stock is obtained via hydrolysis of cyanobacteria [1], and the London-based company 

Multus Media are conducting research into producing growth factors for xeno-free media 

via genetically modified yeast [128]. Even cell displacement may not rely on animal-derived 

substances; the Newcastle-based company CellulaREvolution conduct research into 

peptides which facilitate the self-detachment of cells [128]. There are also other means to 

facilitate cell detachment without relying on animal-derived reagents, such as TrypLE (a 

recombinant enzyme) or the detachment of cells using shear forces [19]. 

 

Though the production of the bioscaffold is noted to be a crucial and intrinsic stage of the 

cultured meat process [19], there are still challenges to be overcome in other important 

fields (some of which have already been discussed in section 1.6) which are beyond the 

scope of this work: the proliferative capabilities of primary cells must be optimised [19], 

research into optimised cell sourcing from other livestock species is being conducted [128], 

serum-free culture of myogenic cells has yet to be achieved to a satisfactory degree [115], 

there remains room for exploration in alternative to animal-derived serum such as 

cyanobacteria lysate [1], challenges remain present regarding the coculture of adipocytes 

alongside myocytes [19], and innovations continue to be made in bioreactor design and 

optimisation [10, 19].  

 
1.7.1 Biomaterials of focus 
 
1.7.1.1 Carrageenan 
 
Carrageenan, like alginate, is seaweed-derived polysaccharide (though it is found in red 

seaweed, in contrast to the brown seaweed from which alginate is derived) [14]. It is water 

soluble, and can be used to produce hydrogels when ionically crosslinked (usually 

potassium ions) [129]. With regard to their potential as a bioscaffold (particularly compared 

to alginate), carrageenans are able to interact with protein motifs associated with cell-



 50 

binding: carrageenan gels have been shown, for example, to inhibit the herpes simplex virus 

2 (HSV-2) from entering human cells by binding and blocking the viral motifs used to 

facilitate cell-entry [130]. These motifs are, in turn, noted to facilitate cell-entry by 

associating with membrane-bound proteoglycans [131].  

 

Zhang et al. produced hydrogels of carrageenan and poly(vinyl alcohol), and noted that the 

adhesion of chondrogenic cells was improved in correlation to the amount of carrageenan 

included in the scaffold [132]. Mihalia et al. produced carrageenan fibres in which human 

epithelial cells were encapsulated and retrieved after 21 days [129]. Pourjavadi et al. 

produced hydrogels composed of chitosan and carrageenan, into which MG-63 human 

osteocytes were injected [133]. They noted that the cells maintained viability after 21 days 

of culture [133]. Gaharwar et al. produced carrageenan hydrogels by methacrylating the 

carrageenan before use, enabling gelation via photocrosslinking [134]. Fibroblasts 

encapsulated in these gels were also able to maintain their viability [134]. There appears to 

be room for exploration with regard to the interactions between myogenic cells and 

carrageenan hydrogels.   

 
1.7.1.2 Zein 
 
Zein is a protein found in abundance within the endosperm of corn [135, 136]. It is the most 

abundant protein within corn, accounting for just under half of the total protein content of 

the kernel [135, 136]. A notable characteristic of zein is its hydrophobicity, and solubility in 

aqueous alcohol solutions [135, 136].  

 

Yang et al. produced electrospun fibres from blends of zein and gelatin, onto which human 

periodontal stem cells were seeded [137]. They noted that gelatin enhanced cell 

proliferation on these scaffolds, but the zein-only controls were nevertheless able to support 

cell proliferation well [137]. Tu et al. produced porous zein scaffolds, which were seeded 

with mesenchymal stem cells and implanted into the thigh muscle pouches of nude mice. 

They noted bone formation 12 weeks after implantation [138]. Jing et al. utilised 3D printing 

technology to synthesise scaffolds from blends of zein and PCL [139]. They noted that, 

within the first 3 days of H1299 human lung cancer cell culture, cell population densities 

were higher on scaffolds containing zein, and that this increase was further enhanced in 

scaffolds of higher zein content [139]. Lian et al. produced membranes from hydroxyapatite 

and zein, onto which mesenchymal stem cells were seeded. Similar to the study of Yang et 

al. they noted that cell proliferation was increased in correlation with the amount of the non-
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zein material, but that zein-only controls were still able to facilitate cell growth to a 

satisfactory degree [140]. As with carrageenan, there appears to be room for exploration 

with regard to myogenic cell interactions with zein scaffolds.  

 

1.8 Summary 
 
Tissue engineering is a multi-disciplinary field with the overall aims of applying principles of 

biological sciences and engineering to the repair or even the production of biological tissues. 

The production of muscle-tissue, specifically, begins in vivo with embryonic myoblasts. 

These myoblasts proliferate, spread, and then fuse to form multi-nucleated myotubes, 

which may be regarded as a complete differentiated skeletal muscle cell. In post-natal 

muscle, myosatellite cells with the ability to renter the proliferative state may be found in the 

basal lamina of the myotubes, and these would be the ideal cells to use for muscle-tissue 

engineering, as they can be easily harvested from adult specimens via muscle biopsy. 

However, many studies use myoblastic cell lines as model cells. Scaffold design is a crucial 

stage in tissue culture. The scaffold forms the physical framework on which cells adhere, 

initiating cellular signalling pathways via the binding of integrins and through their 

mechanical properties. In vivo, the ECM forms the gold-standard bioscaffold. It is composed 

of proteins such as collagen, fibronectin, and laminin, and is largely fibrous. Many studies 

researching the culture of myogenic cells utilise these animal-derived biomaterials in order 

to produce scaffolds capable of efficiently facilitating their adhesion, growth, and 

differentiation. Scaffolds may be produced in the form of particles, fibre matrices, and 

hydrogels, to cite notable examples. These scaffold morphologies can be applied to various 

design of bioreactor, which provides the physiological environment that the cells require. 

Cultured meat aims to produce muscle tissue in vitro for the purposes of human 

consumption, and carries significantly reduced environmental and ethical implications 

compared to conventional meat production. Although a cultured meat burger has been 

produced, there is still progress to be made.  For the purposes of cost-effectiveness, 

scalability, as well as environmental and ethical implications, the model of cultured meat 

production would rely on animal-based biomaterials (with the exception of cells) as little as 

possible. This requires progress to be made in areas such as serum-free cell culture, and 

biomaterial sources for scaffold design. This work focuses on the latter; an ideal scaffold for 

cultured meat would avoid animal-derived biomaterials, and also be edible. This is to ensure 

that the scaffold does not have to be removed before consumption of the meat cultured 

thereon. Biomaterials of focus in this work are carrageenan, which can be formed into 

hydrogel scaffolds, and zein, which can be formed into solid protein scaffolds.  
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Chapter 2 – Methodology 
 

2.1 Cell-based methods 
 
The methods presented in section 2.1 concern experimental procedures involving the 

handling of cells. 

 

2.1.1 Cell culture and maintenance 
 

All non-sterile liquids were sterilised using a 0.2 µm syringe filter [Fisherbrand™ 15206869] 

before use with cells, or any materials which were to be used with cells.  

 

2.1.1.1 Standard culture conditions 
 

Cells were maintained in T75 culture flasks (Thermo fisher 156472), in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Sigma D5796-500ML) supplemented with 10% (v/v) FBS (GIBCO 

10500-064) and 1% (v/v) Penicillin-Streptomycin solution (P/S; Sigma P4333-100ML): 

hereafter “culture medium”, which was warmed to 37˚C before being in contact with live 

cells at any time. Flasks were kept in a Sanyo MCO-18AIC incubator at 37˚C and under 5% 

CO2.  

 

2.1.1.2 Passaging and seeding 
 

Phosphate buffered saline (PBS) solution was prepared by taking a known volume of mH2O 

and adding 1 tablet of PBS (Oxoid BR0014G) per 100 ml of mH2O. This PBS solution was 

autoclaved before use.  

 

1 L of working trypsin solution was prepared by adding 100 ml of 10X trypsin stock solution 

(Sigma 59427C) and 10 ml of 2% (w/v) aqueous ethylenediaminetetraacetic acid (EDTA; 

Sigma E9884), to 890 ml of PBS solution. This working trypsin solution was aliquoted and 

frozen until required. 

 

Cells were washed with PBS solution pre-warmed to 37˚C. 3 ml of working trypsin solution 

was added, whereupon the flask was returned to the incubator and left for 15 minutes. The 

surface of the flask interior to which the cells were adhered was then washed thoroughly 

with culture medium, and the cell suspension was triturated to break up any cell aggregates. 
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The cell suspension was centrifuged at 1500 rpm for 5 minutes (Fisher accuSpin™ 400). 

The supernatant was discarded, and the cell pellet was resuspended in 10 ml of culture 

medium.  

 

At this point, if cells were to be seeded, the material on which this was to take place was 

sterilized for 30 minutes using a Bioquell ABS1200UV ultraviolet (UV) lamp. The number of 

cells present in the suspension was calculated using a haemocytometer, and the 

appropriate amount of cell suspension was pipetted onto the material. For the experiment 

relating to data presented in figure 4.01, cell seeding density was 2500 cells / cm2. For all 

other experiments involving cell culture, cells were seeded at a density of 5000 cells / cm2. 

 

If cells were to be passaged, then 0.5 ml of cell suspension was added to 9.5 ml of culture 

medium to give a 1:20 dilution of cell suspension, which was then stored and maintained 

as per section 2.1.1.1.  

 

2.1.1.3 Freezing for long-term storage 
 

Freezing medium was prepared by adding dimethylsulphoxide (DMSO; Sigma D8418-

500ML) to culture medium to a concentration of 5% (v/v). Cells were trypsinised and 

centrifuged as per section 2.1.1.2, the pellet was resuspended in 1 ml of freezing medium 

and the cells counted as per section 2.1.1.2. The cell suspension was then diluted with 

additional freezing medium to achieve a total cell density of 1x106 cells / ml. Cell 

suspensions were placed into cryotubes, which were in turn placed into a Mr Frosty™ 

freezing container [Nalgene 5100-0001], and stored at -80˚C overnight in a KM-DU73Y1E 

ultra-low temperature freezer. The cryotubes were then transferred to a liquid nitrogen 

container where they were stored until required.  

 

2.1.1.4 Differentiation of myoblasts into myotubes 
 

Cells were cultured, as per section 2.1.1.1, to confluence. They were then cultured in 

differentiation medium, composed of DMEM  supplemented with 2% (v/v) horse serum 

(Sigma H1270-100ML) and 1% (v/v) P/S  (hereafter “differentiation medium”), for 1 week. 

Experiments involving zein in which this procedure was used were carried out with cells 

cultured on glass coverslips, which in turn were maintained in 6-well plates. Experiments 

involving silk fibroin in which this procedure was used were carried out in 6-well plates. 
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2.1.2 Experimental assays 
 

2.1.2.1 Cell-staining for enhanced imaging 
 

2.1.2.1.1 Hoechst 33342 staining 
 

Hoechst 33342 (Invitrogen H21492) was prepared in mH2O to a concentration of 10 mg / 

ml, and stored at -20˚C until required. The stock Hoechst solution was diluted to 2 µg / ml 

in PBS solution. This working Hoechst solution was applied to cells and left, protected from 

light, for 15 minutes at room temperature. Cells were then washed with PBS and imaged 

using a Leica DMI 4000 B fluorescence microscope. Experiments in which this procedure 

was used were carried out in 6-well nunclon delta well plates. For some (where stipulated), 

cells were cultured on glass coverslips, which were maintained in 6-well plates.    

 

2.1.2.1.2 CellTracker™ Green CMFDA staining 
 

CellTracker™ Green 5-chloromethylfluorescein diacetate (CMFDA) (Thermo Fisher 

C2925) was dissolved in DMSO to a concentration of 10 mM. This stock solution was 

further diluted to a working concentration of 5 µM in DMEM  supplemented with 1% (v/v) 

P/S  (hereafter “serum-free medium”). The working solution was applied to cells and left 

for 30 minutes at 37˚C and 5% CO2. The working CellTracker solution was removed, cells 

were washed with serum-free medium, and fresh serum-free medium was applied. Cells 

were imaged using a Leica DMI 4000 B fluorescence microscope. Experiments in which 

this procedure was used were carried out in 6-well nunclon delta well plates. 
 

2.1.2.1.3 Fluorescein diacetate staining 
 

Fluorescein diacetate (Acros Organics 191660050) was dissolved in acetone (VWR BDH 

chemicals 67-64-1) to a concentration of 5 mg / ml and this stock solution stored at -20˚C 

until required. The stock solution was added to serum-free medium to a concentration of 8 

µl / 5 ml. The working solution was applied to cells for 5 minutes at room temperature, 

protected from light, and then imaged using a Leica DMI 4000 B fluorescence microscope. 

Experiments in which this procedure was used were carried out in nunclon delta 24-well 

plates. 
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2.1.2.2 Resazurin metabolic assay 
 

Resazurin sodium salt (Sigma R7017) was added to PBS solution to a concentration of 0.15 

mg / ml. This stock resazurin solution was kept protected from light at 4˚C until required, 

whereupon it was added to culture medium to a concentration of 10% (v/v). Cells were 

incubated in this working resazurin solution for 2 hours at 37˚C and 5% CO2. 100 µl of 

solution was then transferred to individual wells of a 96-well plate (Thermo fisher 167008) 

and analysed using a BMG FLUOstar Omega plate reader (540 nm excitation and 590 nm 

emission). This was repeated at various timepoints to assess cell proliferation. Where stated, 

this procedure was carried out in nunclon delta 6-well plates, or on cells cultured on glass 

coverslips, which were maintained in nunclon delta 6-well plates (alongside TCP controls 

also in 6-well plates). Otherwise, experiments in which this procedure was used were 

carried out in nunclon delta 12-well plates.    

 

2.1.2.3 Cell differentiation analysis 
 

Cells were cultured under differentiation conditions as per section 2.1.1.4. After 1 week in 

differentiation medium, cells were fixed using -20˚C methanol (Alfa Aesar L13255) for 15 

minutes. Blocking buffer was prepared using serum-free medium supplemented with 1% 

(v/v) goat serum (Sigma G9023-10ML) and 0.1% (v/v) Triton X-100 (Sigma X100-100ML). 

The fixed cells were treated with the blocking buffer for 1 hour at room temperature and 

then washed with PBS solution. Mouse monoclonal anti-myosin primary antibody (Sigma 

M4276-.2ML) was added to fresh blocking buffer to a concentration of 1:1000 from the as-

supplied concentration, and incubated with the cells overnight at room temperature. Cells 

were then washed with PBS solution. Goat anti-mouse Alexa Fluor 488 secondary antibody 

(Life technologies A11001) was added to fresh blocking buffer to a concentration of 1:1000 

from the as-supplied condition. Cells were incubated with secondary antibody solution for 3 

hours at room temperature, protected from light, and washed with PBS. Cells were then 

counterstained with Hoechst 33342 as per section 2.1.2.1.1, and imaged using a Leica DMI 

4000 B fluorescence microscope. Experiments involving zein in which this procedure was 

used were carried out with cells cultured on glass coverslips, which in turn were maintained 

in 6-well plates. Experiments involving silk fibroin in which this procedure was used were 

carried out in 6-well plates.  
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2.2 Biomaterials-based methods 
 
The methods presented in section 2.2 concern experimental procedures involving the 

handling of biomaterials.  

 

2.2.1 Production of carrageenan scaffolds 
 

2.2.1.1 Macroscopic beads, fibres, and discs 
 

κ-carrageenan powder (Sigma 22048) was dissolved in  milliQ water at 80˚C to a 

concentration of 2% (w/v). KCl (Sigma P9333) was dissolved mH2O at room temperature 

to a concentration of 5% (w/v). 

 

To produce carrageenan discs, the carrageenan solution was cast into multiwell plates 

(specific sizes varying by experiment, to be given in subsequent sections) and allowed to 

cool. 2 ml was used for 12-well plates, 1 ml for 24-well plates, and 0.5 ml for 48-well plates. 

The discs were frozen at -80˚C for 3 hours in a KM-DU73Y1E ultra-low temperature freezer, 

and lyophilised using a MicroModulyo-230 freeze-drier. The 5% (w/v) aqueous KCl 

crosslinker solution was applied to the dried carrageenan discs and left for 1 hour at room 

temperature. To produce macroscopic carrageean beads, 10 ml of the carrageenan solution 

was added dropwise, using a plastic 10 ml syringe (BD Plastipak 302188) topped with an 

18-gauge needle (Adhesive Dispensing Ltd AD718100) to 100 ml of the 5% (w/v) KCl 

solution, and left for 1 hour at room temperature. To produce wet-spun carrageenan fibres, 

the needle was immersed in the 5% (w/v) KCl solution and 10 ml of carrageenan solution 

was extruded directly into the crosslinker (again using a plastic syringe). This process is 

illustrated in figure 2.01. 
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Figure 2.01: Production of carrageenan beads (left) and fibres (right). Created with Biorender.com. 

 
2.2.1.2 Microparticles 
 

2% carrageenan solution was prepared as per section 2.2.1.1. The carrageenan solution 

was placed into a plastic 10 ml syringe (BD Plastipak 302188) topped with a 23-gauge 

needle (Adhesive Dispensing Ltd AD725100). The needle was inserted into a purpose built, 

3D-printed, airflow-channelling apparatus, which in turn was connected to a pressurised N2 

gas supply. The carrageenan was manually pumped through, and nitrogen (N2) gas was 

simultaneously pumped though at a pressure of 0.5 bar. This was carried out for 5 minutes, 

and the particles were collected in a 100 ml solution aqueous 5% (w/v) KCl (in 200 ml glass 

beaker) and allowed to crosslink for 1 hour at room temperature. This apparatus design is 

illustrated in figure 2.02. Details of the 3D-printed apparatus design are given in figures 2.03 

– 2.04.  
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Figure 2.02: Schematic of the air-blowing procedure for producing carrageenan microspheres. 
Created with Biorender.com 

 

 

 

 

 

 

 

 

 
Figure 2.03: Modelling images of the 3D-printed apparatus used for production of carrageenan 

microparticles via air blowing.  
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Figure 2.04: Design schematic of the 3D-printed apparatus used for production of carrageenan 

microparticles via air blowing. The chamber surrounding the needle has a horizontal cross-sectional 

area of 2.5 mm2. The air-flow inlet splits into two channels, whose vertical cross-sectional area is 1.5 

mm2. 

 
2.2.2 Stabilisation of carrageenan scaffolds 
 
2.2.2.1 Manipulation of formation and environmental parameters 
 

To analyse their effect on scaffold stability, the standard conditions outlined in section 

2.2.1.1 were varied individually: 

• Carrageenan concentration was varied between 0.5% (w/v) and 4% (w/v). This 

experiment was carried out using 12-well plates, and the average starting mass of 

the scaffolds was 1.9 ± 0.09 g.   



 60 

• KCl concentration was varied between 2.5% (w/v) and 10% (w/v). This experiment 

was carried out using 24-well plates, and the average starting mass of the scaffolds 

was 0.8 ± 0.1 g.  

 

The scaffolds were incubated in PBS solution at 37˚C and 5% CO2, and their wet mass 

(after blotting with tissue paper to remove excess buffer or medium) was measured over 

time to ascertain the degree of degradation.  

 

Scaffolds were also maintained in DMEM at 37˚C and 5% CO2, and again their mass was 

measured over time. This was compared to that of scaffolds maintained in PBS. These 

experiments were carried out in 48-well plates, and the average starting mass of the 

scaffolds was 0.3 ± 0.1 g. 

 

Later, scaffolds were also exposed to resazurin working solution (prepared as per 2.1.2.2) 

for 2 hours daily, and their mass was also measured over time and compared to scaffolds 

maintained in PBS and DMEM. These experiments were carried out in 48-well plates, and 

the average starting mass of the scaffolds was 0.2 ± 0.05 g.  

 

Coated scaffolds (the procedure by which these were produced given in subsequent 

sections) were also analysed for degradation in this manner. These experiments were 

carried out in 24-well plates, and the average starting mass of the scaffolds was 0.7 ± 0.4 

g.  

 

2.2.2.2 Surface coating 
 
2.2.2.2.1 Chitosan-coated carrageenan 
 

Chitosan (Sigma 448869-50G) was deacetylated as per section 2.2.4, and dissolved in a 

1% (v/v) solution of aqueous acetic acid (BDH 10001CU) to a concentration of 1% (w/v). 

Carrageenan discs (prepared as per section 2.2.1.1, in 24-well plates) were placed in new 

24-well plates to which 1 ml of the chitosan solution was applied. The discs were left for 1 

hour at room temperature for the chitosan to adsorb to the carrageenan surface. The 

chitosan solution was then removed, and the discs were washed thoroughly with mH2O: 

each disc was immersed in 1 ml of mH2O for 5 minutes at room temperature, which was 

then aspirated and replaced with fresh mH2O of the same volume, and this was repeated 

as needed. After 3 washes, 1 ml of DMEM was applied to the wells and left for 5 minutes 
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at room temperature. The pH indicator (phenol red) of DMEM would turn yellow in the 

presence of any remaining acetic acid. When the DMEM did not show any signs of colour 

change after 5 minutes, it was determined that the scaffolds had been sufficiently washed.  

 

To produce chitosan-coated carrageenan microspheres, chitosan solution was prepared as 

above, and KCl was added to a concentration of 5% (w/v). This resulted in an aqueous 

acetic acid solution of 1% (v/v) containing 1% chitosan (w/v) and 5% KCl (w/v). 2% (w/v) 

carrageenan solution was air-blown as per section 2.2.1.2, using 100 ml of this chitosan-

KCl solution in a 200 ml glass beaker as the crosslinker bath.  

 

2.2.2.2.2 Layer-by-layer chitosan-coating of carrageenan discs 
 

κ-carrageenan was dissolved to 2% (w/v) concentration in mH2O at 70˚C. 1 ml of this 

solution was placed into each well of a 24-well plate, the remainder was adjusted to pH 8 

with aqueous sodium hydroxide (NaOH) solution of 0.1 M concentration. The pH 8 

carrageenan solution was also plated out into a 24-well plate using 1 ml per well. The 

solution in the well-plates were allowed to gel (thermal induced) at room temperature, and 

crosslinked with 5% (w/v) KCl in mH2O for 1 hour at room temperature, using 1 ml of KCl 

solution per well. The charged  (pH 8) discs were:  

1. Soaked in pH 8 aqueous NaOH of 0.1 M concentration, at room temperature, to 

ensure they were properly charged, using 1 ml of NaOH per well.  

2. Washed for 5 minutes in distilled water (dH2O) at room temperature. 

3. Soaked in 1% (w/v) chitosan (which had been previously deacetylated as per section 

2.2.4) solution, in 25% (v/v) acetic acid at room temperature (the higher 

concentration compared to standard was to give the solution a pH value of 2).  

4. Washed again with dH2O for 5 minutes at room temperature. 

5. Soaked in the pH 8, 2% (w/v) aqueous κ-carrageenan solution for 20 minutes at 

37˚C (the temperature used was to ensure the carrageenan solution did not gel).  

6. Washed again with dH2O for 5 minutes at room temperature. 

7. And the process was repeated as needed.   

 

The uncharged discs were divided into two sets. One set was coated with 1% (w/v) chitosan 

(deacetylated as per section 2.2.4) in 1% (v/v) acetic acid for 1 hour as per section 2.2.2.2.1, 

and the other was left untreated. All discs were washed with mH2O: 1 ml of mH2O was 

applied to each well and left for 5 minutes at room temperature, after which the mH2O was 

aspirated and replaced with fresh mH2O. DMEM  was again used to confirm all remaining 

acetic acid had been removed; 1 ml of DMEM was applied to the wells and left for 5 minutes 



 62 

at room temperature, when there was no yellow colouration observed (due to the phenol 

red pH indicator) samples were considered sufficiently washed. Samples generated from 

this procedure included carrageenan discs which were: 

 

• Charged – Uncoated 

• Charged – One chitosan coat 

• Charged – Two chitosan coats, with one carrageenan coat in between 

• Uncharged – Uncoated 

• Uncharged – One (uncharged) chitosan coat 

 

The process is illustrated in figure 2.05.  

 

 
Figure 2.05: Process for layer-by-layer chitosan-coating of carrageenan discs. Created with 

Biorender.com.  

 

2.2.2.2.3 Silk-coated carrageenan 
 

Aqueous silk solution was prepared as per section 2.2.3.1 and diluted to a concentration of 

1% (w/v) in mH2O. Carrageenan discs (prepared as per section 2.2.1.1, in 24-well plates) 

were placed in new 24-well plates, to which 1 ml of the silk solution was applied, and left for 

1 hour at room temperature. The silk solution was then removed, and replaced with 1 ml of 

90% (v/v) aqueous ethanol (VWR 64-17-5), which was left for 1 hour at room temperature 

to insolubise the silk. The aqueous ethanol solution was removed and 1 ml of mH2O was 

applied to each well to wash the samples, the mH2O was left for 5 minutes at room 

temperature before being replaced with fresh mH2O, and this washing procedure was thrice 

repeated.  
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2.2.2.2.4 Production and coating of alginate discs 
 

Sodium alginate (Sigma, A1112-100G) was dissolved in in mH2O to a concentration of 5% 

(w/v). This solution was plated into nunclon delta 12-well plates, and using 1 ml of alginate 

solution per well. The solution was frozen at -80˚C for 3 hours, and subsequently lyophilised 

in a MicroModulyo-230 freeze-drier. The dry alginate discs were crosslinked with 1.5% (w/v) 

aqueous calcium chloride (CaCl2) solution (Sigma, 442909-1KG), using 1 ml per well, for 1 

hour at room temperature. These alginate discs were then divided into 3 sets.  

 

Set 1 was left uncoated.  

 

Set 2 was coated in chitosan as per section 2.2.2.2.1: Chitosan (Sigma 448869-50G) was 

deacetylated as per section 2.2.4, and dissolved in a 1% (v/v) solution of aqueous acetic 

acid (BDH 10001CU) to a concentration of 1% (w/v). The alginate discs were placed in new 

24-well plates to which 1 ml of the chitosan solution was applied. The discs were left for 1 

hour at room temperature for the chitosan to adsorb to the alginate surface. The chitosan 

solution was then removed, and the discs were washed thoroughly with mH2O: .each disc 

was immersed in 1 ml of mH2O for 5 minutes at room temperature, which was then aspirated 

and replaced with fresh mH2O of the same volume, and this was repeated as needed. After 

3 washes, 1 ml of DMEM was applied to the wells and left for 5 minutes at room temperature. 

The pH indicator (phenol red) of DMEM would turn yellow in the presence of any remaining 

acetic acid. When the DMEM did not show any signs of colour change after 5 minutes, it 

was determined that the discs had been sufficiently washed. 

 

Set 3 was coated in silk fibroin as per section 2.2.2.2.3: Aqueous silk solution was prepared 

as per section 2.2.3.1 and diluted to a concentration of 1% (w/v) in mH2O. The alginate 

discs were placed in new 24-well plates, to which 1 ml of the silk solution was applied, and 

left for 1 hour at room temperature. The silk solution was then removed, and replaced with 

1 ml of 90% (v/v) aqueous ethanol (VWR 64-17-5), which was left for 1 hour at room 

temperature to insolubilise the silk. The aqueous ethanol solution was removed and 1 ml of 

mH2O was applied to each well to wash the samples, the mH2O was left for 5 minutes at 

room temperature before being replaced with fresh mH2O, and this washing procedure was 

thrice repeated.  
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2.2.3 Silk 
 
2.2.3.1 Purification of silk fibroin from Bombyx mori silk cocoons and 
formation of silk fibroin films 
 

A 2 litre solution of 0.02 M sodium carbonate (Na2CO3) (Sigma S2127-500G) was prepared, 

and heated to 100˚C. Twelve Bombyx mori silk cocoons were cut into small pieces and 

boiled in the solution for 1 hour. The silk pieces were then washed five times with dH2O for 

10 minutes per wash, using boiling water for the first wash. The silk pieces were then dried 

by having any excess water squeezed out between sheets of blue tissue (until no dampness 

was observed in the tissue), then left to air dry at room temperature overnight.  

 

A 9 M aqueous solution of lithium bromide (LiBr) (Alfa Aesar, 13408) was prepared, and the 

degummed silk fibroin was dissolved therein, at 60˚C, to a concentration of 10% (w/v). The 

LiBr-silk solution was then subjected to dialysis in SnakeSkin™ tubing with 3.5 kDa 

molecular weight cut-off (Thermo Fisher, 68035) against dH2O. 

 

The resultant aqueous silk solution was either diluted to a desired concentration or 

subjected to lyophilisation using a MicroModulyo-230 freeze-drier and stored as a solid. 

Films were formed from the aqueous silk solution by diluting it to a concentration of 1% 

(w/v) in mH2O, and placing into a nunclon delta 12-well plate (using 1 ml per well) and 

allowing to dry at room temperature. 90% (v/v) aqueous ethanol solution was then applied 

to induce conversion to type II silk fibroin, and render the protein insoluble in aqueous 

solution (using 1 ml of aqueous ethanol solution per well, which was left for 1 hour at room 

temperature). The aqueous ethanol was removed and silk films were washed thrice with 1 

ml of mH2O per well, for 5 minutes per wash. The films were again allowed to dry for 1 hour 

at room temperature. For differentiation experiments involving silk fibroin, the films were 

formed in 6-well plates using 3 ml of silk solution per well.  

 

2.2.3.2 Production of silk fibroin microparticles   
 

Microfluidic flow focusing was employed in order to produce silk fibroin microparticles. Silk 

fibroin solution was prepared as per section 2.2.3.1 and diluted to 3% (w/v) in mH2O. The 

silk solution was used as the disperse phase. Initial attempts (where stated) used vegetable 

oil as the continuous phase, and a collection bath of methanol. Subsequent attempts, where 

stated, used a continuous phase comprised of oleic acid (Alfa Aesar A16663), methanol 
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(Alfa Aesar L13255), and Span 80 (Sigma S6760), in ratios of 73:25:2, respectively, and a 

collection bath composed of 50:50 methanol and continuous phase. In both cases, the 

solutions were pumped through a purpose-made, 3D-printed apparatus (made using an 

Ultimaker 2+ 3D printer), as illustrated in figured 2.06 – 2.07. The flow rates were used at a 

ratio of Qo (outer phase flow rate) = Qi (inner phase flow rate) x 40 (where Qi = 0.015 ml / 

min). The particles were filtered using a 100 µm cell strainer [Fisherbrand™ 11517532] and 

transferred to 100% methanol, where they were left for 1 hour before being transferred to 

another bath of methanol, again being left for 1 hour. This process was repeated one more 

time before the particles were imaged under white light microscopy using a Leica DMI 4000 

B microscope. The flow rates were also varied to Qo = Qi x 20, and Qo = Qi x 10.   

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2.06: Modelling images of the 3D-printed apparatus used for microfluidic flow focusing in 

production of silk fibroin microparticles. 
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Figure 2.07: Design schematic of 3D-printed apparatus used for microfluidic flow focusing in 

production of silk fibroin microparticles. 

 

2.2.4 Deacetylation of chitosan and formation of chitosan films 
 

45% (w/v) aqueous NaOH (Sigma 221465) was prepared. Chitosan (Sigma 448869-50G) 

was placed in rounded-bottom flasks, and the NaOH solution was added so the chitosan 

was present as a concentration of 10% (w/v). Three samples were prepared in this manner. 

The air was removed from the flasks and replaced with gaseous N2 and the flasks then 

purged with N2 a further three times in this manner to ensure a purely N2 internal 

atmosphere. The flasks were heated to 90˚C and the N2 was continuously pumped through 

and allowed to exit via an escape needle. The apparatus design is illustrated in figure 2.08. 

The three samples were each heated for varying lengths of time: 30 minutes, 60 minutes, 

and 90 minutes. In order to determine the DDA%, chitosan was dissolved at 10 mg / ml in 

D2O acidified with concentrated HCl. 1H nuclear magnetic resonance (NMR) spectra were 

recorded at 70˚C on a Bruker Acance III spectrometer by Dr Tim Woodman.  
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Figure 2.08: Apparatus for deacetylation of chitosan in NaOH under nitrogen atmosphere. Created 

with Biorender.com.  

In order to prepare chitosan films for cell-seeding, chitosan samples were dissolved in 1% 

(v/v) aqueous acetic acid, to a concentration of 1% (w/v). The solutions were placed into 

nunclon delta 12-well plates, using 1 ml of solution per well, and allowed to dry at room 

temperature. 

2.2.5 Zein 
 
2.2.5.1 Production of zein films 
 

Zein powder (Sigma Z3625-500G or Acros Organics A0347340) was dissolved in 70% (v/v) 

aqueous ethanol to a concentration of 1% (w/v). The solution was cast into wells of multi-

well Nunclon delta plates (sizes varying depending on experiment, to be stated in 

subsequent sections) and allowed to dry at room temperature. For 12-well plates, 1 ml of 

zein solution was used. For 24-well plates, 500 µl of solution per well was used. For 48-well 

plates, 250 µl of solution per well was used. Alternately, where stipulated, zein films were 

formed on glass coverslips by placing 200 µl on the coverslip, spreading evenly using the 
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edge of another coverslip, and allowing to dry at room temperature. An initial experiment 

was conducted to analyse C2C12 proliferation on Sigma-brand zein versus Acros-brand 

zein (chapter 4, figure 4.01). All subsequent experiments used Sigma-brand zein.  

 

2.2.5.2 Mechanical testing of zein films 
 
Zein powder (Sigma Z3625-500G) was dissolved in 70% (v/v) aqueous ethanol to a range 

of concentrations (w/v): 1%, 5%, and 10%. The solutions were cast separately into silicon 

moulds and allowed to dry at room temperature. These films were either left dry or 

hydrated via immersion in DMEM overnight at 37˚C. The films were removed from the 

moulds and cut into 5 cm x 2 cm (length x width) rectangular strips. Films were then 

subjected to dynamic mechanical analysis in a Mettler Toledo DMA1, analysis was carried 

out over a period of 28 seconds at 37˚C, using a fixed offset force of 0.5 N and an 

oscillating force of 0.2 N, with a displacement amplitude of 10 µm at a frequency of 1 Hz.  

Data was automatically collected using STARe software.   

 

2.2.5.3 Production of zein microparticles via microfluific flow focusing 
 

Three zein solutions were prepared, wherein zein (Sigma Z3625-500G) was dissolved in 

70% (v/v) aqueous ethanol to 1% (w/v), 5% (w/v), and 10% (w/v). These zein solutions were 

used as the disperse phases. Vegetable oil containing 0.1% (v/v) Span 80 was used as the 

continuous phase for all conditions. The solutions were placed into 10 ml plastic syringes 

and pumped (using a Cole Parmer 78-9100C syringe driver) through a purpose-made, 3D-

printed, crucifix device, made using an Ultimaker 2+ 3D printer, into a collection bath of 100 

ml mH2O. The flow rates were used in ratios of Qo = Qi x 40, Qo = Qi x 20, and Qo = Qi x 10. 

Qi was maintained at 0.05 ml / min. The collection solution was placed into a phase 

separation funnel, allowed to separate for 1 hour at room temperature, and the oil was 

discarded. The aqueous particle suspension was filtered through a 70 µm cell strainer 

[Fisherbrand™ 11597522] and subsequently washed thrice: 100 ml of mH2O was added to 

the filtered particles and left for 5 minutes at room temperature, this was then repeated twice 

more. 500 µl of this aqueous suspension was applied to a glass cover slide and thinly 

spread thereon, and the particles were subsequently imaged under white light microscopy 

using a Leica DMI 4000 B microscope. The 3D printed apparatus design in illustrated in 

figures 2.09 – 2.10.  
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Figure 2.09: Modelling images of the 3D printed apparatus used for generation of zein microparticles 
via microfluidic flow focusing.  

 

 
Figure 2.10: Design schematic of the 3D printed apparatus used for production of zein microparticles 

via microfluidic flow focusing.  

 

2.2.5.4 Production of zein microparticles via emulsification precipitation 
 

400 ml of vegetable oil was heated to 70˚C in a 500 ml glass beaker. Tween 20 (Sigma 

P1379-500ML) was added to a concentration of 1% (v/v) and mixed thoroughly. 50 ml of 

3% (w/v) zein dissolved in 70% (v/v) aqueous ethanol was added. The solution was stirred 

for 30 minutes at 600 RPM, then placed on ice. 200 ml of chilled mH2O was added, and the 
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solution was stirred at 600 RPM for 30 minutes. The collection solution was placed into a 

phase separation funnel, allowed to separate for 1 hour at room temperature, and the oil 

was discarded. The aqueous suspension of particles was filtered through a 70 µm cell 

strainer [Fisherbrand™ 11597522] before washing thrice: 100 ml of mH2O was added to 

the filtered particles and left for 5 minutes at room temperature, this was then repeated twice 

more. 500 µl of this aqueous suspension was applied to a glass cover slide and thinly 

spread thereon, and the particles were subsequently imaged under white light microscopy. 

Qi was maintained at 0.05 ml / min. 

 

The process was repeated using stirring speeds of 300 RPM and 10 RPM. 

 

2.2.5.5 Production of wet-spun zein fibres 
 

Zein was dissolved in 50:50 chloroform-methanol (Alfa Aesar 32614 and L13255) to various 

concentrations (1%, 5%, 10%, and 15% w/v). The solution was pumped into 500 ml of mH2O 

(in a 500 ml glass beaker) through an 18-gauge (Adhesive Dispensing Ltd AD718100) or a 

27-gauge needle (Adhesive Dispensing Ltd AD727050), using a Cole Parmer 78-9100C 

syringe driver, at various flow rates between 1 and 50 ml / hr. 

 

2.2.5.6 Production of electrospun zein fibres 
 

Dry zein powder was dissolved in 70% aqueous ethanol to a concentration of 20% (w/v). 

These solutions were pumped through a plastic syringe (BD Plastipak 302188), topped with 

a 27-gauge needle (Adhesive Dispensing Ltd AD727050), at a rate of 0.5 ml / hr using a 

Cole Parmer 78-9100C syringe driver. A voltage of 20 kV was applied to the needle using 

a Genvolt high voltage power supply. A purpose-built collector comprising of a wooden 

block, wrapped in copper wiring, and covered with aluminum foil, was earthed and used to 

retrieve the electrospun fibres. In some instances (for visualisation of fibres via white-light 

microscopy) glass cover slides were affixed to the collector and the fibres were thusly 

collected on glass.  

 

Where stated, attempts were made to produce aligned electrospun fibres by using spaced, 

parallel electrodes as collectors, as described by Li et al. [141]. In this instance, a glass 

cover slide was placed across the collectors in order to image the fibres. 
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2.2.5.7 Stabilisation of electrospun zein fibres 
 

Electrospun mats (prepared as per section 2.2.5.6) were punched into discs of 1.9 cm2 

diameter using a cork borer. These mats were initially maintained in PBS for varying lengths 

of time (1 – 7 days), and later batches were treated in various ways as described below. 

After treatment, the discs were soaked in distilled water: each disc was placed into a well 

of a 24-well plate, to which 1 ml of dH2O was added, and their surface areas measured over 

time using ImageJ image analysis software (NIH, Bethesda, MD, USA; 

http://imagej.nih.gov/ij). 

 

2.2.5.7.1 EDC / NHS crosslinking 
 

2-ethanesulfonic acid (MES) buffer (Alfa Aesar H56472) was prepared to a concentration 

of 0.05 M, at pH 5.4. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (Alfa Aesar 

A10807) and N-Hydroxysuccinimide (NHS) (Alfa Aesar A10312) were dissolved in the MES 

buffer, acetone or ethanol, each in amounts of 1.731 g EDC and 0.415 g NHS per gram of 

protein. When applied to electrospun discs, the electrospun discs were placed into 24-well 

plates, and appropriate amount of crosslinker solution (determined by the mass of the 

sample) was added to each well and left for 1 hour at room temperature. This procedure 

was also applied, where stated, to zein films formed in 12-well plates as per section 2.2.5.1. 

The crosslinker solution was removed and replaced with 1 ml dH2O which was left for 5 

minutes at room temperature, this washing procedure was repeated as necessary. DMEM 

was used to ascertain when samples had been sufficiently washed: after 3 washes, 1 ml of 

DMEM was applied to each well and left for 5 minutes at room temperature. When no yellow 

colouration (owing to the phenol red pH indicator) was observed after 5 minutes, the 

samples were consideref sufficiently washed. 1 ml of dH2O was then applied to each well, 

and the plates were left at room temperature. The electrospun mats were analysed for 

reduction in surface area over time using ImageJ software (NIH, Bethesda, MD, USA; 

http://imagej.nih.gov/ij). This procedure was also later carried out using 10% and 1% of the 

aforementioned crosslinker concentrations.  

 

2.2.5.7.2 Citric acid crosslinking 
 

Treatment with citric acid occurred before electrospinning. For this, citric acid (Sigma 

C0759-500G) was dissolved in 70% aqueous ethanol to a concentration of 9% (w/v). Zein 

powder was then dissolved in this solution to a concentration of 50% (w/v). The solution 
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was left for 48 hours at room temperature, before being diluted to 25% (w/v) with additional 

70% aqueous ethanol to lessen the viscosity. This procedure was carried out at room 

temperature. The solution was then electrospun as per section 2.2.5.6. Discs of known area 

were punched from the mats using a cork boarer. These discs were then heated to 90 ˚C 

for 1 hour to induce crosslinking. Other samples were left unheated as controls. Electrospun 

zein mats formed from zein solution which were aged for 48 hours were used as super-

negative controls. The discs were then placed into wells of 24-well plates, to which 1 ml of 

dH2O was added. Samples were maintained at room temperature and analysed for 

reduction in surface area over time using ImageJ software (NIH, Bethesda, MD, USA; 

http://imagej.nih.gov/ij). Samples aged with citric acid as above 

 

2.2.5.7.3 UV treatment 
 

After electrospinning as per section 2.2.5.6, electrosun mats were exposed to UV light using 

a Bioquell ABS1200UV lamp for 2 hours on each side. Discs were then placed into wells of 

24-well plates, to which 1 ml of dH2O was added. Samples were maintained at room 

temperature and analysed for reduction in surface area over time using ImageJ software 

(NIH, Bethesda, MD, USA; http://imagej.nih.gov/ij).  

 

2.2.5.8 Preparation of electrospun zein nanofibres for scanning electron 
microscopy (SEM) analysis 
 

Samples of electrospun fibre mats were cut into small square pieces (no greater in size than 

2 cm2). The samples were placed on aluminium stubs and anchored in place with double-

sided tape. Thin strips of the same tape were used to anchor down any raised sides or 

corners of the samples. The stubs were placed in a tin container with a punctured lid, which 

was stored under vacuum overnight. The following day, the samples were removed from 

the vacuum and coated with gold using an Edwards Sputter Coater S150B. The samples 

were then imaged under SEM using a JEOL JSM-6480LV scanning electron microscope.  

2.2.5.9 Preparation of cell cultures on electrospun zein nanofibers for SEM 
 

DMEM powder (Sigma D5648-1L) was added to premade liquid DMEM at 13.4 g / L to make 

double-strength medium. The double-strength medium was aliquoted and 25 % electron 

microscopy grade glutaraldehyde (GDA) (TAAB G011/3) was added to one aliquot at a ratio 

of 5 ml per 25 ml of double-strength medium. This was diluted 1:1 with milliQ water. 

Potassium ferrocyanide (TAAB P018) was added to a concentration of 1% (w/v). The culture 
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medium was slowly aspirated from the cells, and cells were washed with double-strength 

medium. Cells were then incubated for 2 hours with GDA-potassium ferrocyanide solution 

at 37˚C and 5% CO2 before washing once more with double-strength medium. Cells were 

post-fixed in an aqueous solution containing 1% (w/v) aqueous osmium tetroxide (TAAB 

O015/1) and 1% (w/v) potassium ferrocyanide for 1 hour in a fume hood at room 

temperature. Cells were then washed in dH2O twice for 10 minutes per wash, and stained 

with 2% (w/v) uranyl acetate [Agar scientific, AGR1260A] for 1 hour, whilst being protected 

from light. Cells were then progressively dehydrated in aqueous acetone at 50%, 70%, and 

90% (v/v), culminating in 100% dry acetone. Immersion in these solutions was performed 

for 10 minutes at a time, twice for each concentration. A 50:50 solution of acetone and 

hexamethyldisilazane (HMDS; TAAB H028) was prepared and applied to cells for 15 

minutes. HMDS solution was then applied to cells twice, for 15 minutes per application. The 

HMDS was aspirated off, and the samples were left partially covered in the fume hood for 

any remaining liquid to evaporate. Cells were then prepared and analysed via SEM as per 

section 2.2.5.8.  

 

2.3 Statistical analysis 
 

Statistical analysis was conducted using IBM SPSS Statistics for Windows, version 26 

(IBM Corp, Armonk, N.Y, USA). A Shapiro-Wilk analysis was conducted to test for normal 

distribution. A Levene’s test of sphericity was conducted to test for equality of error 

variances, and a Greenhouse-Geisser correction was applied where a lack of sphericity 

was noted. A p value of < 0.05 was considered statistically significant. A list of analysis 

techniques used is given overleaf in table 2. 
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Figure number Statistical analysis technique 

3.10 
Log rank (Mantel-cox) analysis of survival with 

pairwise comparisons 

3.11 
Two-way analysis of variance (ANOVA) with 

pairwise comparisons 

3.13 
One-way ANOVA with Tukey’s honest 

significant difference post-hoc test 

3.14 Log rank (Mantel-cox) analysis of survival 

3.19 
Repeated measures ANOVA with pairwise 

comparisons 

3.20 Repeated measures ANOVA 

4.02 Repeated measures ANOVA 

4.08 Two sample t-test 

5.11 Paired t-test 

5.40 
Repeated measures ANOVA with pairwise 

comparisons 

5.44 Repeated measures ANOVA 

 

Table 2: List of statistical analysis techniques used, ordered by respective figure numbers 
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Chapter 3 - Production and Stabilisation of Hydrocolloid 
Scaffolds 

 
3.1 Introduction 
 
3.1.1 Hydrogels 
 

Hydrogels are formed via the crosslinking of hydrophilic polymers [68, 90]. They are 

desirable as tissue engineering scaffolds, as their water-content and hydrophilic-polymer 

composition enable them to mimic the extracellular matrix [91, 92, 142]. Hydrogels have 

been formed from animal-derived substances for tissue engineering purposes, such as 

collagen and gelatin [143-145]. However, as discussed in chapter 1, in vitro meat production 

represents a model whereby the ethical and environmental impact of conventional meat 

production can be significantly reduced, and so this work aims to utilise plant-based 

materials as much as possible.  

 

3.1.2 Alginate 
 

A popular plant-derived material for use in tissue engineering hydrogels is alginate: a 

structural biomaterial derived from Phaeophyceae, or ‘brown algae’ [68, 146]. Alginate is a 

polymer whose repeating units comprise two monomers: D-mannuronic acid and L-

guluronic acid [69]. However, due to alginate’s lack of ability to bind cells in its natural form, 

studies seeking to utilise alginate as a cytocompatible hydrogel must functionalise the 

alginate, commonly via covalent attachment of cell-binding peptides [70-73]. Such 

modification is made possible by the carboxyl groups within the polymer’s structure [146].  

 

A noted problem with ionically crosslinked alginate hydrogels is the susceptibility of the 

divalent calcium ions to being displaced by monovalent sodium ions in solution, resulting in 

a weaker gel [68, 147]. Although physical crosslinking procedures can be applied to 

hydrogels, these are not without drawbacks. Such procedures may employ toxic reactants 

[68] such as EDC [148, 149]. Physically crosslinked hydrogels also exhibit different 

mechanical properties than their ionically crosslinked counterparts: Kong et al. for example, 

showed covalently crosslinked alginate hydrogels to be weaker than those crosslinked via 

divalent cations, with a significant lowering of the point of failure in tensile stress-strain trials 

[148]. Zhao et al. in their stress-relaxation studies of covalent versus ionic crosslinking of 

hydrogels, propose that these differing mechanical properties are a result of ionic-
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crosslinking bonds being able to break and easily reform under stress, whereas covalent 

crosslinking bonds are not so adaptable [149].  

 

3.1.3 Carrageenan 
 

An alternative may be found in carrageenan: another seaweed-derived polysaccharide [14]. 

There are three types of carrageenan that are commonly used, each distinguished 

(primarily) by the number of sulfonate (OSO2) groups contained within their repeating units 

[14], these being: 

• Κ-carrageenan, containing one OSO2 group 

• Ι-carrageenan, containing two 

• Λ-carrageenan, containing three 

 

These structural differences are reflected in the various properties and uses of the various 

carrageenans. Ι-carrageenan may be crosslinked by use of calcium ions to form gels, 

though these gels are not as strong as those formed via potassium-ion crosslinking of κ-

carrageenan [14, 150]. Λ-carrageenan, in contrast, will not form a gel in the presence of 

cations (and is used primarily in the food industry as a thickening agent) [14, 150]. In the 

case of κ-carrageenan, the monovalent potassium ions serve to cancel out repulsion 

between the single sulfate groups in each repeating unit, forming an ionic bridge 

therebetween [151]. Accordingly, ι-carrageenan relies on the divalent calcium cations to 

accomplish the same with its two sulfate groups per repeating unit. Mu-carrageenan and 

vega-carrageenan are two additional types of carrageenan that are known to exist, though 

these are structural precursors of κ and ι carrageenan (respectively) [150]. Carrageenan 

solutions are also susceptible to thermogelation; Upon heating to temperatures of 

approximately 80˚C, the polymer chains exist as random coils [152]. When cooled, these 

random coils will interact to form double helices, and this stage may be induced by 

temperatures of approximately 50˚C ± 10˚C [152]. These helices may aggregate by way of 

hydrogen-bonding in order to form gels [152]. Κ-carrageenan would appear to be the ideal 

choice from which to produce a hydrogel for tissue-engineering applications, given its 

capacity to form the strongest, most rigid hydrogels out of the available carrageenan classes.  

 

Carrageenans have been noted to have the ability to associate with protein motifs 

associated with cell-surface receptor binding, and this is perhaps the key feature that may 

give them potential over alginate [130]. Carrageenan hydrogels have also been applied to 
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epithelial cells [129], osteocytes [133], and fibroblasts [134]. Studies concerning myoblastic 

interactions with carrageenan hydrogels appear sparse, however.  

 

This chapter explores the potential of ionically crosslinked carrageenan hydrogels as 

bioscaffolds on which to culture muscle tissue.  

 

3.1.4 Aims and objectives 
 
This chapter aims to produce fibrous and / or particulate carrageenan hydrogel scaffolds, 

which can support the growth and differentiation of surface-seeded and / or encapsulated 

myogenic cells. 

 
3.2. Results and discussion 
 

Carrageenan gels were produced via ionic crosslinking, wherein liquid carrageenan solution 

(of 2% w/v concentration, unless otherwise stated) was placed into a 5% (w/v) aqueous KCl 

solution, either by adding dropwise to form beads or extruding as a stream directly into the 

solution to form fibres. These morphologies were chosen due to their potential use in 

bioreactors: stirred-tank, rotating wall, and fluidised bed vessels for beads and fixed-bed, 

perfusion, or airlift vessels for fibres, for example. Additionally, these morphologies have 

previously been chosen for cell-culture and tissue-engineering applications [129, 153, 154]. 

This process was simple and scaffolds were easily produced. Cells were seeded thereon 

in order to assess their compatibility with the scaffolds. However, it soon became apparent 

that these carrageenan scaffolds were degrading: losing their gelatinous structure and 

gradually reverting to a liquid state. This resulted in a loss of surface-seeded cells, and 

impaired the gels’ viability as bioscaffolds. Encapsulation of cells would not, in itself, be an 

adequate solution to this problem, as the scaffolds liquified too quickly for any meaningful 

culture to be achieved (based on time taken to proliferate and differentiate into myotubes 

on TCP). In order to utilise these carrageenan constructs as bioscaffolds, this degradation 

issue required addressing and correction.  
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3.2.1 The effect of formation parameters and maintenance conditions on 
hydrogel stability 
 

3.2.1.1 The effect of carrageenan concentration  
 

The first independent variable assayed was the percentage concentration (w/v) of the 

carrageenan scaffolds. This was chosen because the carrageenan concentration is the first 

and most obvious parameter determined in the formation process of carrageenan scaffolds. 

Additionally, it has been noted that the polymer concentration of hydrogels can have an 

effect on efficiency of gelation [155]. In particular, Zhang et al. noted that the gelation 

threshold of alginate gels was inversely proportional to the concentration of alginate solution 

[156]. It was also observed here that, in the case of carrageenan gels formed with a lower 

carrageenan content (usually 1% w/v or lower), thermally induced gelation took longer to 

occur than for those gels formed with higher carrageenan concentrations (data not shown). 

Carrageenan solutions were prepared at various percentage (w/v) concentrations and 

beads and fibres were formed as per chapter 2 section 2.2.1.1, using KCl crosslinker 

solution at a standard concentration of 5% (w/v), for 1 hour, at room temperature. The 

resultant carrageenan scaffolds were then maintained in PBS solution at 37˚C, with their 

masses being measured at various timepoints, and standardising the data by converting 

the mass values to a percentage of the initial mass recorded. This data is displayed in 

figures 3.01 and 3.02. The mean time taken to complete dissolution of the scaffolds is 

represented in figure 3.03. The maximum mass recorded (denoting the degree of swelling) 

is shown in figure 3.04.  

 

 

 



 79 

 
Figure 3.01: Degradation of carrageenan beads of various percentage (w/v) concentration and 

crosslinked using 5% (w/v) KCl solution, represented as percentage mass of original over time in 
37˚C PBS solution. Data represent median ± interquartile range. 

 

 
Figure 3.02: Degradation of carrageenan fibres of various percentage (w/v) concentration and 

crosslinked using 5% (w/v) KCl solution, represented as percentage mass of original over time in 

37˚C PBS solution. Data represent median ± interquartile range. 
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Figure 3.03: Degradation time of carrageenan beads and fibres against percentage (w/v) 
concentration (crosslinked using 5% (w/v) KCl solution). Degradation time is defined here as the time 

taken for the sample to reach 0% initial mass, i.e. to become fully dissolved in solution. Data 

represent median ± interquartile range. 

 

 

 
Figure 3.04: The maximum recorded mass of carrageenan beads and fibres of various percentage 

(w/v) concentration (crosslinked using 5% (w/v) KCl solution). Data represent median ± interquartile 

range. 
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beads of higher concentration experience an increased degree of swelling before degrading. 

Figure 3.04 analyses this phenomenon in more detail, and shows an exponential 

relationship between carrageenan concentration and the mass increase of carrageenan 

beads. This is not unexpected, as other ionically crosslinked hydrogels (such as those 

composed of alginate) have been shown to experience an increase in swelling when formed 

with a higher concentration of polymer [157]. A truly stabilised carrageenan scaffold would 

show an increased degradation time (or ideally, no degradation at all), wherein the scaffolds 

experience little fluctuation from their initial mass. Although Figure 3.02 does show that the 

increase in mass does occur in the fibrous scaffolds, Figure 3.04 shows no correlation 

between this mass increase and carrageenan concentration. Although the results suggest 

that increasing the carrageenan content of scaffolds may result in a longer degradation time, 

it cannot be said to improve the stability of the scaffolds.  

 

Figures 3.03 and 3.04 show differences in the general trends of degradation time and 

swelling (respectively) between beads and fibres. Degradation time for beads appears to 

show a roughly linear correlation with carrageenan percentage, however degradation time 

for fibres appears to show no particular correlation (figure 3.03). The degree of swelling 

appears to increase in an exponential fashion for beads as carrageenan concentration rises, 

but again no particular correlation between the variables is observed for fibres. This may 

be due to the higher surface area per unit mass that would be attributable to beads 

compared to fibres, as this would result in increased contact between the carrageenan and 

the local environment.  

 

Although 4% (w/v) concentration of carrageenan led to an increase in degradation time, it 

also led to an increase in the degree of swelling for beads. Therefore, subsequent 

experiments maintained 2% concentration of carrageenan (w/v) as standard.   

 

As previously stated, the carrageenan concentration is the first variable to appear in the 

scaffold formation process. The second is the concentration of KCl in the aqueous KCl 

crosslinker solution, and this was the next variable assayed for any effect on scaffold 

stability.  

 

3.2.1.2 The effect of crosslinker concentration  
 

It has been shown that crosslinker concentration can indeed have a significant impact on 

resultant hydrogels, such as their mechanical properties [158, 159]. For example, Jang et 

al. showed that, in the case of alginate hydrogels, increases in the crosslinker concentration 
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corresponded to exponential increases in the point of failure under compressive stress, and 

thus the compressive moduli of the gels [159]. Although this study also showed little 

difference in degradation times of these gels (in fact, little degradation at all over the course 

of 7 days), it is important to note that this study maintained the gels in distilled water, 

whereas gels here were maintained in PBS or DMEM (these solutions contain higher 

concentrations of metal cations, the implications of which are evidenced and discussed in 

section 3.2.1.3). It was hoped that greater amounts of KCl would facilitate a greater amount 

of crosslinking within a specific length of time, and so this was assessed next to ascertain 

if carrageenan scaffolds could be stabilised by increased crosslinker concentrations. The 

effect was measured, as before, by soaking carrageenan scaffolds (formed from 2% w/v 

carrageenan solution as per chapter 2, section 2.2.1.1), crosslinked using various 

crosslinker concentrations as per chapter 2, section 2.2.2.1) in PBS solution at 37˚C, and 

measuring their mass at various timepoints, and standardising the data by converting the 

values to a percentage of the initial mass recorded. This data is shown in figures 3.05 for 

beads and 3.06 for fibres. The mean times taken for complete degradation is shown in 

figures 3.07. The degree of swelling, represented as the maximum mass recorded, is shown 

in figure 3.08.  

 

 
Figure 3.05: Degradation of carrageenan beads in 37˚C PBS, formed using various percentage (w/v) 

concentrations of KCl crosslinker and a constant carrageenan concentration of 2% (w/v), 
represented as percentage mass of original over time in 37˚C PBS solution. Data represent median 

± interquartile range. 
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Figure 3.06 Degradation of carrageenan fibres in 37˚C PBS, formed using various percentage (w/v) 

concentrations of KCl crosslinker and a constant carrageenan concentration of 2% (w/v), 
represented as percentage mass of original over time in 37˚C PBS solution. Data represent median 

± interquartile range. 

 

 
Figure 3.07 Degradation time of carrageenan beads and fibres in 37˚C PBS, formed using various 

percentage (w/v) concentrations of KCl crosslinker and a constant carrageenan concentration of 2% 

(w/v). Data represent median ± interquartile range. 
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Figure 3.08: The maximum recorded mass of carrageenan beads and fibres in 37˚C PBS, formed of 

various percentage (w/v) concentrations of KCl crosslinker and a constant carrageenan 

concentration of 2% (w/v). Data represent median ± interquartile range. 
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separate variables and analysed independently. The change in mass over time is shown in 

figure 3.09. The mean degradation times are shown in figure 3.10. The degrees of swelling 

are shown in figure 3.11.  

 

 
Figure 3.09: Degradation of carrageenan beads, fibres, and freeze-dried discs, in 37˚C PBS versus 

37˚C DMEM. Represented as percentage mass of original over time in solution. Data represent mean 
± standard error. 

 

 
Figure 3.10: Days to complete degradation of carrageenan scaffolds in 37˚C PBS versus 37˚C 

DMEM. Data represent median ± interquartile range. ***p < 0.001 
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Figure 3.11: Degree of swelling of carrageenan scaffolds in 37˚C PBS versus 37˚C DMEM, 

represented as maximum recorded mass as a percentage of initial mass. Data represent median ± 
interquartile range. **p < 0.01 
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swelling: the maximum mass of scaffolds in PBS versus those in DMEM was noted to be 

significantly different (p < 0.01).  

 

Since the degree of swelling does not appear to be significantly reduced in the disc 

morphology (compared to beads and fibres), it cannot be said that scaffolds thusly formed 

are stable. However, the significant increase in degradation time for discs versus beads and 

fibres is clear and pronounced, and this effect is consistent across results for scaffolds kept 

in DMEM and in PBS. To summarise the effects of scaffold morphology, carrageenan discs 

(crosslinked after lyophilisation) are shown to degrade more slowly than beads or fibres. 

Furthermore, although the disc morphology did not show a significant reduction in degree 

of swelling, there was no significant increase in the degree of swelling either (in comparison 

to data shown in figures 3.01 – 3.04, where lengthened degradation times appeared to 

come at the cost of increased degrees of swelling. Thus it can be argued that the disc 

morphologies are more stable than beads or fibres, though they do not yet appear fully 

stabilised.  

 

In the case of immersion media (DMEM versus PBS), scaffolds show consistently increased 

degradation time in DMEM (though not of statistical significance in the case of discs). 

Analysis of the degree of swelling showed that the maximum mass of the scaffolds was 

significantly reduced for scaffolds of all morphologies maintained in DMEM as opposed to 

PBS. Therefore, it can again be argued that the use of DMEM imparts a degree of stability 

to the scaffolds.  

 

As previously stated: carrageenan solutions can exist in a variety of structures depending 

on the temperature, and presence of cations [152]. After thermogelation, an additional 

structural change is triggered by further cooling in the presence of cations (such as 

potassium) [152], which bind to the negatively charged organosulfate groups of the 

repeating units of the carrageenan polymer chains [150], thereby negating the electrostatic 

repulsion between these groups [151] and facilitating ion-dipole intermolecular force 

bonding between polymer chains [161]. Hydrogen bonds also form between hydroxyl 

groups on the polymer chains, facilitating the aggregation of the helices into a 

supramolecular lattice [152]. It is well known that when ionic salts are exposed to water 

molecules, the electrostatic forces between the two cause the former to become dissociated, 

releasing cations and anions. Thus, exposure of carrageenan to an aqueous KCl solution 

allows for the free K+ ions to associate with the negative organosulfate groups of the 

carrageenan polymer chain.    
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It is known that ionic displacement leads to degradation of ionically crosslinked alginate 

hydrogels [68, 147], specifically calcium ions being displaced by local sodium ions in cell 

medium [162]. It is also noted that alginate hydrogels can be dissolved by use of chelation 

agents, such as EDTA [163] or sodium citrate [77, 162, 164], whereby the calcium ions 

maintaining the gelatinous structure are isolated and prevented from interacting with the 

surrounding polymers. The results shown here provide evidence this ionic-displacement 

phenomenon also takes place ionically crosslinked carrageenan hydrogels. As previously 

mentioned, the gelation temperature range in which the random coils join to form double-

helicies can have a lower-threshold of 40˚C [152], which may appear dangerously close to 

the incubator’s internal temperature of 37˚C. However, it is noted that κ-carrageenan shows 

a higher melting temperature than gelation temperature, owing to its lesser amount of 

negatively charged groups (compared to ι-carrageenan), which would keep it stable at 

temperatures associated with cell-culture conditions [165]. 

 

Also, given the incubator’s constant internal temperature of 37˚C, a variance in temperature 

between the DMEM vs PBS experiments can be dismissed as a causal factor for the 

difference in degradation rates.     

 

It is noted that acidic pH can catalyse hydrolysis of κ-carrageenan [166]. This minor 

difference in pH is unlikely to be attributable to the difference in degradation times, 

especially as they both fall within the neutral range. 

 

The elimination of pH or ambient temperature differences as causal factors for the increased 

degradation time in DMEM vs PBS leaves chemical factors as the only likely explanation. It 

was initially speculated that displacement reactions occurring between the ions crosslinking 

the carrageenan, and those in solution, were causing a gradual weakening of the gel 

structure. It is consistently noted in literature that the use of Na+ ions produces weaker 

carrageenan gels than those produced through the use of K+ ions [161] [167], it has also 

been shown that this translates to a lowering of sol-gel and (more importantly, in this case) 

gel-sol transition temperatures [168]. If the K+ ions in κ-carrageenan gels were gradually 

replaced with Na+ ions, it would likely lead to a gradual lowering of gel-sol temperature, 

which would result in the gelatinous carrageenan scaffolds degrading into solution.   

 

As previously mentioned, an attempt was made to cultivate cells on the surface of the 

carrageenan gels in the hopes that a monolayer adhering thereto would help to physically 

hold the scaffold together. When an attempt was made to track the growth of these cells via 

a resazurin metabolic assay (as per chapter 2, section 2.1.2.2), it was observed that the 
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scaffolds degraded even more quickly. This apparent deleterious effect of resazurin on 

carrageenan hydrogels was analysed in more detail as described in chapter 2, section 

2.2.2.1. The mass over time is shown in figure 3.12, the degree of swelling is shown in 

figure 3.13, and the mean degradation time is shown in figure 3.14. It was initially thought 

that this provided evidence for a role of sodium ions in destabilising the gels, as the 

resazurin compound is itself a sodium salt. However, further consideration renders this 

conjecture highly unlikely, and will be discussed further.   

  

 
Figure 3.12: Percentage mass over time of carrageenan scaffolds in 37˚C DMEM, 37˚C PBS, and 

37˚C DMEM exposed to resazurin sodium salt solution for 2 hours per day. Data represent median 

± interquartile range. 
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Figure 3.13 Maximum percentage mass (degree of swelling) of carrageenan scaffolds 37˚C DMEM, 

37˚C PBS, and 37˚C DMEM exposed to resazurin sodium salt solution for 2 hours per day. Data 

represent median ± interquartile range.  

 

 
Figure 3.14: Time to degradation of carrageenan scaffolds in 37˚C DMEM versus 37˚C DMEM 

exposed to resazurin sodium salt solution for 2 hours per day. Data represent median ± interquartile 
range. **p <0.001. 
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and resazurin samples. There was no significant difference between degree of swelling 

(maximum mass) of scaffolds between media (p > 0.05 for all comparisons). The 

manufacturer specifications show the resazurin to be an organic sodium salt, with the 

sodium ion bound to the resazurin’s negative oxygen ion.  

 

Given the manufacturer specifications for both Sigma D5795 DMEM and Oxoid BR0014G 

‘Dulbecco A’ PBS, the inorganic salt content and concentrations of the two can be compared 

(Table 3). 

 

 Oxoid BR0014G PBS Sigma D5796 DMEM 
NaCl 6.4 g/L 6.4 g/L 

KCl 0.16 g/L 0.4 g/L 

NaH2PO4 0.92 g/L 0.109 g/L 

KH2PO4 0.16 g/L - 

CaCl2 - 0.265 g/L 
Fe(NO3)3 • 

9H2O 
- 0.0001 g/L 

MgSO4 - 0.09767 g/L 

NaHCO3 - 3.7 g/L 
 
Table 3: A comparison of the inorganic salt content of Oxoid BR0014G PBS versus Sigma D5795 
DMEM, based on manufacturer specifications.  

 

A comparison of ion content, in terms of molarity, between these three solutions is given in 

table 4.    

 

  PBS DMEM Resazurin 
Sodium 117.18 mM 110.89 mM 111.52 mM 

Potassium 3.33 mM 0.81 mM 1.06 mM 
Calcium  - 2.39 mM 2.39 mM 

Magnesium  - 0.811 mM 0.811 mM 
Iron  - 0.25 µM 0.25 µM 

 
Table 4: Molar concentrations of cations in Oxoid BR0014G PBS, Sigma D5796 DMEM, and working 

resazurin solution. Data extrapolated from manufacturer specifications.  
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The reactivity series of metals places potassium as the most reactive, sodium as the 

second-most reactive, calcium as the third, magnesium as the fourth, and iron as the 

seventh (after aluminium and zinc) [169]. On a one-to-one basis, sodium will be unable to 

displace potassium. However, this does not completely preclude the possibility of sodium 

ions displacing the potassium ions. Indeed after sodium alginate is dissolved into aqueous 

solution, calcium ions readily take the place of the more reactive sodium ions [170]. The 

comparatively high concentrations of sodium ions present in PBS, DMEM, and resazurin 

working solutions must be taken into account, thus the gradual replacement of potassium 

ions in carrageenan gels with sodium ions may well be the cause of destabilisation.  

 

The molar concentrations of sodium ions presented in table 2 are likely too small to be of 

significance, with a variance of less than 0.0063 M between the highest and lowest sodium 

content. Yet, there were significant differences in the stability of gels maintained in these 

three solutions: samples exposed to resazurin were shown to degrade more quickly than 

those maintained in PBS or DMEM, and samples maintained in PBS degraded more slowly 

than those in DMEM (figures 3.13 and 3.14). The DMEM solution contains a wealth of 

additional substances besides the ionic salts, and it may be possible that one or more of 

these imparts a degree of stability to the carrageenan gels, such as weak surface adsorption 

of serum-proteins, or polar molecules interacting with the ions in solution preventing them 

from disrupting the carrageenan crosslinking. The resazurin solution is, of course, only 

distinguished from the other two solutions by its resazurin content. There may be a possible 

mechanism by which phenoxazine-type organic molecules, such as resazurin, also 

destabilise the integrity of ionically crosslinked hydrogels. 

 

With regard to the lyophilisation approach, the length of time required to produce 

carrageenan discs was much greater than that for beads and fibres, sometimes by as much 

as 72 hours (owing to the freezing and lyophilisation stage). Since a scaffold for commercial 

meat production would ideally be simple and time-efficient to produce, it was felt that this 

comparatively huge increase in the time taken to produce the scaffold (a matter of hours 

versus days, representing an increase by a factor of more than 10x) made the practice of 

freeze-drying inefficient for cultured meat applications.  

 

However, reflecting on previous results, it was decided that all scaffolds would be 

subsequently kept in DMEM and the use of PBS for this purpose would be discontinued.  
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3.2.2 Surface-coating of hydrogels 
 
Manipulation of gel-formation conditions and environmental maintenance conditions 

showed some effect on gel stability, however the desired degree of stability was not 

achieved. Therefore, focus was shifted to modification of the gels themselves after they 

were produced. To this end, chitosan and silk were selected for use as surface coatings in 

the hopes that such coating would impart stability to the gels.  

 

A crucial attribute of any surface-coating applied to a scaffold intended for cultured meat is 

biodegradability and edibility, which are demonstrated by both chitosan [171] and silk fibroin 

[172]. In order to properly adhere to the carrageenan gels, the coatings would need to 

contain polar regions within their molecular structure. The non-repeating amino acid chain 

at the carboxy-terminal end of the silk fibroin protein chain contains a number of basic amino 

acids, them being nine pairs of arginine and lysine [58], which contain positively charged 

regions. Chitosan may contain a wealth of positively charged amine groups within its 

structure which can become protonated at acidic pH [173, 174]. However, this is dependent 

on the DDA: chitosan is typically harvested from crustacea as chitin, which lacks the 

aforementioned amine groups in favour of acetyl groups [175]. The chitin must be treated 

under alkaline conditions in order to achieve deacetylation [175], wherein the acetyl groups 

are converted to amine groups: the degree to which this is achieved is expressed as the 

chitosan’s DDA%. This is an important aspect of chitosan with respect to its application in 

tissue-engineering, as the DDA% has been shown to positively correlate with chitosan’s 

ability to support cell binding and proliferation [176]. The mechanics of this relationship will 

be discussed in further detail in section 3.2.2.2. The cytocompatibility of chitosan has not 

escaped researchers: Cai et al. were able to produce a porous, lyophilised chitosan scaffold 

which was able to maintain L929 fibroblasts and bovine carotid endothelial cells, depending 

on pore size and release of growth factors [177]. Foster et al. were able to show that 

chitosan of high DDA% was able to support proliferation of olfactory ensheathing cells [176]. 

Ji et al. produced chitosan hydrogels which supported proliferation of GM388 fibroblasts, 

and were able to increase the degree to which cells infiltrate the gel by manipulating pore 

size [178].  

 

The cytocompatibility of silk fibroin has also been well-documented. For example, Mandal 

et al. were able to produce lyophilised silk scaffolds on which human primary dermal 

fibroblasts would proliferate [179]. Sakunphanitphan et al. were able to proliferate SCAP 

cells on sill fibroin hydrogels [180]. Carrasco-Torres et al. were able to maintain KaCaT 
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keratinocytes on composite silk fibroin / polyethylene oxide electrospun scaffolds [181]. 

Interestingly, all three of these independent studies noted a decrease in cytocompatibility 

as the percentage concentration of the silk fibroin protein increased.   

 

It is no surprise then that both silk and chitosan have been utilised as modifiers for hydrogel 

scaffolds: the carrageenan fibres of Mihaila et al. were surface-coated with chitosan, and 

the alginate beads of Patil and Singh were blended with silk fibroin, for instance [129, 154]. 

 
3.2.2.1 Deacetylation of chitosan 
 

Chitosan-coating of carrageenan had been previously employed in attempts to stabilise the 

gels and improve cytocompatibility, however these attempts failed on both counts (data not 

shown). After NMR analysis of the stock chitosan (“Reaction time 0 min” as seen in figure 

3.19) showed it to have a much lower DDA% than stated by the supplier, it was decided 

that these experiments would be repeated after the stock chitosan had been further 

deacetylated as per chapter 2, section 2.2.4. Samples were then dissolved to 10 mg / ml in 

D2O acidified by concentrated HCl, followed by 1H NMR analysis by Dr Tim Woodman, also 

as described in section 2.2.4. The molecular structure of acetyl groups is illustrated in figure 

3.15. The NMR analysis of these samples, as well as the stock chitosan, are given in figures 

3.16 and 3.17, where data are expressed in parts per million downfield from SiMe4 as an 

internal standard. The extrapolated degrees of deacetylation for the samples are given in 

figure 3.18. The equation by which the integrals from NMR are converted into DDA% is 

given in equation 1.    

 
Figure 3.15: Molecular structure of the acetyl group. The NMR records the magnetic resonance of 

the hydrogen nuclei (protons).   
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Figure 3.16: 1H NMR spectrum of stock chitosan samples. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.17: 1H NMR spectrum of chitosan samples reacted with 45% (w/v) NaOH solution at 90˚C 

for A: 30 minutes. B: 60 minutes. C: 60 minutes. Peaks between 2.0 and 2.5 ppm represent hydrogen 

nuclei of CH3 groups (which in turn belong to acetyl groups). Peaks between 3.0 and 4.5 ppm 
represent nuclei of hydrogens 2 - 6 of the monomer.  
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Equation 1 [182]: DDA from the magnetic resonance of various hydrogen nuclei in chitosan. Iac refers 

to the integral of hydrogen nuclei associated with CH3 in acetyl groups [182]. IH2-6 refers to the 

integral of hydrogens at positions 2 – 6 (as well as 6’) in the monomer [182].  

 
Figure 3.18: Degree of deacetylation (DDA%) of chitosan samples, heated with NaOH solution under 

nitrogen atmosphere for various lengths of time.  
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used as a standard reaction time when manually deacetylating chitosan. The unmodified 
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where samples rose by over 30% DDA in 30 minutes. Prashanth et al. achieved a 
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time (1 hour) [183]. However, this study maintained the reaction at 100˚C, 20˚C higher than 

that conducted by Hussain et al.. Indeed, Chang et al. cite reaction temperature as the most 

critical variable in producing high DDA samples, and was able to produce DDA’s well into 

the high-90% range using a high temperature of 133.78˚C. This study also used a high 

concentration of NaOH (51.89%) also citing this as a highly important factor [175].  

 

Yuan et al. were able to achieve an excellent DDA% of 99.68% using 45% NaOH at 90˚C 

for 2 hours [62]. From this study, it is particularly noticeable that the method by which DDA 

is determined can have a substantial effect on the value; the same sample which gave the 

aforementioned value of 99.68% DDA under ultraviolet-vis spectrophotometry also gave a 

value of 86.68% when analysed via acid-base titration [62]. Studies tend to use various 

methods of confirming DDA, and these methods are not necessarily consistent between 

studies, making comparisons less reliable. The results shown here (figures 3.16 and 3.17) 

were obtained by way of NMR analysis. The previously mentioned study of Prashanth et al. 

as well as that of Freier et al. also analysed their samples using NMR [63]: the maximum 

DDA attained in 2 was markedly lower than even the least efficient result shown here 

(88.8% versus 92.3%) despite being carried out for 90 minutes longer and at a temperature 

10˚C higher. However, Freier et al. were able to produce samples of 99.5% DDA with only 

a 30-minute increase from the maximum reaction time shown here, but at a temperature of 

110˚C.  

 

The samples showed higher DDA values than anticipated, which was a positive result. 

However, an increase in temperature may serve to further optimise the procedure. The use 

of various techniques to determine DDA rather than the exclusive use of NMR (figures 3.16 

and  3.17) would have served to make the results more comparable to other studies, which 

would help to contextualise the importance of the experimental conditions. But as the goal 

was simply to confirm an increase in the DDA of the chitosan for the purposes of 

cytocompatibility (rather than raising it to any particular target value), it was decided that 

analysis by NMR was sufficient.  

 

This variance depending on experimental technique may also explain the surprising lower 

value obtained for DDA% of the stock chitosan (52%) when compared to the estimate of 

75-85% provided by the manufacturer. It was communicated by Sigma Aldrich that the stock 

chitosan’s DDA% was ascertained by way of titration. This would likely be either acid-base 

or potentiometric titration [62], which would limit the sensitivity of the procedure to that of 

the pH meter or voltmeter (respectively). In a worst-case scenario, the use of coloured 

indicators in acid-base titrations, if used to determine DDA%, may indicate that the end-
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point of the procedure was determined qualitatively rather than quantitatively. The volume 

of titrant contained in a droplet (as titration procedures often add the titrant solution to the 

analyte dropwise) would also represent a margin of error in a titration procedure to 

determine DDA%. Reflecting on the principles of NMR, it would seem to be a far more 

precise technique than titration. NMR operates by inducing a shift in energy at the sub-

atomic level, triggering a change in the orientation of nucleic spin [184]. The exact quantity 

of energy required to induce this effect is determined not only by type of atomic nucleus, 

but by the surrounding electrons as well [184]. This enables detection of the exact molecular 

group in which the nuclei are found. This allows for direct detection of acetyl groups in the 

molecular structure of the chitosan samples, and quantification thereof, rather than relying 

on their effecting ambient pH or potential difference. Thus, the NMR-based result of 57% 

DDA for the stock chitosan samples (figure 3.18) is likely to be more accurate than those 

obtained by the manufacturer by way of titration.  

 

3.2.2.2 Cytocompatibility of chitosan 
 

In order to determine whether this increase in DDA% translated to an increase in 

cytocompatibility, chitosan films were prepared as per chapter 2, section 2.2.4. Cells were 

then seeded on the resultant chitosan films and their growth was tracked by way of 

resazurin metabolic assay, as per chapter 2 section 2.1.2.2.  

 

 
Figure 3.19: C2C12 cell proliferation on chitosan samples (stock versus 60-minute sample as seen 

in figure 3.18) and TCP, measured by way of resazurin metabolic assay. Data represent median ± 

interquartile range.  
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The results appear positive. The deacetylated chitosan samples appeared to show an 

increased degree of cytocompatibility compared to their unmodified counterparts (figure 

3.19); the general upward trend in fluorescence over time is immediately obvious for 

deacetylated chitosan samples compared to the flatline associated with the stock samples, 

and this difference was determined to be of statistical significance (p = < 0.05). The 

cytocompatibility of the two chitosans were, however, both shown to be inferior to TCP 

controls. Fluorescence readings from stock chitosan samples and deacetylated samples 

were both shown to be significantly different to those of TCP samples (p < 0.001 for both 

comparisons).   

 

The apparent increase in cytocompatibility for the deacetylated samples compared with the 

stock samples is not altogether unexpected. Although chitosan is a polysaccharide, it has 

the capacity for adsorption of cell-binding peptides (normally present in serum) to its surface 

[64, 185], such as fibronectin [65]. This is likely facilitated by the amine groups within the 

chitosan structure, as these would not only have the ability to join with peptide-bound 

carboxylic acid groups, but the positive charge of the amine groups (especially at acidic pH) 

[173, 174]. This would explain why cytocompatibility of chitosan increases with DDA%, as 

higher a DDA% denotes a greater number of amine groups present to facilitate the binding 

of serum proteins, which in turn allow chitosan to bind cells. It was hoped that the 

deacetylated samples would show higher cytocompatibility than seen in figure 3.19, given 

that the stock samples exhibited a DDA% of below 60% compared to the >90% exhibited 

by deacetylated samples (figure 3.18). However, as previously mentioned, DDA% readings 

can vary with the experimental technique employed to obtain them, and studies primarily 

focusing on DDA% typically make use of more than one technique in order to acquire a 

more reliable set of results with regard to degree of deacetylation. Use of additional 

techniques may show the mean DDA% of chitosan samples presented herein to be lower 

than that measured by NMR only, and so there may be room for further optimisation of the 

deacetylation procedure, which would in turn further improve cytocompatibility.  

 

It is known that the isolation of chitin begins with deproteination, wherein potentially 

allergenic peptides are separated from the polysaccharide, and demineralisation, wherein 

calcium carbonate is removed from the chitin [60]. The manufacturer gives no specifications 

as to the purity of the chitosan [186]. However the presence of residual calcium carbonate 

is unlikely to have significant cytotoxic effects [187]. The effectiveness of deproteination can 

vary widely depending on the specific parameters used [60], and studies concerning 

deproteination do not appear to specify what peptides are being removed [60, 188, 189], 

making speculation as to the potential effects of protein content in the chitosan difficult.     
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3.2.2.3 Cytocompatibility of silk fibroin 
 
As previously mentioned, the cytocompatibility of silk has been consistently demonstrated 

in literature. In order to reconfirm this cytocompatibility before its application to increase that 

of carrageenan gels, silk fibroin was degummed and formed into films as per section 2.2.3.1. 

Cells were then seeded as per chapter 2, section 2.1.1.2, and proliferation was tracked by 

way of resazurin metabolic assay in a 6-well plate as per chapter 2, section 2.1.2.2. The 

results are given in figure 3.20. 

 

 
Figure 3.20: C2C12 cell proliferation on degummed, lyophilised silk fibroin discs versus TCP, 

measured by way of resazurin metabolic assay. Data represent median ± interquartile range. 

 

Silk fibroin films showed positive cytocompatibility, though still inferior to TCP (figure 3.20). 

Fluorescence from silk samples were significantly lower than those from TCP (p < 0.001). 

These results are further discussed in chapter 4. Comparing these results to those shown 

from chitosan shown in figure, silk fibroin appears to be the superior biomaterial in terms of 

facilitating cell growth.  

 

It is unlikely that any significant amount of ethanol remained on the silk films after washing 

and drying. Tapani et al. tested the cytotoxic effects of ethanol on various types of cells over 

time. They noted that a concentration of 15% (v/v) ethanol would have a total cytotoxic 

effect on F9 cells after 10 minutes of exposure, this was reduced to a partial cytotoxic effect 

as concentration was lowered to 10%, and no effect was observed at 5% [190]. Not only 

was the silk washed thrice which would heavily dilute any remaining trace amounts of 

ethanol, but the remaining liquid was subsequently allowed to dry (as per chapter 2, section 
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2.2.3.1). The manufacturer note that the evaporation residue for the ethanol is a maximum 

of 5 parts per million [191]. Thus it can be reasonably assumed that a negligible amount of 

ethanol, if any, remained on the silk films after washing and drying and would not have 

impeded cell growth.  

 

As noted in chapter 2, section 2.2.3.1, an NaCO3 concentration of 0.02 M was used to 

degum the silk. This translates to a w/v concentration of 0.212%. Dou and Zuo measured 

the effect of various NaCO3 concentrations on the degumming of silk [192]. Silk degummed 

with even the minimum NaCO3 concentration of 0.005% (w/v) (for 30 minutes) appeared to 

exhibit complete removal of sericin, SEM analysis showed fibrous strands of silk fibroin 

without any visible sericin gum surrounding them [192]. Therefore, it is unlikely that the 

degumming parameters used here (NaCO3 concentration of 0.02 M or 0.212% w/v, and a 

boiling time of 1 hour) left any residual sericin in the silk films that could have affected cell 

growth thereon. Though it was noted in the study of Dou and Zuo that as NaCO3 

concentrations increased from 0.05% to 0.5%, the silk fibroin fibres exhibited a small degree 

of structural damage as a result of the degumming procedure, with the fibres appearing 

slightly cracked and frayed [192]. This effect was observed to be much more severe when 

NaCO3 concentration rose to 5% [192]. It is conceivable, therefore, that the NaCO3 

concentration of 0.2% (w/v) and 1 hour of boiling time may have caused minor damage to 

the silk fibroin, though the fibres were subsequently dissolved and formed into dry films from 

regenerated solution, rather than the cells being grown on the fibres themselves, and so 

this is also unlikely to have significantly impacted results.       

 

In order to determine whether these cells would form myotubes, the cells on silk films were 

cultured to differentiation as per chapter 2, section 2.1.1.4, and stained as per chapter 2, 

section 2.1.2.3 (without Hoechst counter-staining). This procedure was not carried out on 

chitosan due to the lessened degree of proliferation (figure 3.19), meaning more time would 

be required in order to culture the cells to confluence. The resultant myotubes are shown in 

figure 3.21.   



 102 

 
Figure 3.21: Confirmation of C2C12 myoblastic differentiation on silk fibroin discs, visualised via 

immunostaining for myosin heavy chain. Scale bar represents 500 µm. 
 

The presence of myotubes on silk fibroin (figure 3.21) is a positive result, especially 

considering the lack of cell-binding motifs that would commonly be found in ECM proteins, 

which also govern signalling of various cell functions, including differentiation [193-196]. 

However, silk fibroin has been shown to initiate extracellular signal-regulated kinases (ERK) 

signalling pathways by inducing phosphorylation [197]. A downstream substrate of ERK, 

focal adhesion kinase (FAK) [198] is noted to play a crucial role in myotube formation, as 

its inhibition completely impairs myoblastic fusion [199]. 

 

3.2.4.4 The effect of coating on degradation 
 

It is noted in literature [129] that the surface-coating of carrageenan hydrogels serves to 

impart stability, reducing both the swelling and degradation effect. Carrageenan discs were 

coated in deacetylated chitosan (as per chapter 2, section 2.2.2.2.1), and silk fibroin (as per 
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chapter 2, section 2.2.2.2.3). These scaffolds were analysed for degradation as per chapter 

2, section 2.2.2.1. The decrease in mass of the coated gels over time is shown in figures 

3.22 to 3.23, the mean degradation times in figure 3.24, and the degree of swelling in figure 

3.25.  

 
Figure 3.22: Degradation of carrageenan fibres coated in various ways over time in 37˚C DMEM. C-

fibres refers to chitosan-coated samples. S-fibres refers to silk-coated samples. Uncoated fibres refer 
to uncoated controls. Data represent median ± interquartile range.  

 

 
Figure 3.23: Degradation of carrageenan beads coated in various ways over time in 37˚C DMEM. C-

beads refers to chitosan-coated samples. S-beads refers to silk-coated samples. Uncoated beads 
refer to uncoated controls. Data represent median ± interquartile range.  

 

 

0

50

100

150

200

250

0 3 6 9 12 15 18 21

Pe
rc

en
ta

ge
 m

as
s o

f o
rig

in
al

Days

C-Fibres Uncoated fibres S-Fibres

0

20

40

60

80

100

120

140

160

0 5 10 15 20 25

Pe
rc

en
ta

ge
 m

as
s

Days

C-Beads Uncoated beads S-Beads



 104 

 
Figure 3.24: Degradation time of uncoated and silk-coated carrageenan beads and fibres in 37˚C 

DMEM. Data represent median ± interquartile range. 

 

 
Figure 3.25: Maximum mass (degree of swelling) of uncoated (“U”), silk-coated (“S”), and chitosan-

coated (“C”) carrageenan beads and fibres in 37˚C DMEM. Data = median ± interquartile range. 
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reported that chitosan-coating reinforces carrageenan hydrogel scaffolds, preventing their 

swelling and enhancing their stability [129].  

 

Silk-coated beads also showed a sizable increase in degradation time compared to 

uncoated controls (and even to silk-coated fibres, which did not appear to degrade any more 

slowly than the uncoated controls) without causing an increase in mass-gain. With 

optimisation, this may also represent a potential method for producing stable carrageenan 

scaffolds.   

 

The binding of chitosan to carrageenan can be explained by the fact that chitosan contains 

in its structure a wealth of O-H and N-H bonds (the former being favoured 3:1), enabling 

formation of intermolecular hydrogen-bonding [129]. In addition to this, the amine group is 

observed to become protonated at acidic pH [173], thus bearing a positive charge. This 

positive charge and capacity for formation of hydrogen-bonding is attributed to chitosan’s 

ability to adhere to carrageenan without the aid of additional agents [174] [129], as the 

positively amine groups of the chitosan readily associate with the negatively charged 

organosulfate groups of the carrageenan [200] [201], though the efficiency of adherence 

can be furthered by the use of glutaric acid and glutaraldehyde [202].  

 

It is also observed that the anime groups of the chitosan become more highly protonated at 

lower pH [173], and this increase in positive charge can be used to encourage stronger 

adhesion [173]: it was noted that chitosan adheres to mica films most strongly at pH 3. 

Trends that may also offer insight into the binding mechanics of chitosan include chitosan’s 

reluctance to form cohesive bonds with other chitosan polymer chains, unless contact time 

is prolonged. The authors of this particular study offer the conjecture that this denotes a 

need for chitosan molecules to be specifically oriented in order to form cohesive 

associations. Further evidence of this theory is given by mica-bound chitosan showing no 

capacity for cohesion with additionally added chitosan layers until maximum adhesion 

efficiency with the mica surface has been achieved [173]. This reluctance to form cohesive 

bonds is shown to escalate into repulsive forces when pH is raised to alkaline levels [173].  

 

As previously discussed, silk fibroin contains amino acid residues which have positively 

charged regions, which in turn facilitate adsorption to carrageenan via the anionic 

organosulfate groups. This effect is likewise seen in the interactions between silk fibroin 

and eukaryotic cells, due to the negatively charged sialic acid expressed on the cell-surface 

membrane [203]. After the silk fibroin has been adsorbed onto the carrageenan surface, the 

subsequent treatment with organic solvents dehydrates the fibroin and triggers a structural 
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conversion from the alpha-helix form to beta-sheets, which are more structurally stable and 

insoluble in water [204]. It has been theorised that the carbonyl oxygens of silk fibroin form 

weak bonds with sodium ions (and that this effect can also cause the conversion from alpha-

helix into beta-sheet) [205] which may provide a possible mechanism by which silk-coating 

causes a substantial increase in the stability of carrageenan gels in comparison to uncoated 

controls. Though the effect of silk-coating on gel stability is clearly inferior to that provided 

by chitosan-coating.  

 

It may therefore be that a positively charged coat provides some degree of repellent force 

against positively charged ions, preventing them from penetrating the surface of the gel and 

disrupting the ionic crosslinking. This may also help to explain the higher efficiency of 

chitosan-coating (with regard to stabilisation) than that of silk-coating; each repeating 

monomer of the chitosan chain contains an amine group which, as previously discussed, 

grants the polymer its positive charge [173]. Polar amino acids within the silk fibroin peptide 

chain are likely to be far more sparse. Indeed, examination of the predicted amino acids 

coded for in 5’ end repetitive coding region of complementary DNA (cDNA) clones of silk 

fibroin heavy chain, as given by Mita et al. show only 1 positively charged [11] amino acid 

residue (arginine) among a chain of 494 residues [58]. However, it may also be that the 

network of surface-adsorbed polymers provides anchorage, which physically holds the gel 

together. This would also fall in line with there being less positively charged groups in silk 

fibroin, as it would result in more sporadic adsorption points across the gel surface, and so 

the silk fibroin would be less able to physically hold the gel together. 

 

3.2.2.5 Cytocompatibility of surface-coated carrageenan gels 

 

The cytocompatibility of silk fibroin and deacetylated chitosan have been demonstrated. 

The next step was to ascertain whether this effect was maintained when the materials were 

applied to carrageenan gels. In order to do this, carrageenan gels were coated (separately) 

with chitosan and silk fibroin as per chapter 2, section 2.2.2.2. Cells were then seeded on 

the coated gels as per chapter 2, section 2.1.1.2. Given the previously demonstrated effect 

of resazurin solution on the carrageenan gels (figures 3.12 – 3.14), cytocompatibility was 

instead ascertained by staining the cells with fluorescein diacetate (as per chapter 2, section 

2.1.2.1.3) and manually counting under fluorescence microscopy (with the exception of TCP, 

on which cells were could be seen with white-light). Staining was conducted just 5 minutes 

before visualisation, therefore the staining procedure would not have downstream effects 

on cell proliferation which would affect the results, which are given in figures 3.26 and 3.27.  
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Figure 3.26: C2C12 cell-counts on coated and uncoated discs of carrageenan gels versus TCP. Cells 

stained by way of fluorescein diacetate and visualised via fluorescence microscopy. Data represent 
median ± interquartile range.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.27: Representative images of C2C12 cells on coated and uncoated carrageenan discs, as 

well as TCP, 3 days after seeding. Cells stained by way of fluorescein diacetate and visualised via 

fluorescence microscopy. A: Chitosan-coated, B: Silk-coated, C: Uncoated, D: TCP. Scale bars 

represent 500 µm. 
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It was necessary to stain cells seeded on carrageenan discs, as they could not be easily 

distinguished from the scaffold under white light or phase contrast microscopy. Those 

seeded on TCP were are easily observable under phase contrast. The stained cells were 

imaged immediately after the staining procedure was carried out, and the TCP controls 

were contained in the same plate (and so were subject to the same environmental 

conditions as the cells to be stained, with the exception of the actual stain). The coated 

carrageenan gels appeared to show higher cell-counts after 3 days than the uncoated 

controls, suggesting that the coating procedures enhanced the cytocompatibility of the 

carrageenan gels. However, the cell-counts on the coated samples (both silk and chitosan) 

were vastly inferior to that on TCP. The fact that the coating procedures did not have the 

desired effect (or at least, not to the desired degree) of facilitating cell attachment may be 

explained by the factors governing adsorption of the materials to the carrageenan gels. As 

previously stated, the positively charged amine groups of the chitosan allow the material to 

associate with the negatively charged organosulfate groups of the carrageenan, as well as 

serum-proteins which allow adherence of cells. With the amino groups of the chitosan 

already engaged with the carrageenan, this may hamper their ability to associate with 

serum-proteins which in turn would diminish their cytocompatibility. This is also not 

dissimilar to associations between carrageenan and silk fibroin, wherein positively charged 

amino acid residues may associate with the negative carrageenan. Arginine, for example, 

is a positively charged amino acid [11] which is, of course, integral to model RGD motif’s 

ability to bind cells. If such amino acids in cell-binding ligands were associated with the 

negatively charged carrageenan, it may prevent cells from accessing them.  

 
Shen et al. found that layer-by-layer assembly of a charged silk fibroin / alginate scaffold 

increased cytocompatibility far beyond that of silk fibroin alone [206]. The technique was 

adapted for applications to carrageenan gels: the carrageenan was charged by way of pH 

adjustment (using sodium hydroxide). Chitosan was also given a higher positive charge by 

lowering the pH (accomplished by increasing the acetic acid concentration of the aqueous 

acetic acid solution in which the chitosan was dissolved). Charged but uncoated discs were 

produced, as well as those with one layer of charged chitosan, and finally a three-layer coat 

of chitosan-carrageenan-chitosan. Cells were seeded and allowed to proliferate for 3 days 

before imaging under fluorescence microscopy. Representative images are given in figure 

3.28.  
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Figure 3.28: Representative images of C2C12 cell populations on carrageenan discs, A: uncoated, 

B: chitosan-coated, and C: coated with multiple layers of chitosan via layer-by-layer assembly. TCP 
controls also given (D). Cells stained using fluorescein diacetate and visualised under fluorescence 

microscopy.  

 

The results appear positive (figure 3.28). Cell density appeared to increase with the addition 

of chitosan, and then increase further with additional layers. Furthermore, cells on the three-

layer coated samples appear to show less rounded-morphology, indicating that some 

degree of cell-spreading may have taken place. However, these increases did not compare 

to the cell densities on TCP.  

 

The manufacturer notes that the kappa-carrageenan (Sigma 22048) contains less than 11% 

potassium, less than 3.5% calcium, and less than 2% sodium, with a moisture content of 

less than 12% [207]. It is also noted that the product contains a minority (though undefined) 

amount of iota-carrageenan [207]. Furthermore, the pH of the product is given as being 

between 7.5 and 10.5 [207]. The slightly alkaline pH and presence of alkali metals are likely 

due to the process of extracting carrageenan from red seaweed which is typically done 

using alkaline solutions, such as potassium hydroxide [14], and alkaline solutions such as 

sodium hydroxide can be used to convert one type of carrageenan to another [208]. Though 

A B 

C D 
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these alkaline metals are present in DMEM, they are present in comparatively smaller 

amounts as seen in table 3. It can be extrapolated from the concentrations of the inorganic 

salts that the DMEM contains 0.255% (w/v) sodium, 0.003% (w/v) potassium, and 0.01% 

(w/v) calcium. As stated, the concentrations of these alkaline metals in the carrageenan are 

noted to be higher [207]. Garland et al. investigated the cytotoxic effects of these alkaline 

metals (as part of inorganic salts). They noted that, when chloride salts of sodium, calcium, 

and potassium were applied to cells in millimolar concentrations, only salts containing 

sodium resulted in a lessened degree of cell viability and attachment [209]. It may therefore 

be possible that the sodium content of the carrageenan negatively impacts the ability of 

cells to adhere and remain viable on the surface of carrageenan gels. The process of 

forming a hydrogel scaffold from the carrageenan powder involved exposure to KCl solution, 

it is therefore possible that residual KCl remained associated with the hydrogels after 

gelation. As noted however, this is unlikely to have impacted cell attachment or viability 

[209]. 

 

3.2.2.6 Surface-coating of alginate  
 
The primary rationale for choosing carrageenan over alginate was the latter’s inability to 

bind cells in its normal form. However, since carrageenan gels required surface modification 

in order to prevent their degradation, this rationale was weakened. Cell growth was 

therefore, briefly assayed on alginate discs, formed and coated as per chapter 2 section 

2.2.2.2.4. Cells were seeded as per chapter 2, section 2.1.1.2, and their proliferation was 

tracked by way of resazurin metabolic assay as per chapter 2, section 2.1.2.2. The results 

are given in figure 3.29. 
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Figure 3.29: C2C12 cell-proliferation on coated and uncoated alginate discs, versus TCP, measured 

by way of resazurin metabolic assay. Data represent median ± interquartile range.  

 

Again, the results (figure 3.29) suggest that the surface coating improved cytocompatibility 

compared to the uncoated gels (which, as expected, appeared to show no cell growth of 

any kind after 3 days). Information regarding purity or potential contaminants is not given 

by the manufacturer [210], however potential contaminants of improperly purified alginate 

are noted to include proteins, lipopolysaccharides, and nucleic acids [211]. The process of 

this surface-coating was relatively simple, especially when compared to the conventional 

practice of coupling RGD and similar protein motifs to the polysaccharide, which involves 

costly and hazardous reagents such as EDC and NHS [212, 213] and the peptide itself if 

purchased from a manufacturer. With optimisation, surface-coating or cross-material 

blending may represent a more efficient means of functionalising alginate gels than covalent 

attachment of cell-binding protein motifs. Indeed, silk / alginate blends have been used as 

scaffolds for mesenchymal stem cell culture [154, 214].  

 

3.2.2.7 Air-blown, surface-coated carrageenan microbeads 
 
Although there are still obstacles to overcome in the use of carrageenan hydrogels to 

support cell culture, progress has been made with regard to stabilisation of these 

carrageenan gels, and there may be wider-scope downstream implications for these 

stabilised hydrogels such as cell encapsulation for therapeutic delivery or preservation [76], 

or drug delivery [215, 216]. With this in mind, the possibility of rapid-generation of stabilised 

carrageenan microparticles was explored: carrageenan solution was sprayed into a 
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collection bath of crosslinker solution as per chapter 2, section 2.2.1.2. The resultant 

droplets gelled into microparticles, whose size distribution is shown in figures 3.30 – 3.32.  

 
Figure 3.30: Size distribution of surface-coated carrageenan particles, produced by air blowing. Data 
represent individual observations. 

 

 
Figure 3.31: Median diameter of surface-coated carrageenan particles, produced by air blowing. 

Data represent median ± interquartile range. 
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Figure 3.32: Representative images of surface-coated carrageenan gel particles produced by air 

blowing. A: Uncoated, B: Chitosan-coated, C: Silk-coated. Scale bars represent 500 µm.  

 

Due to an error in the experimental procedure, the coated samples were imaged under 

phase contrast microscopy whereas the control samples were imaged under white light 

microscopy. However the particles are clearly visible under both conditions, and diameters 

of the particles are easily measured. The resultant particles were generally spherical in 

shape (figure 3.32). The vast majority of particles were less than a millimetre in diameter 

(figure 3.30) with mean diameters of around 400 – 500 µm, depending on surface-coating. 

This would appear to make this method of generating carrageenan particles unsuitable for 

drug delivery, as hydrogel particles for this purpose are produced with diameters in the 

nanometer range [215-217]. They may be applicable to cell encapsulation techniques, 

however. This will be discussed further in section 3.3.4. Most importantly, if the obstacles 

with regard to surface-seeding can be overcome, these particles would be of sufficient size 

to be applied to this end. 

 

Even after extensive work, carrageenan gels capable of supporting the growth of myoblastic 

cell cultures had not been produced, although progress had been made with regard to 

stabilising the carrageenan gels. Focus therefore was shifted to a protein-based biomaterial 

which could be formed into solid scaffolds.  

 
3.3 Further work and wider implications 
 
3.3.1 Analysis of disruptive substances  
 
The data shown in figures 3.10 and 3.11 have curious implications. It remains highly likely 

that sodium ions disrupt the ionically crosslinked carrageenan hydrogels, gradually 

replacing the potassium links with weaker sodium links. However, given the hastened 

A B C 
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degradation time of gels exposed to resazurin working solution for only 2 hours per day 

versus those exposed only to PBS or DMEM, it was expected that the resazurin working 

solution would have the highest sodium content, i.e. that degradation time would correlate 

with sodium content. The resazurin working solution presented an anomaly in this regard. 

Whilst DMEM had the lowest sodium content, and the longest degradation time for gels 

maintained therein, and PBS showed a shorter degradation time in line with its higher 

sodium content compared to DMEM, resazurin working solution exhibited the shortest 

degradation time despite its sodium content falling between that of DMEM and PBS. It may 

be beneficial to explore this in further detail, perhaps by maintaining carrageenan gels in 

solutions of deionised water with gradually increasing concentrations of sodium chloride 

added thereto. If this produced the expected correlation between sodium content and gel 

degradation times without the presence of additional substances, it would concretely 

demonstrate the role of sodium ions in destabilising carrageenan gels. It would also be 

beneficial to expose carrageenan gels to phenoxazines under controlled conditions in order 

to ascertain whether this class of organic molecule plays a role in destabilising the gels.  

 

3.3.2 Topographical micropatterning 
 
The carrageenan hydrogels used here had no designed topographical features. It is noted 

that topographical features (microscale or nanoscale structures on the substrate surface) 

influence the behaviour of cultured cells [218], thus the introduction of such structures on 

the surface of the carrageenan gels may serve to improve cytocompatibility. For example, 

Lam et al. demonstrated that the introduction of wave patterns (with peaks ranging from 3 

– 12 µm distance from each other) on silicone substrates [219]. They noted that the 

presence of these wave structures induced alignment in cultured myoblasts, and that waves 

whose peaks were 6 µm apart did this to the most effective degree [219]. Two notable 

techniques by which hydrogels may be given topographical features are photolithography 

and soft lithography [218, 220]. In order for photolithography to be applicable, the hydrogel 

must have the capacity for photocrosslinking. This capacity is exploited by designing an 

opaque mask with the desired topographical pattern included as transparent sections [218]. 

This mask is applied to the hydrogel precursor and as the light shines through the mask, 

the hydrogel is photocrosslinked according to the pattern of the mask, and so topographical 

features are formed on the surface of the gel [218, 220]. Soft lithography usually involves a 

polydimethylsiloxane construct, which can be designed with the inverse of the desired 

topographical pattern and then applied to the hydrogel precursor [218, 220]. When 

polymerised, the construct is removed, leaving the hydrogel surface imprinted with the 

topographical pattern [218, 220]. Other forms of soft lithography involve forming the 
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hydrogel within the topographical features of the polydimethylsiloxane construct, which can 

then be applied to the surface of an existing substrate [218, 220]. 

 

3.3.3 Potential for non-animal-based coatings 
 

The obvious drawback to these stabilisation methods is that they employ animal products, 

and the focus of this research is to produce a largely (or preferably, wholly) plant-based 

scaffold. 

 

3.3.3.1 Fungal sources of chitosan 
 

Although the primary source of chitin is from crustacean exoskeletal structures [60], the 

substance is not limited to shellfish, plant-based sources of chitin have been noted; it has 

been observed that some edible mushrooms deviate from the norm for fungi and plantae in 

that they contain the polysaccharides glycogen and chitin, as opposed to cellulose and 

starch [60, 221, 222]. The process by which chitin is isolated is the same in either case. The 

biomass is washed thoroughly and pulverised. Chitin is then disassociated from 

surrounding proteins in a step termed deproteinization, usually via treatment with high-

temperature sodium hydroxide. Subsequently, the chitin may be separated from 

surrounding minerals, such as calcium chloride. This demineralisation step employs acids, 

most commonly hydrochloric acid [60]. Chitin content can vary greatly depending on the 

source; even amongst shellfish the chitin content (as a percentage of the total biomass) has 

been noted to vary from 13% - 42% [223]. This is likewise true for fungal chitin, the chitin 

content of the whole fruit body of Amycel’s 3015 shiitake strain of mushroom was noted to 

be 4.95% [224], and Lactifluus vellereus was observed to contain 11.4% chitin per dry mass 

[222]. Chitin is not limited only to fully cultivated mushroom fungi; chitin has also been 

isolated from fungal mycelia, where the highest yield was noted as 41.3% chitin per dry 

biomass [225]. The deacetylated derivative, chitosan, has also been observed to be 

biologically produced in fungal cells; a study reported a maximum of 14% chitosan per dry 

mass produced from Rhizopus oryzae, with a relatively high DDA% of 87.9% [226]. Though 

shellfish have, on mean, a higher chitin content than fungal alternatives [60], scaled-up 

cultivation of suitable species of mushroom may be a more environmentally friendly method 

by which chitin can be produced, which would be an advancement in-line with the some of 

the aims of cultured meat production, and so mushroom / fungal chitin / chitosan may 

represent an alternative to shellfish-derived chitin from which a stabilised, plant-based 

carrageenan scaffold may be developed. Additionally, it has been speculated that the 
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isolation process of chitin may be enhanced (with respect to the environmental impact) via 

employing protease enzymes in leu of the sodium hydroxide in the aforementioned 

deproteinization stage, and enzymes such as trypsin or pepsin have been proposed for this 

purpose [60]. Various protease enzymes have been noted in a number of edible mushroom 

species, including caspase varieties, ingensin, and chymotrypsin [227]. There may be 

scope for a model in which both chitin / chitosan and protease enzymes may be obtained 

from mass-production of mushrooms, and these proteases utilised to further lessen the 

environmental impact of the chitin-isolation process, already lessened by the switching of 

fungal production rather than shellfish farming.   

 

3.3.3.2. Cellulose as an alternative to chitosan 
 

Chitin is known to be the second most abundant polysaccharide in nature, with the most 

abundant being cellulose [188, 228]. Like chitosan, cellulose is a structural polysaccharide 

[184]. Despite being composed of glucose chains, similar to starch or glycogen, it is not 

used primarily as a glucose storage polysaccharide as are starch and glycogen [184]. This 

is due to the repeating units in cellulose being joined by an oxygen bridge between the beta-

1 carbon of one unit, and the number 4 carbon of the other (whereas the links between 

repeating units in starch or glycogen are formed between the number 4 alpha-1 carbons) 

[184]. This means that while storage polysaccharides such as glycogen and starch take on 

a curved structure, cellulose is able to assemble in the form of a long straight chain [184]. 

These chains can then align with each other and associate via intermolecular hydrogen 

bonding [184, 228], facilitated by hydroxyl groups; each repeating unit of cellulose has three 

hydroxyl groups, whereas those of chitosan have two hydroxyl groups and one amine group 

[229, 230]. Given that oxygen is slightly more electronegative than nitrogen, this would 

mean cellulose has a higher capacity for hydrogen-bonding than chitosan. This, in turn, may 

mean that cellulose would adhere to the surface of carrageenan hydrogels more effectively 

than chitosan, and should provide effective shielding against ions which may interfere with 

the crosslinking of the carrageenan gel.  

 

Cellulose is a difficult polysaccharide to dissolve. It is insoluble in water, unless the solution 

is taken to extreme pH levels [228]. The mechanism of cellulose dissolution is poorly 

understood, as the few solvents in which it will dissolve do not have distinguishing attributes 

in common [228]. This insolubility is an important trait also seen in chitosan, which will 

dissolve in weakly acidic solutions but not in water. Cellulose, like chitosan, would not 

redissolve into culture medium after being used to coat a hydrogel.  
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3.3.4 Silk fibroin from other sources 

As previously mentioned, not all forms of silk fibroin lack RGD motifs. Talukdar et al. for 

example, showed that cardiomyocytes exhibited significantly higher metabolic activity on 

Antheraea mylitta silk fibroin than on bombyx mori silk fibroin [231]. An exploration of silk 

fibroin from various species may result in coatings which further increase the 

cytocompatibility of the coated carrageenan gels. 

 

3.3.5 Cell encapsulation and gel porosity 
 
Surface-seeding appeared unsuccessful. However, there is precedent for successful 

culture of cells by encapsulation within carrageenan gels. Mihalia et al. particularly, were 

able to culture endothelial cells within chitosan-coated carrageenan fibres [129]. It is 

generally understood that cell encapsulation within hydrogels is accomplished by 

suspending the cells in the polymer solution, with subsequent crosslinking to induce gelation 

[232]. Indeed, this is the cited approach used in studies concerning cell encapsulation within 

carrageenan hydrogels [233, 234]. This was attempted, but cells showed no signs of 

proliferation (data not shown). This approach involved mixing carrageenan solution (with as 

low % concentration as would allow the solution to remain liquid in a 37˚C water bath) with 

an equal volume of DMEM cell suspension. An initial concern was that, since this effectively 

halved the carrageenan concentration of the final solution, an excessively low carrageenan 

content was to blame. Or that excessive heat from the carrageenan solution led to cell-

damage, though the temperature was little above 37˚C. However, upon reflection, porosity 

and pore size present themselves as possible causal factors for this inability to support 

encapsulated cell proliferation. It was also noted that, once encapsulated, cells could no 

longer be stained using CellTracker Green CMFDA dye (data not shown), and staining prior 

to encapsulation was required in order to visualise the cells once inside the gel. This may 

indicate that either cells are killed immediately upon encapsulation, or the gels lack the pore 

size to allow the CMFDA dye to penetrate the gels and reach the cells. It was also 

observable that the carrageenan gels retained the red colouration of DMEM after immersion 

therein. This may indicate that the phenol red component of DMEM is able to enter the gel. 

Given that the molecular weight of Celltracker Green CMFDA dye is 464.8 g/mol [235], and 

that of phenol red is 376.4 g/mol [236], this may provide a very rough indication of the gels’ 

pore size. If the pores of the carrageenan gels were only of sufficient diameter to 

accommodate molecules of < 464.8 g/mol but > 376.4 g/mol, it would preclude many vital 

nutrients and peptides from penetrating the gel and thus starve the cells of these critical 
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substances, as well as preventing the exit of cellular waste products. Wright et al. for 

example, noted that pore size of their alginate hydrogels was increased via oxidation, and 

this (along with decreased stiffness) enhanced the viability of encapsulated corneal 

epithelial cells [77]. Ji et al. noted that by increasing the pore size of chitosan hydrogels, 

cells were able to remain viable at increased depths [178].  Further work may seek to clearly 

ascertain the degree of porosity and pore size in the carrageenan gels by scanning electron 

microscopy, in order to determine whether this is the causal factor for the lack of 

encapsulated cell proliferation. If a lack of porosity or insufficient pore size were confirmed, 

porogen-leaching techniques would likely be the best method by which to create larger 

pores, for example Kim et al. produced macroporous alginate scaffolds by addition of 

sodium chloride (NaCl) crystals of diameters ranging from 100 – 300 µm, which were then 

leached during the ionic crosslinking stage [237]. This may also warrant further 

consideration of the lyophilisation approach discussed in section 3.2.1.3, as it may aid in 

generation of larger pores to facilitate infiltration of surface-seeded cells.   

 

With further regard to cell encapsulation: as previously mentioned, cells could not be stained 

with CellTracker Green CMFDA dye once encapsulated within carrageenan gels. Cells 

stained beforehand retained their rounded shape and green fluorescence indefinitely after 

encapsulation, without further staining, indicating no proliferation had taken place (data not 

shown). However, this may indicate a retention of viability despite immobilisation, in which 

case cell encapsulation within carrageenan gels may represent a means for hypothermic 

storage of cells, as described by Constantinescu and Connon who successfully maintained 

viability of adipose-derives stem cells in alginate at relatively low temperatures [164]. 

Alginate gels have also been applied in this way to human mesenchymal stem cells as well 

as mouse embryonic stem cells [238]. In order to ascertain whether or not this is the case, 

gels would need to be maintained between 4˚C and 23˚C in serum-free conditions, and cells 

analysed for their ability to proliferate, spread, and differentiate after release, as done in the 

aforementioned study [164]. In contrast however, the use of chelators to dissolve the gels 

may not be necessary; the release of cells from carrageenan gels could be achieved by 

simple heating, depending on the carrageenan concentration. Encapsulation could, 

similarly, be achieved by cooling a suspension of cells in carrageenan solution, leading to 

thermal gelation. If carrageenan gels can indeed be applied for the immobilisation and 

hypothermic preservation of cells, they could be further applied for wound-treatment 

purposes [162].  
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3.4 Concluding remarks 
 
Carrageenan hydrogels are easy to produce, and the method by which this is accomplished 

is highly time-efficient. The stabilisation of these gels, however, is more complicated. 

Increasing the carrageenan concentration of the scaffolds did result in a longer degradation 

time, but also increased the degree of swelling. Increasing the KCl crosslinker concentration 

had no effect on the degradation time of beads, but appeared to translate into increased 

degradation time for fibres. The concentration of KCl crosslinker did not appear to correlate 

(either positively or negatively) with the degree of swelling for beads or fibres.  

 

It was noted that allowing the scaffolds to gel by cooling, with subsequent lyophilisation 

before the crosslinking stage, did cause a significant increase in stability (as denoted by the 

time taken to degrade). This did not appear to substantially increase the degree of swelling, 

as these lyophilised disc scaffolds showed a maximum mass significantly higher than beads 

alone, and then, only when maintained in DMEM. Thus, the lyophilisation stage did appear 

to impart stability to the carrageenan gels. The reason for this increased stability was 

theorised to be a decrease in space between the carrageenan’s molecular chains during 

lyophilisation, allowing for more thorough crosslinking when exposed to KCl solution. 

However, this stage increased the time taken to produce the scaffolds by many times. 

Additionally, while this technique was easily applicable to discs (being allowed to cool in 

multi-well plates), the same could not be said for beads or fibres. There was no suitable 

container to allow the carrageenan solution to cool whilst in droplet or fibrous shapes, and 

such a mould would be difficult to construct. It was attempted to form carrageenan beads 

and fibres in cold (4˚C) water, but this proved ineffective (data not shown). It may be 

possible to induce thermal gelation for the bead and fibre morphologies using solvent 

solutions which could be chilled to temperatures below the freezing point of water, whilst 

remaining in liquid form, or in liquid nitrogen. However, this would lessen the cost-

effectiveness of the procedure by a wide margin. It was therefore concluded that the 

lyophilisation approach, while successful, would not be suitable for large-scale scaffold 

production.  

 

Coating the carrageenan gels in other biomaterials, namely chitosan and silk, proved to be 

the most effective means of stabilisation out of those attempted. While silk-coating resulted 

in higher stability, chitosan-coating was more effective; chitosan-coated scaffolds remained 

gelatinous even after 21 days in 37˚C DMEM, showing no sign that they would degrade in 

the near-future. This increase in stability was theorised to be a result of the polar nature of 

the coating materials, as the polar regions would attract ions present in the solution and 
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prevent them from interfering with the ionic forces that hold the gel together. The drawback 

to these results were that they were produced via the use of animal-derived biomaterials. 

As previously stated, this work aims to minimise the use of animal-based materials in order 

to make the process as ethically and environmentally viable as possible. Further work in 

this area and for this purpose may, therefore, investigate non-animal-derived biomaterials 

as potential coatings for carrageenan gels.  

 

Carrageenan gels are easy to produce, but appear susceptible to destabilisation via sodium 

ions in solution. Surface-coating of the gels with chitosan would seem to represent an 

efficient means of correcting this issue. However, the gels appear unable to support growth 

of surface-seeded cells. Cell encapsulation within surface-coated gels may be a potential 

avenue by which carrageenan can be developed into a functional scaffold for myoblastic 

cell culture. The primary strength of carrageenan hydrogels with regard to cultured meat 

applications is the time and cost-efficiency of producing scaffolds: essentially requiring only 

the polymer solution and a crosslinker bath, though its significant drawback is the lack of a 

satisfactory degree of inherent biocompatibility without the need for modification.  
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Chapter 4 – Cytocompatability of Edible Protein Biomaterials 
 
4.1 Introduction 
 

4.1.1 Gold-standard protein biomaterials 
 

As discussed in chapter 1, extracellular matrix proteins represent the gold-standard with 

regard to choice of biomaterials in tissue engineering scaffolds. The ECM forms the cells’ 

native environment in vivo, and is responsible for providing not only mechanical support, 

but also initiates signalling pathways regulating a variety of vital cell functions such as 

adhesion and differentiation [193-196]. It follows that bioscaffolds are often modelled after 

the ECM, or incorporate such substances into their design. 

 

Collagen is perhaps the most notable component of the ECM, being the most abundant 

protein in the body and being present in many different isoforms [196]. Perhaps the most 

critical isoform is type I collagen, the knockout of which is noted to have lethal 

consequences [195]. Another primary component of the ECM is fibronectin, a dimer protein 

which facilitates binding of cells to the ECM, and also the assembly of many ECM 

components [196]. Knockout of the fibronectin domain 1 (FN1) region is noted to be lethal 

[195]. Elastin is another example of an integral ECM component whose knockout is noted 

to be lethal [195]. Elastin, as the name implies, determines mechanical properties of the 

ECM such as elasticity [196].  

 

Although not present in vivo, gelatin is a biomaterial used in tissue engineering derived from 

ECM, specifically from the hydrolysis of collagen [53]. Although showing limited 

cytocompatibility alone, its incorporation into cross-material bioscaffolds has been shown 

to increase their cytocompatibility [89, 137, 239]. Another example of an ECM-derived 

biomaterial used in tissue engineering [240, 241] is Matrigel, which is a composite of laminin, 

collagen type IV, and enactin, extracted from Englebreth-Holm-Swarm mice tumours [54]. 

 

As discussed in chapter 1, however, an ideal scaffold for cultured meat applications would 

be plant-based in order to achieve the desired renewability as well as edibility, and to 

prevent cultured meat from relying on by-products of current livestock processing practices. 
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4.1.2 Zein as a biomaterial 
 
As discussed in chapter 1, a renewable and environmentally friendly scaffold would be ideal 

for large scale production of cultured muscle tissue. A plant-based material is the obvious 

choice to fulfil this criteria. Zein is a protein found in abundance within the endosperm of 

corn kernels, accounting for nearly half of the kernel’s total protein content. It is notable for 

its solubility in aqueous alcohol solutions rather than water (due to a high ratio of non-polar 

amino acids), which was what led to its initial discovery [135]. Despite poor nutritional value, 

zein is of course edible, being an intrinsic component of corn kernels. Being edible, 

renewable, and easily purified from corn via solvent extraction [135], zein is a particularly 

attractive candidate from which to produce bioscaffolds for cultured meat purposes. 

 

Zein films have been shown to bear good cytocompatibility: with films being able to support 

attachment of both liver cells and fibroblasts, these films were also demonstrated to be 

composed of particles with diameters in the nanometer range [242]. Lian et al. showed that 

composite membrane scaffolds of hydroxyapatite and zein were able to support attachment 

and proliferation of bone-marrow mesenchymal stem cells, and although composite ratios 

favouring hydroxyapatite were shown to enhance cytocompatibility, pure zein scaffolds 

were nonetheless able to facilitate cellular adhesion and proliferation as well [140]. Tu et al. 

successfully prepared, seeded, and implanted salt-leached zein scaffolds, and 

demonstrated their ability to support ectopic bone formation from mesenchymal stem cells 

in vivo (specifically, in nude mice) [138].  

 

4.1.3 Aims and objectives 
 
As discussed in chapter 1: zein is a plant-based, edible protein. This gives it inherent 

potential as a biomaterial from which to produce scaffolds for large-scale muscle culture for 

the purposes of consumption. Zein has been noted in literature to be biocompatible, and 

has been used in tissue engineering scaffolds, though the interactions between zein and 

myogenic cells seems sparsely documented. This chapter aims to quantify the compatibility 

of zein with myogenic cells  in terms of its ability to facilitate proliferation, spreading, and 

differentiation of C2C12 myoblasts (as a model cell line), and compare this cytocompatibility 

to that on gold-standard ECM-based biomaterials. 
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4.2 Results and Discussion 
 

Zein films were produced (as per chapter 2, section 2.2.5.1) in order to confirm their 

cytocompatibility before fibrous and particulate scaffolds were produced. An immediate 

advantage of zein in this regard was the lack of any need to modify the material since zein 

is a hydrophobic protein only soluble in aqueous organic solvent solutions [135] and is not 

liable to redissolve in culture media.  

 
4.2.1 Cell proliferation on zein films 
 
Zein powder was obtained from two manufacturers: Sigma Aldrich and Acros Organics. As 

a first step, cell growth on each of these types of zein was compared with TCP by way of 

resazurin metabolic assay, as per chapter 2, section 2.1.2.2. The results are shown in figure 

4.01. 

 

 
 
Figure 4.01 A brief assay of C2C12 cell proliferation, measured by resazurin metabolic analysis, on 

films formed from two different brands of zein versus TCP. Data represent median ± interquartile 

range.  

 

There appeared to a very slight improvement for cell proliferation on Sigma-brand zein 

versus Acros-brand zein. Both manufacturers list their product as containing only zein, 

therefore this difference, if meaningful, cannot be attributed to any additional agent, and 

would most likely be an effect of variations in the purification process. During experimental 

procedures, Sigma-brand zein appeared slightly easier to dissolve than Acros-brand zein 
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(data not shown). There did not appear to be any notable differences otherwise. Sigma-

brand zein was used for all subsequent experiments.   

 

Secondly, a more detailed analysis of cell proliferation on sigma zein films versus TCP was 

conducted, again by resazurin metabolic assay as per chapter 2, section 2.1.2.2.  
 

 
Figure 4.02 C2C12 cell proliferation, measured by resazurin metabolic analysis, on Sigma-brand 

zein vs TCP. Data represent median ± interquartile range.  

 

Results of cell proliferation on sigma zein films (Figure 4.02) were positive. Growth of cells 

on zein films increased at a rate comparable to that on TCP; statistical analysis showed that 

there was no significant difference between the two materials (p > 0.05 for all timepoints). 

This means the cells can be said to grow on zein as efficiently as they do on a material 

which has been specifically designed to support cell culture. These results are also positive 

when compared to the proliferation of cells on silk fibroin (chapter 3, figure 3.21), where 

proliferation was significantly lessened when compared to that on TCP at the 1-day and 7-

day timepoints. 

 

Arnesen et al. tracked the proliferation of myoblasts on collagen scaffolds by manual cell 

counts, and the trends observed therein show a similar three-day lag phase to that 

displayed in figure 4.02 [243]. Subsequently in Arnesen’s study, from the end of the lag 

phase to the final timepoint, cell density increased from approximately 200 cells per field of 

view to approximately 1200, representing an approximate factor of 6 [243]. Figure 4.02 

showed an increase in fluorescence from 56422 after the lag phase, to a final reading of 
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138575 at the final 7-day timepoint, representing an increase in metabolic activity by an 

approximate factor of 2.5. 

 

Chaturvedi et al. analysed serum-free myoblast culture on fibronectin and type I collagen 

[50]. It was noted in their study that the lag phase lasted 48 hours, 24 hours shorter than 

that observed here on zein and in Arnesen’s study of type IV collagen scaffolds [243]. After 

this initial lag phase, cell density rose from 0.5 x 105 cells to approximately 2.5 x 105 cells 

within 24 hours [50]. By the 7-day timepoint, the cell densities on type I collagen and 

fibronectin were approximately 3.5 x 105 cells, from their initial seeding-density of 7 x 103 

cells, using nunclon delta multi-well plates as used in this work [50]. This represents an 

increase by a magnitude of 50x, and this degree of proliferation is clearly superior to that 

observed here on zein.   

 

Wilschut et al. conducted analysis of porcine muscle stem cells on various ECM proteins 

[52]. It was noted that cells on type I collagen and gelatin reached near-confluence after 3 

days of culture, while those on Matrigel appeared to reach complete confluence in the same 

timeframe. Those on fibronectin and laminin aggregated into clusters, particularly so on 

laminin [52]. In contrast, cells on zein reached near-confluence after 7 days of culture.  

 

Proliferation on zein films also appears positive when compared to that on silk fibroin (see 

chapter 3, figure 3.21), which is also noted to lack RGD or similar gold-standard cell-binding 

protein motifs within its structure, when obtained from bombyx mori [57]. In the absence of 

these cell-binding motifs, bombyx mori silk fibroin relies on its positive charge in order to 

bind cells [57]. As mentioned in chapter 3, this positive charge is imparted by a number of 

basic amino acids, such as arginine and lysine [58]. The binding mechanism of cells to zein 

(to be discussed in section 4.2.2) appears to be superior to that on Bombyx mori silk fibroin. 

 

The purity of Acros-brand zein (A0347340) is given by the manufacturer as 91% protein 

content [244]. The remaining mass is likely to be composed of impurities such as pigments, 

specifically beta-carotene and xanthophyll [245]. The purity of Sigma-brand zein is not given 

by the manufacturer [246]. Xanthophyll is unlikely to have any significant effect on cell 

function, as it is noted to have failed to inhibit the growth of various types of cancerous 

human cells [247]. Beta-carotene is also noted to lack cytotoxic effects, though the products 

of its breakdown are noted to exhibit carcinogenicity [248], therefore beta-carotene is also 

unlikely to have impacted cell function during this work.  
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Although myogenic cells cultured on zein appear to take longer to reach confluence than 

those cultured on ECM proteins such as collagen and fibronectin, zein is clearly able to 

support the proliferation of myoblasts, to the point of confluence, and to a level comparable 

to positive controls (TCP). This on a plant-based protein, with the inherent renewability and 

comparative simplicity of production versus animal-based proteins, is a highly positive result.  

   

4.2.2 Cell morphology on zein films 
 
Spreading is a crucial aspect of myogenic cell culture, as the process of cell spreading 

precedes that of differentiation. Myogenic cells first migrate toward each other [249] before 

adhering and fusing into myotubes by way of intercellular adhesion proteins expressed on 

their membrane surfaces [12, 250]. In order to ascertain the degree to which cells are able 

to spread on zein films, cells were stained with Celltracker Green CFMDA dye and analysed 

for morphology as per chapter 2, section 2.1.2.1.2. As mentioned in chapter 1, myoblasts 

experience a change in morphology over time due to rearrangement of their cytoskeleton, 

giving rise to a more bi-polar and jagged shape [34]. The value for circularity quantifies how 

close to a perfect circle the cells’ shapes are, and as such a lower value for circularity 

indicates a higher degree of spreading.  

 
Figure 4.03 Representative images of C2C12 cell morphology on zein films over time. A: 3 hours, B: 
24 hours, C: 48 hours, D: 72 hours. Scale bars represent 100 µm.  

A B 

C D 
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Figure 4.04 Representative images of C2C12 cell morphology on TCP over time. A: 3 hours, B: 24 

hours, C: 48 hours, D: 72 hours. Scale bars represent 100 µm.  

 
Figure 4.05 C2C12 cell morphology on Sigma-brand Zein films vs TCP, measured using image 

analysis software after fluorescent-staining of cells. Data represent median ± interquartile range 

 

Cells on zein were shown to spread well over time (Figure 4.05), although the circularity of 

cells on zein remained above that of cells on TCP at all timepoints (p < 0.001). This slightly 

less efficient degree of spreading can perhaps be explained by an examination of the 

binding mechanism between cells and zein. Polystyrene is made cytocompatibile by surface 
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treatment, facilitating adsorption of substances contained in the serum of culture media 

such as fibronectin and vitronectin [251], both of which contain RGD motifs [252, 253]. 

These RGD motifs are well known to play a central role in facilitation of cell-binding, with 

the majority of known integrins having the ability to bind them [99]. However, analysis of the 

primary structure of zein reveals a lack of RGD motifs, or analogous integrin-target 

sequences [99, 136, 254]. However, it is notable that zein instead contains an abundance 

of glutamine residues [254]. Like zein, the 42-kD region of fibronectin has been observed 

to bind cells despite a lack of RGD or similar integrin-binding motifs [255], and this process 

is mediated by transglutaminase. The involvement of transglutaminase in cell-binding is 

convincingly demonstrated: it is noted [256] that osteoblast and fibroblast adhesion to type 

I collagen is inhibited according to the degree of reduction in transglutaminase expression, 

and also that the degree of cell adhesion increases in correlation with fibrinogen 

oligomerisation via transglutaminase [257]. Of course, transglutaminase will not interact 

with just any peptide containing glutamine, however the factors affecting its affinity for such 

peptides have been studied [258]. The inclusion of 2 adjacent glutamine residues in the 

primary structure, the presence of nearby polar and / or charged amino acids, and close 

proximity of glutamine residues to the N and / or C terminals of the peptide chain, were 

observed to be factors increasing the affinity of transglutaminase for a peptide [258]. Indeed, 

zein presents all of these attributes in its primary structure [254]. As well as single glutamine 

residues, multiple chains of glutamine residues (with the number of residues ranging from 

2 to 4) can frequently be found. Charged and polar amino acids can often be seen nearby 

these repeating units of glutamine; tyrosine, serine, threonine, arginine and glutamic acid 

are examples thereof which can be found within 3 residues of glutamine-residue chains, 

and it is not uncommon to even find them adjacent to these glutamine chains [254]. Thus it 

may be theorised that in the absence of integrin-binding protein motifs, zein’s cell-binding 

is facilitated by transglutaminase. The decreased cell-spreading capacity of cells seeded 

on zein films as opposed to those on TCP may be explained by the presence of RGD motifs 

on serum proteins adsorbed onto the TCP surface, as well as transglutaminase-mediated 

binding afforded by fibronectin [255], whereas cells adhering to zein may, in theory, be 

constrained to the latter mechanism alone (though adsorption of serum-proteins to zein 

cannot be discounted without further analysis). Furthermore, integrin-binding plays not only 

a mechanical role in cell spreading (i.e. providing physical anchorage for the cells), but also 

a physiological role: specifically, initiation of migration-mediating signalling pathways via the 

focal adhesion kinases associated with these integrins [259]. However, as previously 

mentioned, cell-spreading on zein was significantly less-pronounced at only the 24-hour 

mark.  
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As previously stated, cell-spreading is a precursor stage to the crucial stage of 

differentiation in cultivation of muscle tissue, as the cells fuse together to form 

multinucleated myotubes. The degree to which cells were able to form myotubes was the 

next aspect of cytocompatibility to be assayed on zein.  

 

4.2.3 Cell differentiation on zein films 
 
Cells were cultured to confluence in culture medium (DMEM containing 10% (v/v) FBS and 

1% (v/v) P/S) and then maintained in differentiation medium (DMEM containing 2% (v/v) 

horse serum and 1% (v/v) P/S) for a period of 1 week. Myosin heavy chain is a notable 

differentiation marker in myoblasts [260], and so in order to ascertain the efficacy of 

myotube formation, the myotubes were stained and visualised as per chapter 2, section 

2.1.2.3. In this way, not only could the myotubes’ length be measured, but the number of 

nuclei that had become part of a myotube could be expressed as a percentage of the total 

cell nuclei present hereafter referred to as the fusion index. Zein films were formed on glass 

coverslips as per chapter 2  section 2.2.5.1, and the cells seeded thereon as per chapter 2, 

section 2.1.1.2. This was so that the slides could be inverted and placed face down in 6-

well plates for effective visualisation. Myotubes lengths and number of nuclei were 

determined using “ImageJ” analysis software. The range of myotube lengths, as well as the 

mean myotube length, are given in figures 4.06 and 4.07, respectively. Fusion index is given 

in figure 4.09.   

 
Figure 4.06 Histogram of C2C12 myotube length on zein versus TCP, calculated via image analysis 
software after fluorescent-staining of myotubes. Data represent median ± interquartile range.  
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Figure 4.07 Median C2C12 myotube length on zein versus TCP, manually calculated from images 

of fluorescently stained myotubes via image analysis software. Data represent median ± interquartile 

range.  

 

 
Figure 4.08 Median fusion index of C2C12 myotubes on zein versus those on TCP, manually 

calculated from images of fluorescently stained nuclei and myotubes via image analysis software. 

Data represent median ± interquartile range. 
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Figure 4.09: Representative images of myotubes and C2C12 cell nuclei on zein (left column) and 

TCP (right column) following the differentiation of C2C12 cells. A: Myotubes immunostained for 

myosin heavy chain, B: Hoechst-stained nuclei, C: Composite. Scale bars represent 200 µm.  

 

The fusion index of myotubes on zein was noted to be significantly lower than that of cells 

on TCP (p < 0.01). Additionally, many signalling pathways mediating cellular proliferation 

and differentiation are intertwined, such as those mediated via Krüppel-like factors, which 

are in turn associated with ECM interactions [261, 262]. This means that if surface adhesion 

to the zein were in some way interfering with, or failing to initiate, signalling pathways 

leading to cellular differentiation, this would likely be reflected by significantly lessened 

cellular proliferation as well, which was not shown to be the case (figure 4.02). This is a 

positive result, as it suggests that myoblasts fuse on zein with an efficacy comparable to 

that on TCP. In all cases, the differences in the degree to which cells are able to carry out 

critical functions on zein versus on TCP, are not extreme. The fusion index on zein relative 

to that on TCP appears somewhat inconsistent with the myotube lengths on zein relative to 

those on TCP. Given that the cells combine their cytoplasm upon fusing, it would follow that 
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myotubes formed from a larger number of cells (thereby showing a higher fusion index) 

would also exhibit greater size. However, a large degree of variation was noted for myotube 

length on zein (figure 4.07). Interestingly, Jeong and Conboy noted that differentiating 

myoblasts exposed to liposomes of phosphatidylcholine (a component of the cell 

membrane) produced myotubes of greater length, but reduced fusion index [39]. Kogan et 

al. note that a very specific region of the zein protein (the N-terminal of γ-zein, which is an 

internal layer of the overall zein complex) is capable of binding to phosphatidylcholine 

liposomes [263]. As discussed in chapter 1, it has been theorised that phosphatidylserine 

interactions between the membranes of different myoblasts facilitates membrane fusion as 

myoblasts join to become myotubes [38], though the precise mechanism is unknown. Given 

that zein is able to interact with phosphatidylcholine liposomes [263], this may suggest that 

zein is able induce the same pathways which led to long-but-lesser-nucleated myotubes in 

the study of Jeong and Conboy where myoblasts were exposed to phosphatidylcholine 

liposomes [39]. Though the feasibility of this would depend on the specific mechanism by 

which the phosphatidylcholine liposomes interact with the cell membrane, which has yet to 

be ascertained.   

D’andrea et al. in their study of myoblastic interactions with matrices of recombinant elastin-

like proteins and type IV collagen, found an mean fusion index of slightly over 30% on 

human elastin-like polypeptide coated coverslips [264], not far above that noted on zein in 

figure 4.08 (24.3%). Their study also evaluated myotube length on the same coverslips and 

observed myotubes ranging up to 500 µm in length [264]. In comparison, myotubes formed 

on zein were shown to be capable of exceeding 2000 µm in length, with an mean length of 

671 µm (figure 4.07).  

Gribova et al. coated C2C12 myoblasts in layers of fibronectin – gelatin nanofilms with the 

aim of producing a final composite resembling the ECM, with cells dispersed throughout. 

Though myotubes were formed, they showed a very low fusion index of less than 2%, rising 

only to 10% when supplemented with a rho-kinase inhibitor (Y27) [265].  

Vaz et al. cultured C2C12 myoblasts on cover slips coated with gelatine and fibronectin 

(separately) [266]. This study expressed differentiation results in terms of nuclei per 

myotube rather than fusion index. It was noted that myotubes cultured on fibronectin held a 

mean of slightly over 6 nuclei per myotube, and those on gelatine contained a mean of 

slightly under 4 nuclei per myotube [266]. This makes comparison difficult, but figure 4.09 

appears to show a large ratio of myotubes on zein containing more than 6 nuclei per 

myotube.  
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Sotiropoulos et al. cultured myogenic cells on Matrigel-coated dishes in order to assay the 

ability of myoblasts lacking growth hormone receptor to fuse and respond to growth 

hormone [267]. Although, as expected, the cells lacking growth-hormone receptor (GHR) 

showed a lessened fusion index, all samples exhibited fusion indices over 80% [267].  

Based on review of literature, it appears that relatively low fusion indices arise when cells 

are cultured on individual ECM proteins [264-266]. This is a highly positive result for zein, 

showing a capacity to support cell differentiation that is comparable to not only TCP controls 

(figure 4.08), but to ECM proteins. However, fusion indices that eclipse those on zein can 

be seen when cells are cultured on matrices of these proteins [267].  

 

4.2.4: Mechanical properties 
 

Stiffness has also been noted to affect the functions of adhered cells; Pelham and Wang, 

for example, layered type I collagen on acrylamide / bis-acrylamide blends of varying ratios, 

which allowed for control of stiffness without affecting the biochemical characteristics of the 

collagen [268]. They found that cells cultured on rigid scaffolds showed higher degrees of 

spreading but lessened degrees of motility [268]. The relationship between the mechanical 

properties of a substrate and the behaviour of myogenic progenitor cells has not gone 

unnoticed; it has been noted that a substrate stiffness between 13 and 45 kPa will enhance 

myogenic proliferation and differentiation, as well as stimulating release of growth 

hormones [269]. It is also noted that whilst myotube formation will occur (to varying degrees) 

on substrates regardless of stiffness, an elastic modulus of approximately 12 kPa is required 

in order for these myotubes to develop striations of contractile proteins [103]. 

As a scaffold’s mechanical properties is thus known to have a significant effect on myogenic 

progenitor cells, it was decided that the mechanical properties of the zein films would be 

analysed. This was done via dynamic mechanical analysis as per chapter 2, section 2.2.5.2, 

the results of which are given in figure 4.10. 



 134 

 

Figure 4.10: Elastic moduli of zein films, formed from solutions of varying concentration (w/v). Data 

represent median ± interquartile range.  

There seemed to be a slight decrease in elastic modulus as zein concentration was 

increased from 1% to 5% (w/v) . The elastic modulus greatly increased as zein 

concentration increased from 5% to 10% (w/v). In all cases, the elastic modulus was well 

above what would be desired, that being an elastic modulus more in line with muscle tissue 

as noted by Griffin et al. [103].  

The elastic modulus of 5% (w/v) zein films appeared to be substantially reduced after 

hydration, decreasing to values ranging between median values of 2.79 ± 2.16 MPa and 

5.63 + 5.24 MPa. However, the desired stiffness was still not achieved. The elastic modulus 

of the hydrated zein films, like the other film samples, was recorded in the MPa range. As 

previously mentioned, the ideal stiffness of substrates for myogenic cell culture is noted to 

be approximately 12 kPa [103], and not in excess of 45 kPa [269] (which would correspond 

to values of 0.012 – 0.045 MPa).  

These results highlight potential weaknesses of zein scaffolds. Myotubes cultured on 

scaffolds bearing such high elastic moduli would not develop striations [103]. As previously 

discussed, the induction of contractile forces in myogenic cells is beneficial to their 

cultivation [23]. The absence of striations, due to the excessively high stiffness of the 

substrate, will lessen the contractile abilities of the myotubes. Though this would not impair 

the cells’ contractile abilities completely; smooth muscle cells retain contractile function 

despite a lack of striations [270]. Nevertheless, it would be beneficial if the substrate 
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stiffness were adjusted so as to optimise the cultivation of the skeletal muscle cells. This is 

discussed further in section 4.3.2. 

A second potential weakness of zein highlighted by these results is the plastic deformation 

under a displacement amplitude of only 10 µm. Powell et al. formulated a regiment of 

stretching patterns which they applied to skeletal muscle constructs (human skeletal muscle 

progenitor cells encapsulated in Matrigel) [271]. After 8 days of culture, their muscle 

constructs were subjected to cycles of stretching and relaxation: initially being stretched by 

1 mm. This was increased to 2 mm at the 10-day mark, and to 3 mm at the 12-day mark 

(with the endpoint of the experiment being 16 days) [271]. They noted that the application 

of this stretching pattern increased the area of the resultant myofibres by 40% in comparison 

to unstretched controls [271]. Even the lowest displacement amplitude used in the study of 

Powell et al. is 100x larger than that used here (10 µm) which already resulted in plastic 

deformation. Further work may seek to address this, and this is further discussed in section 

4.3.2.  

However, the films used in this chapter were produced for the purpose of simply 

investigating the interactions between myogenic cells and zein as a biomaterial. These films 

are not the scaffold design that would be used in bioreactors, which are commonly more 

suited to particulate or fibrous scaffolds [20]. Production of these more complex scaffold 

morphologies to be discussed in the following chapter may result in changes in the 

mechanical properties of the scaffold. Ghane et al. for example, noted in their study of 

polyamide-6 that electrospun mats had notably lessened elastic moduli compared to cast 

films [272]. 

4.3: Further work and wider implications 
 
4.3.1 Surface topography  

It has been noted that surface topography, nanoscale or microscale structures on a 

substrate surface, can influence the behaviour of surface-seeded cells [127, 273]. Attempts 

were made to generate data for surface roughness and tensile stiffness of zein films, 

however these were unsuccessful. Bumps on the surface were too pronounced and were 

beyond the scope of atomic force microscopy (which is used for nanoscale measurements 

[274]), indicating that the surface topography of the zein films was at least in the microscale 

range. Charest et al. used a hot embossing technique to create ridges, grooves, and holes 

on the surface of silicon wafers ranging between 5 µm and 75 µm in size [127]. They noted 

that C2C12 proliferation was unaffected by surface topography, but that the presence of 
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ridges and grooves induced cell alignment [127]. The former observation is contested in the 

study of Zatti et al. who noted that the width of micropatterned grooves on polyacrylamide 

hydrogels correlated to a decrease in mouse-derived myoblastic proliferation and an 

increase in fusion index for both mouse and human-derived myoblasts [275]. As the zein 

films were made by simple casting and drying, their topography would be randomly formed 

and lacking such micropatterned grooves, there would be no expected alignment in the 

surface-seeded cells, and this is indeed observable in figures 4.03 and 4.09. Jana et al. 

tested the effect of both nanoscale and microscale topography on myoblasts [273]. Similar 

to Charest et al. they noted that microgrooves on their chitosan-PCL films induced cell 

alignment [273]. However, they also noted a difference in cell alignment induced by 

microscale topography versus nanoscale topography: cells cultured on aligned nanofibers 

were aligned and uniformly distributed, whereas those in micropatterned surfaces formed 

bands of aligned cells [273].  

As stated, the topography of the zein films seemed too pronounced for the resolution of 

atomic force microscopy. Optical profilometry may represent a more suitable technique to 

characterise the surface of zein films, as the resolution can accommodate microscale 

structures. For example, Pegg et al. used optical profilometry to characterise the surface 

roughness of their BoneMaster scaffolds, specifically to demonstrate that surface 

roughness was unchanged and proliferation of osteoblast-like cells was unimpaired after 

gold sputter-coating, which in turn demonstrates the importance of surface roughness on 

cytocompatibility [276].  

4.3.2: Optimisation of mechanical properties  

A common method by which scaffold stiffness may be adjusted is crosslinking [277] [278], 

however as the scaffold in this case is already excessively stiff without any degree of 

crosslinking, this approach would not be applicable. Another means of adjusting scaffold 

stiffness is cross-material blending to varying ratios; the aforementioned study of Pelham 

and Wang varied the ratios of acrylamide and bis-acrylamide in their scaffolds in order to 

manipulate the stiffness [268]. Levy-Mishali et al. produced composite scaffolds of PLLA 

and PLGA, the ratios of which were varied in order to manipulate scaffold stiffness [279]. 

There is scope for applying cross-material blending techniques to zein scaffolds. Alhusein 

et al. were able to produce composite scaffolds of zein and PCL [280], and Yang et al. were 

able to produce blends of zein and gelatin [137]. Incorporation of a soft material such as 

gelatin may serve to reduce the stiffness of the zein scaffold, though this would be contrary 

to the aim of producing a scaffold that is plant-based as much as possible. Another gel-

based biomaterial such as carrageenan or alginate may hold potential for this application. 
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The use of a plasticiser may also be a potential means of lowering the stiffness of the 

scaffold, Lim et al. noted that the use of plasticisers resulted in a lowering of the elastic 

modulus of patented Soluplus films [281]. Plasticisers are not inherently toxic or edible; 

Sothornvit and Krotcha note that a variety of plasticisers are used in edible film coatings, 

including sucrose and polyethylene glycol [282], the latter of which was one of the 

plasticisers employed in the aforementioned study of Lim et al. [281].  

4.3.3: Potential for serum-free cell culture  

Unlike polysaccharide-based biomaterials such as chitosan [64, 65, 185], zein may not have 

the need to adsorb serum-proteins in order to associate with cells. The field of cultured 

meat’s reliance on animal-derived serum proteins such as FBS, is a notable issue. With this 

in mind, Kolkmann et al. analysed the ability of primary bovine myoblasts to proliferate on 

diluted Matrigel in the presence of various serum-free media formulations [115]. They noted 

a lack of myoblastic proliferation when in the presence of DMEM only and that no formula 

was able to produce cell numbers comparable to those cultured in the presence of growth 

media, however there was a noted increase in cell number over a period of 6 days for many 

of the formulae: particularly FBM, Essential8, and TeSR-E8 [115]. They also noted that the 

lack of serum did not impair the ability of the cells to spread [115]. Given zein’s ability to 

support myoblastic cell functions to a degree comparable to that on TCP, it would be a 

worthwhile course of investigation to first determine whether zein adsorbs serum proteins 

and, if so, quantify the degree to which this occurs and assess whether zein can support 

cell growth in serum-free conditions.  

4.4 Concluding remarks 

Zein was able to support the proliferation, spreading, and differentiation of myoblasts to a 

degree comparable to TCP. Zein also appeared to support cell proliferation to a greater 

degree than silk fibroin (chapter 3, figure 3.21), and this apparent superiority to silk fibroin 

is especially notable since, like silk fibroin, zein lacks RGD motifs with which to bind cells, 

and may instead rely on its abundance of glutamine residues in order to facilitate cell 

adhesion [254]. Nonetheless, zein also appears to compare well to the gold-standard ECM 

proteins used in literature for the culture of myogenic cells. This is an encouraging result, 

especially given zein’s plant-based nature (as the gold-standard biomaterials used in tissue 

engineering are commonly animal-derived, as previously discussed). The strengths of zein 

as a biomaterial for tissue engineering lie in its renewability, ease of processing, and 

inherent biocompatibility. A clear weakness of zein is its mechanical properties, it is far more 

stiff than an ideal substrate for cell growth would be, and the threshold for plastic 
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deformation rather than elastic in hydrated zein films is very low. As discussed however, 

there is scope for optimisation of zein’s mechanical properties,  

Of course, a biomaterial film is not compatible with commonly used designs of bioreactors. 

This may be a potential weakness of zein compared to carrageenan, as the techniques by 

which more complex scaffolds (such as nanofibre matrices) are produced are more 

complicated than those for carrageenan (gelation through ionic crosslinking). Methods by 

which these more complex zein scaffolds may be produced are explored further in chapter 

5.  
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Chapter 5 – Production of Fibrous and Particulate Protein-based 
Scaffolds 

 

5.1: Introduction: 
 
As stated in Chapter 4, a film on which myoblasts will proliferate, spread, and differentiate 

is not sufficient for the purposes of producing muscle tissue.. For this purpose, scaffolds 

must be produced which can be integrated with bioreactor designs. For example, rotating 

wall vessels and fluidised bed reactors are well-suited to particulate scaffolds [20, 30]. There 

are also bioreactor designs specifically catered to hollow-fibre membrane scaffolds [10, 27], 

and electrospun fibre matrices may be suited to the fixed-bed bioreactor design [29]. This 

chapter explores methods by which fibrous and particulate scaffolds can be produced from 

protein-based biomaterials whose cytocompatibility has been analysed in previous chapters, 

with particular emphasis on zein.   

 

5.1.1 The use of fibrous and particulate zein scaffolds 
 
Fibrous and particulate zein structures have been produced in literature, though their 

potential as scaffolds for cell culture has not gone unnoticed, their common application 

appears to be toward drug encapsulation and delivery.  

 

With regard to particles, Lau et al. produced prednisolone-loaded zein microparticles via 

phase separation, resulting in particles ranging from just under 400 nm to just over 15 µm 

in diameter (though approximately half of the particles exhibited diameters of less than 1 

µm [283]). They also produced hydrocortisone or mesalazine-loaded zein microspheres via 

coacervation, which showed diameters in excess of 1 µm but below 13 µm [284]. Jin et al. 

utilised spray-drying to produce lysozyme-loaded zein particles [285], and Farris et al. used 

zein to encapsulate complexes of chitosan and DNA, for use in oral delivery of DNA 

therapeutics [286]. However, these particles are too small to be used as microcarriers 

(supporting surface-seeded cells): there is no definitive threshold as to what size of particle 

constitutes a viable microcarrier, but it is generally estimated to be a minimum of 100 µm 

[287, 288]. 

 

With regard to fibres, Aytac et al. produced electrospun zein fibres loaded with thymol and 

cyclodextrin antibiotics [289], as well as complexes of quercetin and gamma-cyclodextrin 

[290]. Kayaci and Uyar also encapsulated cyclodextrin within their electrospun zein fibres, 
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specifically alpha, beta, and gamma-cyclodextrin [291]. Jiang and Yang used citric-acid to 

crosslink their electrospun zein fibres, which they used to encapsulate diclofenac to a 

loading efficiency of 58% [292].  Of particular note, Alhusein et al. produced electrospun 

zein fibres, as well as fibres of zein / PCL blends, to encapsulate tetracycline antibiotic 

(which was contained within the core of a three-layer fibre structure) [293], it was further 

demonstrated that the release of this tetracycline could not only kill various lines of 

staphylococcus aureus, but also supported the growth of FEK4 fibroblasts [280].  

 

As stated, the potential of zein scaffolds as substrates for cell growth has been documented. 

Zein scaffolds have been applied, for example, to the culture of human periodontal stem 

cells [137], mouse mesenchymal stem cells [138], and human H1299 lung cancer cells [139]. 

Studies concerning the compatibility of zein scaffolds with myogenic cells appear sparse, 

however. Therefore this chapter explores methods of producing zein scaffolds, and 

analysing their potential for use in myogenic cell culture.    

 

5.1.2 Production of fibrous scaffolds 
 

The wet-spinning of hydrogel fibres as seen in chapter 3 involved the extrusion of the 

polymer solution into a crosslinker bath, which induced gelation and thus formed fibrous 

hydrogels. It is possible to wet-spin fibres without the prerequisite that they will form 

hydrogels or even that the coagulation bath be a crosslinker solution; in this case, fibre 

formation relies on interactions between the solvent in which the polymer is dissolved, and 

a second solution which is a non-solvent with regard to the polymer, but miscible with the 

polymer solvent [14, 294]. As the solvent dissolves into the larger volume of non-solvent 

into which the polymer solution is extruded, the polymer coagulates into fibres [294]. Fibres 

produced in this manner are fairly large, with wet-spun hollow fibres produced by 

Meneghello et al. for example, exhibiting diameters of many hundreds of micrometers [84]. 

This large surface area gives them the strength of being able to support a highly dense 

population of cells.  

 

Nanoscale fibres, though not exhibiting anything close to the surface area of wet-spun fibres, 

have the advantage of replicating the nanofibrous nature of the ECM [11]. Electrospinning 

is a technique which relies on electrostatic forces to generate nanofibres from polymer 

solutions. In this design, a concentrated polymer solution is subjected to high voltage during 

extrusion [13, 14]. When this electric field is of sufficient strength to overcome the surface 

tension of the droplet at the spinneret tip, the polymer solution erupts and is stretched into 
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an ultrathin fibre [13, 14]. The solvent evaporates as the fibre is drawn to a nearby, grounded 

collector plate [13, 14].  

 

5.1.3 Production of particulate scaffolds 
 

As stated in chapter 1, particulate scaffolds have the advantage of being applicable to a 

wide range of dynamic culture systems [19, 20], as well as affording the ability to add 

particles to the culture system as cell populations grow [16].  

 

Emulsification precipitation involves the mixing of two immiscible solutions: a polymer 

solution and a second (commonly hydrophobic) solution [17]. The mixture is then subjected 

to mechanical sheer, which causes the polymer to emulsify as microscopic droplets 

suspended in the hydrophobic phase, which can then be crosslinked or precipitated into 

solid microspheres, and filtered out of the mixture [17]. Whilst this approach has the benefit 

of enabling large-scale production of particles in a relatively short timeframe, it has been 

noted to offer a less-than-ideal degree of control over size distribution over the resultant 

particles [295]. 

 

In contrast, microfluidic flow focusing offers a higher degree of control over the size 

distribution of particle, but does not afford large-scale production of particles [17]. 

Microfluidic flow focusing  also operates using two immiscible solutions, one of which is the 

polymer solution [18]. A continuous phase solution of non-solvent is pumped through a T-

shaped flow channel, and out of the exit aperture (see section 1.2.1.3). The polymer solution 

is then pumped in, at a slower flow rate. When the two solutions meet, the disperse phase 

is isolated as spherical droplets within the continuous phase due to the mechanical sheer 

exerted upon the former by the latter [17].  

 

Different authors approximate a differing range for ideal cell microcarrier diameter, Yang et 

al. postulate that microcarriers are classified by an approximate diameter of 150 – 200 µm 

[287], whereas Malda and Frondoza suggest that microcarriers are typically found bearing 

diameters in the range of 100 – 400 µm [288]. With particular regard to myogenic cell culture, 

Verbruggen et al. analysed myoblast compatibility with three commercially available types 

of microcarrier [16]. Particularly, they noted that Cytodex 1 (composed of crosslinked 

dextran and exhibiting a mean diameter of 190 µm), supported proliferation and 

differentiation of primary bovine myoblasts [16]. They also noted a superior degree of cell 

attachment on Cellbind and Synthemax II microcarriers, whose diameters were stated to 

be in the range of 125 – 212 µm, compared to that on the Cytodex microcarriers [16]. Molnar 
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et al. also report successful culture of satellite cells on Cytodex 3 and Biosilon microcarriers, 

whose diameter ranges are given as 133 – 215 µm and 160 – 300 µm, respectively [85]. 

 

5.1.4 Aims and objectives 
 
This chapter aims to identify a simple method by which fibrous and / or particulate scaffolds 

may be produced using zein, with potential application to bioreactor designs, and to analyse 

compatibility of such scaffold morphologies with myogenic cells. Specifically, the ability of 

myogenic cells to proliferate and differentiate into myotubes. 

 

5.2 Results and discussion 
 

Particulate scaffolds seem easily applicable to a variety of bioreactor designs. As such, 

development of zein into a particulate scaffold may be the ideal avenue with regard to large-

scale production of cultured meat.  

 

5.2.1 Microfluidic flow focusing 
 
The use of microfluidic flow focusing to produce zein particles is not unprecedented; 

examples include Feng et al. who used a disperse phase of zein in aqueous ethanol and a 

continuous phase of distilled water, resulting in particles with diameters in the low nanoscale 

range [296]. Feng and Lee also used a disperse phase of zein in aqueous ethanol, but using 

a continuous phase of soy lecithin, which resulted in nanoparticles as well as microparticles  

[297]. Man et al. [295] are examples of studies which have used the microfluidic flow-

focusing technique to produce zein particles. Microfluidic flow focussing, as described in 

chapter 2, section 2.2.5.3, was therefore employed to produce zein particles. The results of 

the first attempt, in which the flow rate ratio was Qo = Qi x 20, are shown in figure 5.01. 
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Figure 5.01 Zein particles produced by microfluidic flow focusing. Concentration of the zein solution 

was 5% (w/v), in 70% (v/v) aqueous ethanol, and the flow rate of the continuous phase relative to 

the disperse phase was Qo = Qi x 20, where Qo represents the flow rate of the continuous phase, 

and Qi represents a disperse phase flow rate of 0.05 ml / min. Data represent median ± interquartile 

range.  
 

The overwhelming majority of particles produced in this initial attempt (figure 5.01) were too 

small to accommodate surface-seeded cells; the aim of the experiment was to produce zein 

microcarriers consistently around 200 µm in diameter, or at least above 100 µm. The size 

distribution also appears to be quite wide, with particles ranging in diameter from less than 

a micrometre to over 200 micrometres, though the overwhelming majority are below 50 µm 

in diameter. As previously mentioned, it is known that particle size is generally inversely 

proportional to flow rate [89], and so the next series of attempts to generate zein 

microparticles varied the flow rate (as described in chapter 2, section 2.2.5.3) of the 

continuous phase in order to ascertain the effect on resultant particle size, as it has been 

shown that higher continuous phase flow rates result in smaller particles, due to greater 

shear forces exerted on the incoming disperse phase [89]. The results are shown in figures 

5.02 – 5.04.  
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Figure 5.02 Zein microparticles produced by microfluidic flow focusing at various flow rate ratios 

where Qi represents a disperse phase flow rate of 0.05 ml / min. Concentration of the zein solution 

was 5% (w/v) in 70% (v/v) aqueous ethanol. Data represent individual observations. 

 

 
Figure 5.03 Median particle diameter of zein microparticles produced by microfluidic flow focusing. 
Flow rate of the continuous phase relative to the disperse phase was varied; Qi represents a disperse 

phase flow rate of 0.05 ml / min. Zein solution had a concentration of 5% (w/v) in all cases, in 70% 

(v/v) aqueous ethanol. Data represent median ± interquartile range.  
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Figure 5.04 Representative images of zein microparticles produced via microfluidic flow focusing 
with varying flow rates. A: Qo = Qi x 10, B: Qo = Qi x 20, C: Qo = Qi x 40 where Qi represents a 

disperse phase flow rate of 0.05 ml / min. Zein solution had a concentration of 5% (w/v), in 70% (v/v) 

aqueous ethanol. Scale bars represent 500 µm.  

 

All images were captured under white light microscopy, however for unknown reasons the 

brightness for those representing a flow rate of Qo = Qi x 40 was reduced and could not be 

corrected. However, the particles remain clearly visible. Again, particles were far too small 

to accommodate surface-seeded cells (figures 5.02 – 5.04), and again, curiously, varying 

the flow rate did not appear to impact the size of the resultant particles. The next attempt 

focussed on the percentage concentration (w/v) of the zein solution as the independent 

variable, since this is noted to be a determining factor in the size of resultant particles [296]. 

The results of this variance are given in figures 5.05 – 5.07.  

 

 
Figure 5.05 Size distribution of microparticles produced via microfluidic flow focusing, Qo = Qi x 20 

where Qi represents a disperse phase flow rate of 0.05 ml / min, concentration (% w/v) of the zein 

solution was varied. Data represent individual observations.  
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Figure 5.06 Median particle diameter microparticles produced via microfluidic flow focusing, Qo = Qi 

x 20 where Qi represents a disperse phase flow rate of 0.05 ml / min. Concentration (% w/v) of the 
zein solution was varied. Data represent median ± interquartile range.  

 

 
Figure 5.07 Representative images of zein microparticles produced via microfluidic flow focusing. Qo 

= Qi x 20 where Qi represents a disperse phase flow rate of 0.05 ml / min. Concentration (% w/v) 

was varied.  A: 1%, B: 5%, C: 10%. Scale bars represent 200 µm.  

 

As before, the overwhelming majority of particles lacked sufficient size for cell culture 

applications (figures 5.05 – 5.07).  

 

It was speculated that further exploration of the continuous phase composition may serve 

to substantially increase the size of particles. However, other studies using microfluidic flow 

focusing have also explored such parameters (even using water, zein’s most commonly 

noted non-solvent) as the continuous phase, and the resultant particles are generally found 

with diameters in the nanoscale range [295-297]. Zein particles produced by Feng et al. 

exhibited diameters of less than 300 nm under all conditions [296], those of Feng and Lee 

provide images that show particles whose diameters enter the micrometre scale, but still 

lack the necessary size for cell culture [297], and the zein particles of Man et al. held 
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diameters exclusively in the nanoscale range [295]. Hence, microfluidic flow focusing may 

not be a technique by which zein microparticles of sufficient size as to support cell 

attachment can be easily produced, though it may have potential with regard to drug 

delivery and therapeutic applications. Thus attention was turned to other means by which 

microparticles can be generated.  

 

5.2.2 Emulsification precipitation 
 
As microfluidic flow focusing failed to produce particles of sufficient size, attention turned to 

the emulsification precipitation technique. As it is noted that this technique can produce 

particles with a large size distribution [17], it was hoped that those at the upper end would 

exhibit sufficient size for cells to adhere to their surfaces. Zein particles were therefore 

produced by emulsification precipitation as per chapter 2, section 2.2.5.4. The results are 

shown in figures 5.08 and 5.10. 

 

 
Figure 5.08 Size distribution of zein microparticles generated via emulsification precipitation with a 

stirring speed of 600 rpm. The zein solution was composed of 3% (w/v) zein in 70% (v/v) aqueous 

ethanol. The non-solvent phase was composed of vegetable oil and span 80 surfactant. Data 

represent individual observations.  

 

Again, particles were not of sufficient size. It was decided that mixing speeds would be 

reduced (as described in chapter 2, section 2.2.5.4), in order to lessen shear stress and 

increase the size of the resultant droplets.. The results are shown in figures 5.09 and 5.10.   
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Figure 5.09 Size distribution of zein microspheres generated using slower stirring speeds. The zein 

solution was composed of 3% (w/v) zein in 70% (v/v) aqueous ethanol. The non-solvent phase was 
composed of vegetable oil and span 80 surfactant. Data represent median ± interquartile range.   

 

 
Figure 5.10 Representative images of zein microspheres produced by emulsification precipitation 

using A: 60 rpm B: 300 rpm, and C: Original stirring speed (600 rpm). The zein solution was 
composed of 3% (w/v) zein in 70% (v/v) aqueous ethanol. The non-solvent phase was composed of 

vegetable oil and span 80 surfactant.  Scale bars represent 200 µm.  

 

Strangely, the slower stirring speeds appear to have resulted in smaller particles. Speeds 

of 600 rpm produced microscale particles only (figure 5.08), whereas lower speeds 

produced some nanoscale particles (figure 5.09). Not only this, but a higher percentage of 

particles in the lowest size bracket was observed for the slowest stirring speed (figure 5.09). 

The mean diameters of particles were compared in order to determine whether this trend 

was significant or the result of random chance, the results of this comparison are presented 

in figure 5.11.  
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Figure 5.11 Comparison of median microsphere diameter produced using emulsification precipitation 

with reduced stirring speeds. Data represent median ± interquartile range. ***p < 0.001. 

 

The difference between size distributions of zein particles obtained by emulsification of 

varying mixing speeds was determined to be of statistical significance (p < 0.001). This is 

an unexpected result, as the technique relies on the generation of sheer forces, which are 

smaller as stirring speeds are reduced, which should result in larger particles. This may, as 

in the case of microfluidic flow focussing, be evidence that the non-solvent used (vegetable 

oil) is not appropriate for the disperse phase. It is also notable that, in the case of microfluidic 

flow focusing, the size distributions of particles produced using specific flow rates are far 

from uniform; an extremely high degree of standard error is observable in figure 5.01. 

Furthermore, variance of the production parameters (flow rate or zein concentration) yielded 

little difference in the size distributions of the resultant particles (figures 5.03 and 5.06). 

Most importantly, all microfluidic flow focusing experiments failed to consistently generate 

a reasonable amount of adequately sized particles. In all cases, the majority of 

microspheres were below 50 µm in diameter. Since efforts to generate adequately sized 

zein microparticles were consistently unsuccessful, focus was geared toward the production 

of fibrous scaffolds instead. 

 

5.2.3 Production of wet-spun zein fibres 
 
As stated in section 5.1, this wet-spinning technique is distinct from that seen in chapter 3 

in that this technique relied on the principles of phase inversion commonly exploited to 

facilitate membrane precipitation, wherein the exchange between the solvent of a polymer 

solution and a non-solvent results in precipitation of the polymer [298].  
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Koops et al. were able to produce hollow, wet-spun fibre membranes of polyethersuphone 

and polysulphone by exploiting phase inversion when the polymer solution was extruded 

into a non-solvent coagulation bath [299]. The fibres (of a few hundred µm in diameter) were 

made hollow by the extrusion of a bore liquid in the centre of the fibre, and this necessitated 

their 6-orifice spinneret [299]. Phase inversion wet-spun fibres have been produced without 

multi-channel spinnerets: Yao et al. produced hollow fibre membranes by extruding a 

polysulfone solution into a water bath [300]. In this instance, the fibres were made hollow 

by including paraffin oil in the polymer solution, which formed a channel at the centre of the 

fibre and was subsequently removed by ethanol-treatment [300].   

 

Attempts were made to produce solid (non-hollow) zein fibres, via wet-spinning, which could 

accommodate surface-seeded cells, as described in chapter 2, section 2.2.5.5. If the 

procedure were successful, it may be further developed to produce hollow-fibres. 

Photographs of the results are shown in figures 5.12 – 5.19.  
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Figure 5.12 Photographs of wet-spinning zein attempts. Using 1% (w/v) zein in 50:50 (v/v) 
chloroform-methanol, and an 18 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 

hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  
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Figure 5.13 Photographs of wet-spinning zein attempts. Using 1% zein (w/v) in 50:50 (v/v) 

chloroform-methanol, and a 27 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 

hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  

 

These initial conditions (figures 5.12 and 5.13) failed to produce a sustained jet of zein 

solution from which a fibre might precipitate. Rather, the zein solution emerged from the 

needle as a series of droplets. It was theorised that precipitation of the droplet at the 

needle’s edge caused a localised increase in density of zein, which caused a bead-like 

structure of partially precipitated zein to fall away from the solution stream. As this occurred 

at all flow rates, the concentration of the zein solution was increased so as to slow this 

precipitation enough to allow for a sustained stream of zein solution.  
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Figure 5.14 Photographs of wet-spinning zein attempts. Using 5% zein (w/v) in 50:50 (v/v) 

chloroform-methanol, and an 18 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 
hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  
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Figure 5.15 Photographs of wet-spinning zein attempts. Using 5% (w/v) zein in 50:50 (v/v) 

chloroform-methanol, and a 27 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 

hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  

 

Increasing the concentration of the zein solution to 5% (w/v) appears to have improved 

results, in that there is the appearance of a sustained stream of zein solution at high flow 

rates (figures 5.18 and 5.19). However, this stream did not maintain its integrity for long 

enough and again separated into droplets. Concentration of zein solution was increased 

further to 10% w/v (figures 5.16 and 5.17) and 15% w/v (figures 5.18 and 5.19). 
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Figure 5.16 Photographs of wet-spinning zein attempts. Using 10% (w/v) zein in 50:50 (v/v) 

chloroform-methanol, and an 18 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 

hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  
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Figure 5.17 Photographs of wet-spinning zein attempts. Using 10% (w/v) zein in 50:50 (v/v) 

chloroform-methanol, and a 27 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 

hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  
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Figure 5.18 Photographs of wet-spinning zein attempts. Using 15% (w/v) zein in 50:50 (v/v) 

chloroform-methanol, and an 18 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 

hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  
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Figure 5.19 Photographs of wet-spinning zein attempts. Using 15% (w/v) zein in 50:50 (v/v) 

chloroform-methanol, and a 27 gauge needle. Flow rates were A: 1 ml / hr, B: 10 ml / hr, C: 20 ml / 

hr, D: 30 ml / hr, E: 40 ml / hr, F: 50 ml / hr.  

 

Zein concentrations of at least 15% (w/v), with a flow rate of at least 40 ml / hr, and the use 

of a 27 gauge needle were required in order for the zein solution to be extruded into the 

water as a steady stream (figure 5.19). Low concentrations of zein along with low flow rates 

resulted in the zein solution being extruded as a series of droplets which, if they had 

precipitated into solid zein, may have represented a means by which zein macroparticles 

could be produced. However, fully solid zein did not precipitate under any conditions, but 

remained largely in solution which aggregated at the bottom of the beakers. The colour 

change observed for these films over time (from a dark yellow to a very pale yellow) may 

denote precipitation taking place but requiring a greater length of time than that taken to fall 

from the spinneret to the floor of the vessel. A similar colour change is notable for the zein 

droplets of low concentration (figure 5.12). The lack of adequate precipitation and hardening 

is likely due to inadequate solubility of the solvent (chloroform : methanol) in the non-solvent 
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(water), which is an important parameter in the phase inversion process with regard to 

precipitation of the polymer [301]. Although methanol shows a high solubility in water, at 

1000 mg / ml [302], chloroform does not, showing only 7.95 mg / ml [302]. Chloroform : 

methanol was chosen as the solvent in this case as it was observed that it could dissolve 

higher concentrations of zein without thickening to an extreme degree. However, aqueous 

ethanol may be a better choice of solvent for this application, as it also shows miscibility in 

water with a solubility value of 1000 mg / ml [302]. The exclusive use of a solvent, or solvents, 

miscible in water such as ethanol may facilitate precipitation of fibrous or particulate zein 

membranes in water. Allowing the beads, formed using low concentrations of zein, a greater 

length of time in water before touching the vessel base (i.e use of a larger vessel) may 

provide enough time for them to fully precipitate into solid particles. However, it was felt that 

electrospinning may prove to be less labour-intensive than this wet-spinning approach, and 

it was therefore decided that this would be explored as a higher priority than refinement of 

the immersion precipitation attempts.  

 

5.2.4 Production of electrospun fibres 
 
Electrospun zein fibres were successfully produced as per chapter 2, section 2.2.5.6. These 

fibres were immersed in PBS for varying lengths of time as described in chapter 2, section 

2.2.5.7 and imaged under SEM (chapter 2, section 2.2.5.8) to ascertain their stability in 

aqueous environments. The results of this are shown in figure 5.20.  

Figure 5.20 Representative SEM images of electrospun fibres after immersion in PBS solution for 

varying lengths of time. A: Dry, B: 1 day, C: 3 days, D: 5 days, E: 7 days. Scale bars represent 2 µm.  
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The results appear positive in comparison to other studies utilising electrospun zein fibres, 

where the fibres collapse into films after exposure to PBS for 7 days [280]. The fibres have, 

however, clearly swollen, and exhibit a change in texture. It was initially thought that the 

fibres may be coated in salts from the PBS solution. However, Alhusein et al. produced 

pure-zein electrospun fibres (as negative controls to those blended with PCL), which were 

immersed in PBS solution and degraded into sheets, not exhibiting this change in surface 

texture [293]. Furthermore, this change in texture appears to exhibit a gradual onset, which 

would not be the case if the fibres were simply coated in PBS salts. This may be attributable 

to Alhusein et al.’s use of Acros-brand zein versus the Sigma-brand used here, or it may be 

a result of lyophilisation: the method by which the samples herein were dried before imaging 

under SEM. Electrospun fibre mats to be imaged under SEM in subsequent experiments 

were immersed in water rather than PBS, and allowed to air-dry rather than being subjected 

to lyophilisation.    

 

5.2.5 Stabilisation of electrospun zein fibres 
 
Electrospun zein fibres were produced under the same conditions as previously described 

(chapter 2, section 2.2.5.6). In order to prevent this degradation effect when exposed to 

water, samples were treated in various ways (including EDC / NHS carbodiimide coupling, 

citric acid crosslinking, and photocrosslinking), and analysed for reduction in surface area 

over time in water as per chapter 2, section 2.2.5.7. As previously mentioned, the EDC / 

NHS carbodiimide coupling procedure is less than ideal for use in bioscaffolds due to the 

toxicity of the reagents, especially here where their presence in the final product would 

render it inedible. The mechanism involves activation of a carboxylic acid group by the EDC, 

wherein the EDC is bound to the group forming an unstable intermediate. The EDC is then 

displaced by the NHS, forming a semi-stable ester, and finally the NHS is displaced by a 

peptide-bound amine group, thus joining the two peptide chains and leaving the reagents 

in solution [303]. However, the reagents may be removed by thorough washing of the 

scaffold with distilled water after the coupling procedure has taken place. Whilst conducting 

the procedure, it was noted that the presence of the reagents (even in small amounts) 

caused a colour change in the DMEM, indicating a pH of below 6.4 [304]. The scaffold was 

determined to be sufficiently washed when no colour change was observed (visually) in the 

DMEM 30 minutes after application. This technique could be refined by use of colourmetric 

assays, such as via the FLUOstar omega plate reader used in the previously mentioned 

resazurin assays, in order to confirm the effectiveness of the washing steps (given that the 

basic (red-coloured) form is known to bear an absorption peak band of approximately 566 
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nm [305]). Additionally, carbodiimide chemistry represents a commonly implemented 

means of covalently joining peptides. As a model technique by which proteins are joined, it 

warrants analysis in this work alongside other less common protein-coupling techniques. 

The citric acid crosslinking procedure used here (chapter 2, section 2.2.5.7.2) was based 

on the work of Jiang et al. [306] who reported the production of water-stable electrospun 

zein fibres with no apparent cytotoxicity. Citric acid is, of course, edible. The citric acid 

crosslinking mechanism is distinct from that of carbodiimide chemistry in that the peptides 

are not directly joined, rather a molecular bridge is formed between them (to be discussed). 

Although the crosslinked zein showed no evidence of cytotoxicity in the aforementioned 

study [306], this introduction of additional molecular structures into the protein may result in 

the generation of potentially harmful substances as the modified protein complex is digested 

after eating. Thus, if this particular experimental technique showed promise, it may be 

prudent to analyse the digestion of citric-acid-crosslinked zein in vitro (see section 5.3.3).   

An additional electrospun mat was subjected to UV treatment in an effort to induce a degree 

of photocrosslinking (chapter 2, section 2.2.5.7.3). The surface areas of the fibre mats were 

measured after 24 hours in water, the results of which are displayed in figure 5.21 and 5.22. 

 

 
Figure 5.21: Surface area of treated electrospun zein fibre mats 24 hours after exposure to milliQ 

water, represented as a percentage of the initial surface area. Initial surface area was 1.9 cm2. Data 
represent median ± interquartile range.  
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Figure 5.22: Representative images of electrospun zein mats after 24 hours in water. A: Dry B: 

Treated with EDC/NHS in MES buffer. C: Treated with MES buffer only. D: Treated with EDC/NHS 

in ethanol. E: Treated with EDC/NHS in ethanol, 10% initial concentration. F: Treated with EDC/NHS 

in ethanol, 1% initial concentration. G: Treated with ethanol only. H: Aged with citric acid and heat-

treated. I: Aged with citric acid, no heat treatment. J UV-treated. K: Untreated. Scale bars (white) 

represent 1.55 cm.  

 

The citric-acid samples and the samples treated with EDC/NHS in MES buffer showed 

improved stability compared to other samples, but not in comparison to untreated control 

samples. In order to determine whether this macroscopic shrinkage was a strong indication 

of the stability of fibres themselves at the micro / nanoscale, (as opposed to a reduction in 

porosity of the matrix) SEM analysis was conducted, the results of which are given in figures 

5.23 – 5.33. Figures 5.23 – 5.25 show size distribution of the fibres over time. Figure 5.26 

shows mean fibre diameter over time. Figures 5.27 – 5.32 show SEM images of the samples 

at various timepoints.   
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Figure 5.23 Size distribution of treated electrospun zein fibres before exposure to water. “MES” refers 
to samples treated with MES buffer only. “EDC/NHS” refers to samples treated with EDC and NHS 

in MES buffer. “CAA-HT” refers to samples aged with citric acid while in solution (“citric acid aged”) 

with heat treatment after production of fibres. “CAA” refers to samples aged with citric acid without 

subsequent heat treatment “UV” refers to samples treated with UV light for 2 hours. Data represent 

individual observations. 

 

 

 
Figure 5.24: Size distribution of treated electrospun zein fibres after 3 days of immersion in water. 

Treatments from figure 5.20 that are not shown here have lost their fibrous morphology by this point 

and collapsed into sheets. Data represent individual observations. 
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Figure 5.25: Size distribution of treated electrospun zein fibres after 7 days of immersion in water. 

Treatments from figures 5.20 and 5.23 that are not shown here have lost their fibrous morphology 
by this point and collapsed into sheets. Data represent individual observations.   

 
Figure 5.26: Median fibre diameter of electrospun zein fibres treated in various ways, over time 

immersed in aqueous media. “Day 0” refers to dry fibres before immersion. Data represent median 

± interquartile range. 

 
Almost all treatments (including untreated controls) showed the highest prevalence of 500-

749 nm diameter fibres at the zero time point (Figure 5.23). This is not the case however, 

for the MES control samples (treated with MES without EDC/NHS), with fibres having the 

highest incidence of diameters in the 750-999 nm range. At the 3-day time point, it is 

observable that there was a dramatic increase in the diameter of UV-treated fibres, the 

majority thereof having diameters of 1000 nm or more. Untreated controls and citric acid 
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control samples (non-heat treated) lost their fibrous structure collapsing into films by this 

time. EDC/NHS and citric acid fibres, however, still show a higher incidence of 500-749 nm 

fibres than any other size range. Though an increase in citric-acid-treated fibres in the 250-

499 nm diameter range is noted at this time (Figure 5.24). By the 7-day time point, only the 

EDC/NHS and citric-acid treated samples maintain a fibrous structure. EDC/NHS samples 

still exhibit the majority of fibres in the 500-749 nm diameter range, as they did at the zero 

time point, suggesting this treatment imparts the highest degree of stability of those assayed. 

Citric acid samples show a higher incidence of fibres in the upper diameter ranges, with the 

highest incidence of fibres in the 1000+ nm range. As fibres degrade into a sheet form, an 

increase in diameter is to be expected, suggesting that the increase in citric acid fibre 

diameter at the 7-day time point may be the beginnings of degradation (Figure 5.25). The 

apparent shrinkage in fibre diameter noted at the 3-day time point for the citric acid samples 

is likely to be the result of random chance. It is notable however that the mean fibre diameter 

(Figure 5.26) for citric acid samples does not appear to be substantially increased from the 

value at the zero time point. 

 

The untreated control fibres showed a mean fibre diameter of 643 nm. This is  comparable 

to the aforementioned work of Alhusein et al. whose electrospun zein fibres exhibited a 

mean diameter of 670 nm (± 190 nm) [293]. In contrast, Yang et al. produced electrospun 

zein fibres with a mean diameter of 69 nm (± 22) [137]. This lower fibre diameter is likely 

owed to the lower concentration of zein solution used (10% w/v, as opposed to the 20% w/v 

used here), as it has been demonstrated that polymer concentration is positively (and 

exponentially) correlated with resultant electrospun fibre diameter [307, 308]. With regard 

to stabilisation, it is immediately notable that samples treated with EDC/NHS, and citric acid 

(with subsequent heat treatment) not only remain fibrous up to 7 days in water, but also 

show little increase in fibre diameter during this time. The lack of bars for certain timepoints 

in other samples indicate that the fibres had collapsed into sheets at this point. These results 

are illustrated in the representative SEM images displayed in figures 5.27 – 5.33. 
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Figure 5.27: SEM images of untreated fibres after being soaked in milliQ H2O for various lengths of 

time. Images are given at x400 and x3000 magnification. Scale bars represent 5 µm. 

 
Figure 5.27 represents untreated control samples. It is clear that the fibres have lost their 

stability and collapsed into sheets as early as 3 days after immersion in milliQ H2O. These 

images, in contrast to those presented in figure 5.20, are consistent with those of Alhusein 

et al. [293], where the fibres degrade into sheets after exposure to aqueous media. As 

Sigma-brand zein is still being used here, it would indicate that the change in surface texture 

seen in figure 5.20 is the result of the lyophilisation stage. It would also, unfortunately, 

suggest that those fibres did not retain their fibrous morphology, but rather that the mats 

were damaged during lyophilisation. 
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Figure 5.28: SEM images of MES-treated fibres after being soaked in milliQ H2O for various lengths 

of time. Images are given at x400 and x3000 magnification. Scale bars represent 5 µm. 

 
Images displayed in Figure 5.28 represent samples which were treated with MES only. 

These samples represent negative controls for subsequent EDC/NHS treated samples. 

There is an immediate and obvious change in the appearance of the samples, as the 

porosity of the fibre matrices appears to have decreased considerably. However, fibres 

appear to retain their shape up to the 3-day timepoint, despite appearing to form node-like 

clusters.  

 
Figure 5.29: SEM images of EDC/NHS-treated fibres after being soaked in milliQ H2O for various 

lengths of time. Images are given at x400 and x3000 magnification. Scale bars represent 5 µm. 
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The images displayed in Figure 5.29 represent samples subjected to crosslinking by way of 

EDC/NHS treatment, which operates by first binding the carboxylic acid terminal, or free 

carboxyl group, of an amino acid residue, thus forming an unstable intermediate compound, 

which may then be stabilised by the replacement of the EDC molecule with NHS, producing 

an intermediate of higher reactivity. This then facilitates the binding between an amine 

group terminal of another amino acid or protein chain and the carboxylic acid terminal of 

the initial protein, leaving the two directly coupled. The effect of this treatment is apparent 

in that samples appear to show a higher degree of porosity at the 3-day timepoint, and there 

are less node-like clusters present in the x400 magnification image at this time. These 

clusters are more prominent at the 7-day timepoint, as is what appears to be a further 

reduction in porosity. However, the scaffold appears to hold its fibrous structure even after 

7 days immersed in water.  

Figure 5.30: SEM images citric acid treated fibres (without heat treatment) after being soaked in 

milliQ H2O for various lengths of time. Images are given at x400 and x3000 magnification. Scale bars 

represent 5 µm. 

 

Images in Figure 5.30 represent controls for citric-acid crosslinking. These samples were 

formed from zein solutions to which citric acid was added, and the solution aged, but were 

not heat-treated after electrospinning. Like the untreated, super-negative controls, these 

samples showed a complete lack of fibres at the 3-day timepoint. The surface of the 

resultant films also appears smoother than those seen for untreated samples, suggesting 

that the presence of citric acid without the induction of crosslinking worsens the stability of 

the fibres.  
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Figure 5.31: SEM images of citric acid and heat treated fibres after being soaked in milliQ H2O for 
various lengths of time. Images are given at x400 and x3000 magnification. Scale bars represent 5 

µm. 

 
The images in Figure 5.31 represent samples crosslinked using citric acid, with heat-

treatment after electrospinning. The mechanism by which this is accomplished is different 

to that of EDC/NHS treatment. Citric acid contains three carboxylic acid groups, which each 

have the capacity to bind to anime groups [309], and the amino acid residues in zein contain 

multiple amine group side chains [310]. In this way, the citric acid is able to react with a 

maximum of 3 different amino acid residues in the zein protein chains. The effects of this 

are apparent. Like EDC/NHS-treated samples, the fibres do not collapse into sheets even 

after 7 days immersed in water. In contrast with EDC/NHS samples, the fibres appear to 

show less deformation and aggregation at the 3-day timepoint, and only the beginnings of 

node-like clusters can be observed at the 7-day timepoint. The results displayed in Figure 

5.23 show little difference between the initial and final diameters of the fibres associated 

with these two forms of treatment, but SEM images would seem to suggest that the citric-

acid treatment procedure is more effective for the stabilisation of electrospun zein fibres 

than treatment with EDC/NHS.  
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Figure 5.32: SEM images of UV-treated fibres after being soaked in milliQ H2O for various lengths of 

time. Images are given at x400 and x3000 magnification. Scale bars represent 5 µm. 

 
Samples treated with UV-light appear to show a marginal improvement compared to 

untreated samples. Although the fibres are clearly blending together at the 3-day timepoint, 

it is still possible to identify fibrous structures, whereas a complete lack of fibres was noted 

at this point for the untreated samples. If this UV treatment is indeed providing a small 

degree of stabilisation, it may represent a form of crosslinking in which excitation from UV 

light triggers electron emission from aromatic tryptophan, tyrosine, and phenylalanine 

amino acids, which are then absorbed by disulphide bridges in the protein chain, ultimately 

forming thiol groups [311]. It may be that this then allows for formation of new disulphide 

bonds with other amino acids, producing a crosslinking effect which may have a positive 

effect on the overall fibre stability.   

 

It appears that samples crosslinked using EDC/NHS, as well as citric acid, effectively 

stabilise electrospun zein fibres, and prevent them from totally collapsing in the presence 

of water. The mechanisms of these two crosslinking techniques are markedly different, and 

the resultant structures of the crosslinked proteins reflect this. EDC/NHS crosslinking leaves 

the amino acids involved directly joined and operates between one carboxylic acid group 

and one amine group, whilst the citric acid molecule interacts with up to three amine groups 

at once, leaving the residues connected by a 6-carbon organic bridge. 

 

Despite citric acid’s ability to interact with two amino acid residues simultaneously [312], it 

appears that the presence of this connecting bridge may result in less-stable fibres than 
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those directly joined together by EDC/NHS, given the apparent swelling in fibre diameter 

that begins at the 7-day time point for citric-acid-crosslinked fibres. However, it is also 

notable that this swelling was not yet severe enough to lead to a noticeable change in mean 

fibre diameter. 

 

5.2.6 Cytocompatibility of treated electrospun fibre mats 
 
Having produced stabilised electrospun zein fibres, it was then necessary to ascertain 

whether these crosslinking procedures had an impact on the biomaterial’s ability to support 

cell growth. The effects of the differing crosslinking mechanisms are far more clearly divided 

in subsequent cytocompatibility experiments. EDC/NHS treatment was the first to be 

analysed in this way. Zein films were produced and treated with EDC/NHS (chapter 2, 

section 2.2.5.7.1), then seeded with cells (chapter 2, section 2.1.1.2). Their proliferation 

over time was tracked by way of resazurin metabolic assay (chapter 2, section 2.1.2.2), the 

results of which are shown in figure 5.33.      

 
Figure 5.33: C2C12 cell growth on zein films treated with EDC/NHS, versus untreated zein films and 

TCP. Data represent median ± interquartile range. 

 

From a short-term cell proliferation experiment (Figure 5.33), it is obvious that the EDC/NHS 

treatment has had a highly detrimental effect on the cytocompatibility of zein. This was 

conducted on zein films in order to ascertain the effects of the crosslinking on the 

cytocompatibility of the zein itself as a biomaterial, and (to that end) remove the potential 

confounding variable of fibre morphology versus films. The zein controls were treated 

identically to the crosslinked samples with the exception of the EDC/NHS crosslinking 
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agents. The results show an apparent elimination of any cytocompatibility of crosslinked 

zein, as opposed to uncrosslinked controls, which show positive cell attachment and growth.  

 
To ascertain the severity of the procedure’s effect on the cytocompatibility of zein, this 

phenomenon was explored in more detail by adjusting the degree of crosslinking (which 

was done by serial dilution of crosslinker solutions, reducing the concentration of the 

crosslinking agents by factors of 10 each time whilst maintaining their proportions in regard 

to the mass of protein) as stated in chapter 2, section 2.2.5.7.2, and analysing fluorescence 

one day after cell-seeding by way of resazurin metabolic assay (chapter 2, section 2.1.2.2). 

The results of this are given in figure 5.34.  

 
Figure 5.34: C2C12 cell metabolic activity on zein films treated with various amounts of EDC/NHS 

crosslinker solution, 24 hours post-seeding, measured by way of resazurin proliferation assay.  Data 

represent median ± interquartile range.  

 

There is a noticeable correlation between the degree of crosslinking and cytocompatibility. 

Cell density after 1 day improves considerably as the degree of EDC/NHS crosslinking is 

reduced. This is unlikely to be due to residual carbodiimides left in the aqueous environment 

as samples were separately and thoroughly washed, and the effect is observable across 

separate experiments. This demonstrates that the cell-binding impairment is likely to be a 

result of over-crosslinking. However, observation of fibres crosslinked to varying degrees 

as in figure 5.37 shows that reduction of crosslinking to a point that does not appear to affect 

cell-binding may result in the loss of the stabilisation effect. Fibres appear stable at 10% of 

standard crosslinker concentrations, however this still equates almost to a 50% reduction 

in cell-density after 1 day. These results would be aided by further analysis of cell-growth 

on these films. For example, if the negative correlation between crosslinker amount and 
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cytocompatibility were linear, the zein may become unable to support cells when treated 

with as little as 25% of the original crosslinker concentrations (Figure 5.34).  

 
The effect of other stabilisation treatments on the cytocompatibility of zein films was also 

explored (Figure 5.35). The results appear positive in regards to cell grown on citric-acid 

crosslinked films, which show cell proliferation comparable to that on TCP controls. 

However, there are noticeable anomalies in the data. The untreated controls show what 

appears to be impaired cytocompatibility, which contradicts all previous data regarding cell 

growth on zein. This is almost certainly a result of confounding variables during the 

preparation of the untreated zein films, as well as UV-treated, MES-treated and EDC/NHS-

crosslinked, which were all prepared at the same time. The citric acid and respective control 

samples (zein solutions which were not chemically modified, but allowed to remain in 

solution for 48 hours before electrospinning, given as “aged controls” in Figure 5.36) were 

prepared separately and in advance, due the longer length of time required, and appear to 

be unaffected. All samples were seeded together, and from the same stock of cells, 

meaning these anomalies are unlikely to be related to any issues therewith.  

 
Figure 5.35: C2C12 cell growth on electrospun zein fibres treated by various means. Data represent 

median ± interquartile range.  

 

Though the reliability is compromised by the presence of anomalous readings, the data 

(Figure 5.35) demonstrates positive cytocompatibility of citric-acid-crosslinked zein. These 

citic-acid treated and aged control samples (the latter of which were produced from zein 

kept in 70% aqueous ethanol solution for the same length of time as the citric acid samples) 

were prepared separately from all other samples, which is likely the reason they are not 

affected by whatever variables impaired the UV-treated, and untreated control samples.  
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The results stand in conflict with the widespread use of EDC/NHS in literature to produce 

biocompatible scaffolds for tissue engineering applications. Yet they are convincing, not 

only in the clear and drastic difference between the crosslinked and uncrosslinked zein 

despite their being otherwise identically processed, but also in that the effect shows 

correlation with the amount of EDC and NHS used. If EDC and NHS do indeed compromise 

the mechanisms of cell adhesion to zein (or possibly the initiation of signalling pathways 

affecting proliferation) whereas citric acid does not, attention is immediately drawn to the 

differences in their crosslinking mechanisms.  

 

A key difference in these processes is that while both anime and carboxylic acid groups of 

animo acid residues are involved in the crosslinking process facilitated by EDC and NHS, 

citric acid will only interact with the amine groups of the proteins, leaving any carboxylic acid 

groups in the protein unmodified. This would imply that carboxyl groups of animo acid 

residues may play key roles in some binding mechanisms to cell integrins. To present a 

model: the RGD protein motif is well-known for its prominent role in integrin-binding, and is 

capable of binding to many different integrin subunits [99], and indeed, the effect of blocking 

the carboxylic acid groups on the aspartic acid residue of the RGD is noted to have a 

significant effect on the motif’s cell-binding ability [99]. The significance of the carboxylic 

acid groups is further highlighted by the effect of substituting the L-aspartic acid residue in 

the RGD motif for D-aspartic acid [313], which is that the motif is rendered incapable of cell-

binding. The only effect of this substitution on the structure of the RGD motif is that the 

carboxylic acid groups (plus a single CH2 group in the organic backbone) collectively 

protrude from the motif at a different angle [314, 315], the position of the attached secondary 

amine group relative to the rest of the motif would not be affected [314, 315]. Carboxylic 

acid groups are only found on the aspartic acid residue of the RGD motif, and the fact that 

a change in their spatial orientation with no changes to the chemical structure of the motif 

produces such a drastic change in the cell-binding capacity of the motif suggests that these 

functional groups are of critical importance. Analysis of the RGD binding mechanism 

provides a context for the assertion that carboxyl groups can play a key role in cell-binding.  

 

As previously discussed, however, the binding mechanism between zein and myoblasts 

may be facilitated by crosslinking between integrin-bound lysine residues and peptide-

bound glutamine residues, crosslinked by transglutaminase. Further analysis of the 

mechanism by which transglutaminase acts shows that EDC/NHS crosslinking would not 

interfere therein. In the case of the previously mentioned 42-kD region of fibronectin, 

transglutaminase is reasoned to facilitate cell-binding by forming a molecular bridge 
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between integrins (α5ß1 and αIIB3) and peptide-bound glutamine residues [255]. Molecular 

bridges formed by transglutaminase have been identified to be formed between the γ-

carboxamide groups of the peptide-bound glutamine residue and a primary amine group of 

a peptide-bound lysine group [316]. This mechanism directly contradicts the premise that 

the decreased cell-binding observed in EDC/NHS-crosslinked zein versus citric-acid-

crosslinked zein is a result of the former’s interaction with carboxyl groups and amine 

groups of amino acids in the zein peptide chain, as opposed to citric acid’s interaction with 

zein’s anime groups only. As discussed above, zein’s transglutaminase-mediated cell-

binding properties would involve the γ-carboxyamide groups of the glutamine residues. 

Thus there is no clear reason why citric acid’s lack of interaction with carboxylic acid groups 

would leave the cytocompatibility of the zein intact. Furthermore, given that EDC/NHS 

crosslinking interacts with primary amine groups of amino acids, the process would not alter 

the secondary amines of the carboxamide groups, and so should not compromise the 

primary structure’s ability to form these bonds at all. It may therefore be, that the EDC/NHS 

mediated joining of the amino acids directly by their carboxyl and amine groups causes 

some alteration of the secondary or tertiary structure of the protein, making the glutamine 

residues less accessible to the cell-bound transglutaminase and integrins. Evidence of 

higher-level structural modification can be found in a side-effect of the EDC/NHS 

crosslinking process; the crosslinked films appeared to become translucent and colourless, 

as opposed to the unmodified zein films which remained yellow (Figure 5.36).  

 

 

 

 

 

 

 

 

 

 
Figure 5.36: Photograph of EDC/NHS crosslinked zein films (left two columns) alongside ethanol-
treated zein films (right two columns) 

 

The characteristic yellow pigment of maize (and by extension, zein) arises from the 

presence of carotenoids, specifically beta-carotene and xanthophyll [245], the structures of 

which [247, 317] are not found in the functional groups of the well-known 20 amino acids, 
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and procedures such as supercritical fluid extraction are required to separate it from zein 

[245]. It may therefore be reasoned that these carotenoids contained within zein are held in 

place by the secondary or tertiary structure of the protein, and so their release (without 

employment of additional substances used in decolourisation procedures applied to zein 

[245]), leading to discolouration of the zein, may be evidence of changes in the secondary 

or tertiary structure.  

 

In contrast with the direct EDC/NHS crosslinking mechanism, citric acid crosslinking 

operates via the formation of a the succinic anhydride intermediate, which citric acid is 

converted to upon heating, and thereafter reacting with amine groups of nearby polymers 

forming an organic bridge [312]. This allowance for extra space between the functional 

groups of the amino acids may spare the secondary-structure from any deformations which 

may be caused by the EDC/NHS mechanism.    

 
To summarise the chemical crosslinking assays, the citric acid crosslinking procedure 

appears to produce fibres with enhanced stability, and without substantial loss in 

cytocompatibility. This places the technique above that of EDC/NHS crosslinking in regards 

to stabilising electrospun zein fibres as, when this technique is employed, the enhanced 

stability comes at the cost of lessened cytocompatibility. In order to ascertain what effect 

variance of crosslinking degree (by EDC/NHS treatment) might have on the stability, 

nanofibres were spun onto glass slides (chapter 2, section 2.2.5.6) and treated with 

EDC/NHS in the same way as in Figure 5.34. After 3 days of immersion in mH2O, the fibres 

were imaged under white-light microscopy (Figure 5.37).  
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Figure 5.37: Electrospun zein fibres on glass, after treatment with various amounts of EDC/NHS 

crosslinker solution and immersion in water for 3 days. A: 100% of standard concentration (1.731 g 

of EDC and 0.415 g of NHS per gram of protein). B: 10% concentration. C: 1% concentration. D: No 

EDC/NHS, ethanol treated. E: No EDC/NHS treatment, UV treated. F: Untreated, dry. Zoomed 

inserts are presented in the top right of each image for the respective sample.  
 

This white-light analysis (Figure 5.37) of EDC/NHS-crosslinked electrospun zein fibres 

shows that there may be room for optimisation for this procedure. Panel B shows that fibres 

appear stable when treated with 10% of the original EDC/NHS crosslinker amounts, and 

Figure 5.34 shows that zein crosslinked as such is still able to support cell-growth, albeit to 



 178 

a lessened degree. Analysis of a finer range of crosslinker concentrations may reveal the 

value at which fibres are able to hold their morphology for a required length of time with 

minimal cytocompatibility impairment.  

 

5.2.7 Physical anchorage resulting in stabilised electrospun zein fibres 
 
The white-light analysis of treated fibres shown in figure 5.37 presented an interesting 

result: the untreated samples did not appear to degrade even after 3 days in water. As 

previously mentioned, for the purposes of visualisation under white light microscopy, fibres 

were spun onto glass slides. This apparent stabilisation effect of spinning fibres onto glass 

was explored in further detail using SEM (figures 5.38 and 5.39).  

 
Figure 5.38: SEM of electrospun zein fibres, spun onto glass (otherwise untreated) and soaked in 

water for various lengths of time. Magnification 3000x. A: Dry, B: 3 days, C: 7 days. 

 

 
Figure 5.39: Median fibre diameters of zein fibres electrospun onto glass after various lengths of time 

in water. Data represent median ± interquartile range.  

 

The results were successfully replicated. The electrospun zein fibres on glass appeared to 

show some degree of swelling after a week in water (Figure 5.39), however they clearly 
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retain their fibrous structure (Figure 5.38). Also, in comparison with the chemically 

crosslinked samples wherein the fibres can be seen to aggregate, bend, and entangle with 

each other (figure 5.29), these fibres appear to maintain their overall structure as a network. 

Initial speculation entertained the idea that fibres spun onto glass retained their charge. 

During the electrospinning process, the protein is given a charge at the needle via the 

electrode, whereupon the molecules are drawn to the collector. On contact with the collector, 

the protein molecules lose their charge, which travels through the conductive metal and 

connected grounding wire to earth. Glass however, is an electrical insulator (unless heated, 

which in this case it was not). The glass cover slides cannot conduct the charge out of the 

protein molecules, because unlike the ionic lattice of the metal, the atomic structure of glass 

does not permit the free movement of charge-carrier particles, and this also means that 

glass cannot be earthed. This may mean that fibres spun onto glass do not lose their charge. 

However, it is highly unlikely that these fibres would retain this charge during subsequent 

handling and immersion in aqueous media. It is more likely that the adsorption of the fibre 

matrix to the glass surface provides anchorage, preventing fibres from being drawn together 

as porosity is lost, as was the case for every chemically treated sample, the UV-treated 

samples, and untreated samples (Figures 5.29 – 5.32).  

 

While fibres are drawn into direct physical contact in all chemically and UV-light treated 

samples, the covalently reinforced structure of the citric-acid (heat treated) and EDC/NHS 

treated samples allows the fibres to retain their shape. Without this reinforcement, disruption 

of hydrogen bonding between amino acid residues in the protein by water [318] causes the 

fibres to lose their structure, and peptide chains associated with separate, individual fibres 

may form new intermolecular associations, and thus many fibres combine into one large 

film of zein. In the case of the glass-anchored fibres however, fibres are prevented from 

coming into contact with each other. Therefore, while some swelling is noted as the 

plasticising effect of the water takes place, the zein peptides remain confined to their 

respective fibres, and the overall fibrous configuration is retained.  

 

The next stage after confirming the fibres’ stability on glass was to ascertain whether they 

could also support myoblastic proliferation and differentiation. 

 

5.2.8 Cytocompatibility of physically anchored electrospun zein fibres 
 
Fibres were spun onto glass coverslips (chapter 2, section 2.2.5.6) and cells seeded 

thereon with coverslips (without fibres) and TCP employed as controls, cell proliferation was 
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then measured by way of resazurin metabolic assay (chapter 2, section 2.1.2.2) over a 

period of 7 days, the results of which are displayed in Figure 5.40.  

 
Figure 5.40: Proliferation of C2C12 myoblasts on zein fibres electrospun onto glass versus glass and 

TCP, measured by way of resazurin proliferation assay. Data represent median ± interquartile range. 
 

The results (figure 5.40) are positive; cells show clear evidence of proliferation on the 

electrospun zein fibres. This proliferation is slightly less efficient than that observed on the 

controls. Proliferation on zein fibres was noted to be significantly different to that on glass 

and TCP (p < 0.001 for both comparisons), whereas there was no significant difference 

between proliferation on glass versus on TCP (p = 0.142). As stated in chapter 4, the purity 

of Sigma-brand zein is not given by the manufacturer, however potential contaminants are 

likely to be pigments such as beta-carotene and xanthophyll. The process of electrospinning 

would not introduce any additional impurities or contaminants into the scaffold. A significant 

difference in cell proliferation between zein fibres and glass provides evidence that the cells 

are indeed proliferating on the fibres themselves, as opposed to migrating beneath the fibre 
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matrix and growing on the glass surface beneath. Further evidence for this is provided in 

figures 5.41 and 5.42.  

 

 

 
 
 

Figure 5.41: Hoescht-stained C2C12 nuclei on electrospun fibres, on glass. Viewed from the top 

downward: view is of cells, with the fibre matrix farthest away, and the glass slide at the bottom. 

Scale bars represent 100 µm. Created with biorender.com.  
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Figure 5.42: Hoescht-stained C2C12 nuclei on electrospun fibres, on glass. Viewed from the bottom 
upward: looking through the glass, through the fibre matrix, with the cells farthest away. Scale bars 

represent 100 µm. Created with biorender.com. 

 

Figures 5.41 and 5.42 demonstrate that the cells are indeed growing on and amongst the 

fibre matrix, as opposed to migrating through it and growing on the glass beneath: the cells 

are heavily distorted by the thick fibre matrix between them and the lens in Figure 5.42 

(which looks up through the glass cover slide), but not in Figure 5.31 (which looks down 

upon the cells). This is unlikely to be an effect of looking through the glass, as the cover 

slides were placed onto a glass microscope slide before viewing, and there is no resultant 

visible distortion in figure 5.41. There is evidence of cell penetration in figure 5.41; a number 

of nuclei show a series of lines running across them, indicating that these cells have begun 

to penetrate through pores into intermediate layers of the fibre matrix. Other cells of the 
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same figure show no such lines, indicating that they reside on the very top layer, at the 

surface of the fibre matrix. To provide further, more definitive evidence that the cells are in 

fact adhered to the fibre matrix and not the glass substrate beneath, cells were cultured for 

one week on electrospun zein fibres (spun and maintained on glass). The samples were 

prepared and analysed under SEM as per chapter 2, section 2.2.5.9. The results are shown 

in figure 5.43.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

Figure 5.43: SEM of C2C12 myoblasts on electrospun zein fibres, spun and maintained on glass 

cover slides, after 7 days of culture and fixing by way of GDA and potassium ferrocyanide. Scale 

bars represent 10 µm.  

 

The cells were cultured to confluence before a harsh fixing procedure which evidently 

resulted in the cells being broken into plat-like structures. The SEM images displayed in 

figure 5.43 are very similar in appearance to those of Aviss et al. who cultured C2C12 

myoblasts on electrospun PLGA fibres and provided SEM images of these cell cultures on 

the nanofibre matrices [49]. This further demonstrates that the cells are indeed growing on 
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the fibre matrix. The top row of images shown in figure 5.43 also appear to show a degree 

of cell penetration into the fibre matrix, suggesting that cells are able to spread and migrate 

on this scaffold. Also notable is that the second and third rows of images appear to show 

the fibre matrices as having experience little to no swelling or structural collapse at all 

(though those of the first row do clearly show signs of swelling, but not to a degree 

detrimental to their use as scaffolds). It may be that the attachment of cells also imparts a 

degree of stability to the fibre matrix; it was noted by Lee et al. that adherent cells could 

induce hydrogel formation by crosslinking various polymer chains, as long as these polymer 

chains had the ability to bind cell-surface adhesion structures [212]. Although this scaffold 

is composed of dry nanofibers rather than an aqueous suspension of polymer fibres, it is 

nonetheless plausible that the adherence of cells to various zein nanofibers serves to 

crosslink the fibre matrix in a similar manner, and thus provides additional stability. As stated, 

the top row of images in figure 5.43 show that this is not a ubiquitous phenomenon. It may 

be that this increased stability correlates with the density of locally seeded cells, which 

would demonstrate the need for a uniform distribution of cells during seeding. Wendt et al. 

note the importance of homogenous distribution of cells when seeding onto a scaffold, and 

demonstrate how a dynamic seeding approach increases the uniformity of cell distribution 

onto scaffolds (specifically, by way of fluxing cell suspensions through a porous scaffold) 

[25]. They also note advantages in seeding high numbers of cells onto a scaffold, such as 

enhanced differentiation of cardiac cells [25]. If cell adherence to the electrospun fibre 

matrix does indeed impart additional stability, then this effect may be maximised by seeding 

high populations onto the scaffolds in dynamic systems, to produce maximal cell coverage 

with a uniform distribution. Further work may seek to assess whether higher initial-seeding 

densities of skeletal muscle progenitor cells result in enhanced cell functions as in high-

density seeding of cardiac cells [25]. 

 

In order to compare the proliferation results on electrospun zein fibres, presented in figure 

5.40, to proliferation results on zein films (chapter 4, figure 4.02), the fluorescence of both 

zein samples was calculated and expressed as a percentage of their respective TCP 

controls, the results of which are displayed in figure 5.44.  
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Figure 5.44: C2C12 proliferation on zein films versus electrospun zein fibre matrices, ascertained by 

way of resazurin metabolic assay and expressed as percentages of the respective TCP controls. 
Data represent median ± interquartile range.  

 

Statistical analysis of the data presented in figure 5.44 showed there to be no significant 

difference between electrospun fibres and films (p = 0.278). This indicates that electrospun 

zein fibres are able to support myoblastic cell growth to the same degree as on films. This 

is a highly positive result; Molnar et al. for example cultured myogenic cells on commercially 

available microcarriers (Cytodex-3 and Biosilon) coated with Matrigel, and noted that 

proliferation was reduced on these microcarriers in comparison to plates (coated with 

Matrigel) [85]. In contrast, cells on electrospun zein fibres do not appear to experience a 

significant reduction in proliferative ability than on zein films. This may indicate that zein has 

the capacity to outperform Matrigel, a gold-standard ECM-derived mixture of biomaterials, 

and / or commercially available bioscaffolds, both of which are highly encouraging results.  

 

Anuradha et al. produced electrospun matrices from type I collagen and assayed the growth 

of L6 rat skeletal myoblasts thereon [319]. They noted, in their 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay, an increase in optical density from 

approximately 1.5 (at the start point, 2 days post-seeding) to approximately 2.5  (at the end 

point, 6 days post-seeding) [319]. The increase in fluorescence on electrospun zein fibres 

over a similar time period is orders of magnitude greater that the increase in optical density 

observed on Anuradha et al.’s collagen fibres. However, though resazurin and MTT are 

both reduced by enzymatic activity of cells, even both being reduced by nicotinamide 

adenine dinucleotide (NADH) co-enzymes [320], the difference in the products of these 

reactions and the manner in which they are measured (optical density for formazan versus 
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excitation / emission fluorescence for resorufin [320]) would make direct comparisons 

between the two (without a calibration curve to clearly define how readings from the two 

compare) less than fully convincing. The study of Anuradha et al. unfortunately does not 

include a control, which would help contextualise the results both within the study and in 

comparison to others. Yang et al. used a similar procedure, an MTS assay, to quantify 

proliferation of human periodontal ligament stem cells on electrospun zein matrices, as well 

as electrospun matrices formed from zein / gelatin blends [137]. They noted an increase in 

optical density from approximately 0.2 to approximately 0.8 on pure zein fibres between the 

1 and 5 day timepoints [137]. They also noted that the incorporation of gelatin, when present 

in at least a 2:1 ratio to zein (the highest gelatin content of their samples) consistently 

enhanced cell proliferation on the fibres to a slight but significant degree [137]. This would 

suggest that although gelatin facilitates cell proliferation on electrospun fibres to a degree 

higher than that on zein fibres, zein does not fall far behind in this regard, though the 

difference in cell types, myoblasts versus human periodontal ligament stem cells (HPLSCs), 

must be taken into account. 

 

Li et al. provide a more comparable study, in which H9c2 myoblasts are cultured on 

electrospun fibres formed from blends of PLGA, gelatin, and elastin, whose proliferation 

was tracked by way of alamar blue (whose active ingredient is resazurin) against TCP 

controls [239]. They noted that incorporation of gelatin and elastin into the electrospun fibres, 

resulted in significantly higher proliferation, compared to TCP, at the final (8-day) timepoint 

[239]. Before this, any differences were not noted to be statistically significant [239]. In 

contrast, electrospun zein fibres were able to support proliferation to a degree showing no 

significant difference to TCP at the final (7-day) timepoint. The degree of proliferation was 

significantly lower on zein than that on TCP at 2 of the 3 preceding timepoints. This would 

indicate that myoblasts cultured on electrospun fibres which incorporate ECM proteins into 

their composition proliferate with greater efficiency than on zein fibres, being able to 

maintain step with TCP controls and surpassing them at 8 days, while those on zein fibres 

lag slightly behind TCP controls but equalising therewith at 7 days.  

 

This is still a highly positive result, as myoblastic proliferation on a plant-derived peptide-

based electrospun scaffold does not appear drastically reduced compared to that on 

electrospun scaffolds including ECM proteins. This design of zein scaffold is able to support 

myoblastic proliferation, using an edible, plant-based, inexpensive biomaterial that needs 

no further processing after generation of the electrospun nanofibers. 
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It is not sufficient, however, that cells simply proliferate on the scaffold. For the purposes of 

muscle-tissue culture, it is necessary that cells are able to differentiate, fusing into myotubes. 

In order to ascertain whether the electrospun zein fibre matrices were able to facilitate 

myogenic cell differentiation, cells were cultured to differentiation (chapter 2, section 

2.1.1.4), after which they were fixed and immunostained for myosin heavy chain in order to 

visualise any myotubes present as per chapter 2, section 2.1.2.3. It was confirmed that the 

cells growing on these electrospun zein fibres were able to differentiate into myotubes 

(Figure 5.45).  

 

 
Figure 5.45: Confirmation of C2C12 myotubes on electrospun zein fibres. Scale bars represent 200 
µm.  

 

This is also a highly positive result; myoblasts are able to form myotubes, the beginnings of 

complete muscle tissue, on electrospun zein fibres without the need to incorporate animal-

derived proteins. This makes zein comparable to other, more commonly used biomaterials 

such as PLGA [49], PCL [9], poly-L-lactic acid (PLLA) [321], and collagen [9, 321], in terms 

of its ability to facilitate the formation of myotubes on electrospun fibre matrices. Further 

work may seek to quantify the efficiency of myotube formation, in terms of fusion index, in 

comparison to electrospun fibre matrices formed from other biomaterials (particularly those 

derived from ECM).  

 

Observable in figure 5.45 is a lack of alignment amongst myotubes. It is important to induce 

alignment in myotubes as seen in vivo, where aligned myotubes bundle together to form 

fascicles, which in turn align and cluster together to form complete muscle [322]. Therefore, 

attempts were made to generate aligned electrospun fibres as described in chapter 2, 

section 2.1.1.4. The results of these attempts are shown in figure 5.46.  
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Figure 5.46: Attempts to generate aligned electrospun fibres by using spaces, parallel collectors. 
Left: photos of collector apparatus. Right: White-light microscopy of resultant nanofibers. Scale bars 

represent 100 µm.  

 

Unfortunately, neither apparatus was able to collect aligned electrospun fibres. The white-

light microscopy images presented in figure 5.46 clearly show matrices with random fibre 

alignment. This may be due to the use of the glass cover slide: Li et al. point to the 

introduction of the gap in the collector assembly as the causal factor for fibre alignment 

[141], and the placement of the glass cover slide bridges this gap. However, the insulative 

nature of the glass would mean that this does not necessarily ‘join’ the two collectors. 

Nevertheless, this particular method of aligning nanofibers would present problems with 

regard to scale-up; Teo et al. note that this technique is constrained by its lack of capacity 

to produce thickly layered mats (whilst maintaining alignment of fibres), as well as the 

distance between the collectors [323]. There are, however, other methods by which aligned 

electrospun fibres can be collected, to be discussed further in section 5.3.4.2.  

 

5.3 Further work and wider implications 
 
5.3.1 Other means of scaffold production 
 
An alternative procedure by which fibrous scaffolds can be produced is dry-spinning [14]. 

In this model, the polymer solution is extruded as a jet through a column, into which hot air 

is blown [14]. The heat from the air causes the solvent to evaporate, resulting in a solid fibre 

of the polymer, which can be collected using a winding spool [14]. This technique has been 
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used, for example, to produce silk fibroin fibres [324, 325]. Spray-drying is a technique by 

which microparticles can be produced, operating on principles very similar to those of dry-

spinning; a spray of polymer solution is rapidly dried with hot air, resulting in a powder-like 

spray of dried polymer microspheres [326]. These techniques may be applicable to the 

production of zein scaffolds, given zein’s solubility in aqueous alcohol solutions, which 

would exhibit relatively low evaporation temperatures.  

 

5.3.2 Mechanical analysis and optimisation  
 
It was noted from handling that the electrospun mats seemed much more flexible than the 

films described in chapter 4. It was also noted, again from handling, that they were more 

easily pulled apart. Mechanical analysis should be conducted to confirm whether the 

electrospun mats do indeed exhibit reduced stiffness and tensile strength in comparison to 

films. A reduction in stiffness would be beneficial, as the films were noted to have 

excessively high elastic moduli. Reduced tensile strength may present potential issues 

when applying tensile forces to cell-laden scaffolds to provide mechanical stimuli to cells.    

 

It is noted that, in a porous protein-based scaffold, the presence of microparticles of the 

protein can affect the mechanical properties of the overall scaffold [327, 328]. Purwanti et 

al. formed gels from whey protein isolate, as well as whey protein isolate microparticles 

(insolubilised by way of heating until denaturation of the protein occurred)  [328]. They noted 

that gels whose total protein concentration was comprised of a higher percentage of 

microparticles exhibited reduced stiffness [328]. Rajkhowa et al. applied a very similar 

technique to their salt-leached silk fibroin scaffolds [327]. They noted that loading their 

porous scaffolds with silk fibroin microparticles increased the yield strength of the scaffold, 

and that this increase correlated with the degree of particle loading [327]. For this technique 

to be applicable to zein scaffolds, it would be necessary to produce insoluble zein 

microparticles. Malumba et al. noted that drying corn kernels at high temperatures (up to 

130˚C) resulted in a significant reduction in the yield of zein obtained by solvent extraction 

[329]. It may therefore be possible to produce insoluble zein microparticles, and use them 

to produce stronger, more flexible electrospun zein mats.   

 

5.3.3 Digestion analysis of crosslinked zein 
 
As previously mentioned, the citric acid crosslinking technique differs from that of EDC / 

NHS crosslinking in that the citric acid method results in the peptides being bridged, rather 

than directly joined. This modification may result in potentially undesirable products after 
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digestion, and so it may be prudent to analyse the digestion of citric-acid-crosslinked zein 

in vitro. Bronhorst and Singh [330], for example, produced simulated saliva by mixing mucin 

glycoprotein, alpha-amylase enzyme, sodium and potassium chloride, and sodium 

carbonate in deionised water (at neutral pH). They also produced simulated gastric juice by 

mixing mucin, pepsin enzyme, and sodium chloride in deionised water (whose pH was 

adjusted to 1.8 – 2.0 via addition of hydrochloric acid). The products of digestion could then 

be analysed under NMR spectroscopy in order to detect any potentially harmful organic 

structures.   

 

5.3.4 Further analysis and development of microparticles 
 
Given the small size of zein microparticles generated by microfluidic flow focusing when 

using vegetable oil as the continuous phase, as well as those produced by emulsification 

precipitation, these techniques may be applicable to drug encapsulation (which, as 

mentioned in section 5.1, appears to be the major focus of studies utilising zein as a 

biomaterial). Although these techniques would require refinement, as microparticles for 

drug encapsulation are commonly found in the nanoscale size range, and many of the 

microparticles produced for zein exceeded 1 µm in diameter. If the mean size of these 

microparticles could be reduced (while maintaining a narrow size distribution), they could 

be produced from a solution of protein mixed with therapeutic agents, and analysed for their 

release-profiles in physiological conditions.  

 

It may also be prudent to investigate other cytocompatible, protein-based biomaterials for 

their ability to produce adequately sized microcarriers for surface-seeding of cells. To this 

end, preliminary experiments were conducted to produce silk fibroin microcarriers, as silk 

fibroin microparticles have demonstrated the ability to interact with cells. Nisal et al. for 

example, produced silk fibroin microparticles by extruding droplets of silk fibroin into a 

methanol coagulation bath; their microparticles held diameters well in excess of 100 µm 

and were able to support the growth of osteoblasts [331].  Li et al. produced silk fibroin 

microparticles via electrospinning, which resulted in a series of connected beads, with 

diameters roughly around 1 µm [332]. These particles, rather than being used for surface-

seeding, were endocytosed by cells to demonstrate their potential as drug-carriers [332]. 

The use of microfluidic flow focusing to produce silk microcarriers seems rare but not 

unprecedented:  Luetchford et al. were able to synthesise microcarriers composed of silk 

fibroin and gelatin (blended to various ratios) via microfluidic flow focusing which showed 

positive cytocompatibility [89].  
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Initial attempts to produce silk fibroin microparticles by microfluidic flow focusing used 

vegetable oil as the continuous phase, and the particles collected into methanol solution 

(chapter 2, section 2.2.3.2). The disperse phase was aqueous silk fibroin solution. The 

solutions were pumped through bespoke 3D printed apparatus as illustrated in chapter 2: 

figure 2.07. The results of this experiment are shown in figure 5.47 and 5.50-D 

 
Figure 5.47: Size range of silk fibroin microparticles produced by microfluidic flow focusing, using 

vegetable oil as the continuous phase and methanol as the coagulation bath. Qo = Qi x 20. Qi 

represents a disperse phase flow rate of 0.015 ml / min. Data represent individual observations. 

Median particle diameter was 7.65 ± 3.99 µm. 

 

Particles in this initial experiment were far too small to accommodate surface-seeded cells, 

with no particles showing a diameter in excess of 50 µm. The experiment was retried with 

a new continuous phase (chapter 2, section 2.2.3.2), which in this case consisted of oleic 

acid, methanol, and span 80 (at ratios of 73 : 25 : 2 (respectively). The particles in this 

instance were collected in a solution composed of methanol and continuous phase at a ratio 

of 50 : 50. The results of this experiment are given in figures 5.49 – 5.50.  
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Figure 5.48: Size distribution of silk fibroin microparticles produced by microfluidic flow focusing, 

using oleic acid : methanol : span 80 as the continuous phase and methanol : continuous phase as 
the coagulation bath. Qi represents a disperse phase flow rate of 0.015 ml / min. Data represent 

individual observations. 

 
Figure 5.49: Mean particle diameter of silk fibroin microparticles produced by microfluidic flow 

focusing using oleic acid : methanol : span 80 as the continuous phase and methanol : continuous 

phase as the coagulation bath. Qi represents a disperse phase flow rate of 0.015 ml / min. Data 

represent median ± interquartile range.  

0
10
20
30
40
50
60
70
80
90

100

0-99 100-199 200-299 300+

Pe
rc

en
ta

ge
 o

f p
ar

tic
le

s

Diameter ranges (µm)

Qo = Qi x 10 Qo = Qi x 20 Qo = Qi x 40

0

100

200

300

400

500

600

10 20 40

Av
er

ag
e 

pa
rt

ic
le

 d
ia

m
et

er
 (µ

m
)

Flow rate (Qo = Qi x __)



 193 

 
Figure 5.50 Representative images of silk fibroin microparticles produced by microfluidic flow 

focusing. A – C represent microparticles formed under conditions as stated for particles of figure 5.49 

and 5.50: (A: Qo = Qi x 10, B: Qo = Qi x 20, C: Qo = Qi x 40). D represents microparticles formed 

under conditions as stated for particles of figure 5.48. Qi was maintained at 0.015 ml / min. Scale 

bars represent 200 µm.  
 

All images (figure 5.50) were captured under white light microscopy, particles for A-C were 

removed from solution and photographed individually whilst those for D, due to their much 

smaller size, were photographed in solution. As a result, the background appears 

substantially darker in D than in A-C. Use of a different continuous phase has clearly had 

an impact on the resultant particles. With a flow rate of Qo = Qi x 20 where Qi represents a 

disperse phase flow rate of 0.015 ml / min, the switch from vegetable oil + span 80 to oleic 

acid + methanol + span 80 as the outer phase triggered an increase in mean diameter of 

the particles from 9.21 µm (figure 5.47) to 144 µm (figure 5.49).  

 
The mean diameters of silk fibroin / gelatin microparticles produced by Luetchford et al. with 

the lowest gelatin content, showed a negative correlation with continuous phase flow rate; 

the mean diameter decreased as the flow rate of the continuous phase increased relative 

to the disperse phase [89]. Oddly, the microparticles generated here did not appear to follow 

this trend. There seemed to be a slight increase in mean particle diameter as the continuous 

phase flow rate increased from 10x that of the disperse phase to 20x, but a drastic increase 
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from 20x to 40x (figure 5.49). Figure 5.50 shows that this increase in mean diameter is owed 

to an increase in microparticles of above 300 µm in diameter. This may warrant further 

experimental repeats in order to ascertain whether the lack of a negative correlation 

between continuous phase flow rate and resultant particle diameter is an anomalous result.   

As discussed in section 5.1.3, microparticles with an approximate diameter range of 125 – 

300 µm have been shown to be compatible with myogenic cells. This would suggest that 

microfluidic flow focusing procedure (using oleic acid, methanol, and span 80 as the 

continuous phase) successfully produces silk fibroin microparticles of sufficient size as to 

accommodate surface-seeded myogenic cells.  

 

Given that silk fibroin microparticles were produced with sufficient diameters as to 

accommodate surface-seeded cells, a clear next step for these scaffolds is to analyse their 

compatibility with myogenic cells. As stated in section 3.3.3, silk fibroin from various species 

of insect may be worth investigating. If silk fibroin microparticles were produced in the same 

way using silk fibroin originating from various species of insect, a comparative analysis of 

cytocompatibility and surface characterisation (such as measurement of porosity) may also 

prove to be worthwhile avenues of investigation.  

 

5.3.5: Refinement and further exploration of electrospun fibre crosslinking 
 
As discussed, treatment of electrospun zein fibres using EDC/NHS appeared to impair the 

fibres’ ability to bind cells. This was unfortunate, as this treatment could be carried out in a 

much shorter timeframe than treatment via citric-acid. A brief analysis of the ability of zein 

films treated with various amounts of EDC/NHS crosslinker to support cell growth was 

carried out, however a more thorough exploration of this relationship may be called for, 

using a narrower and more precise range of crosslinker amounts, and analysing 

proliferation over a longer period of time (as well as differentiation). This should also be 

done for fibre stability (denoted by fibre diameter over time). It may be possible to clearly 

define a range of EDC/NHS crosslinker amount wherein the critical stability of fibres in 

aqueous environments is achieved, but without significant loss of cytocompatibility.  

 

There may be other crosslinking techniques applicable to electrospun zein scaffolds which 

may prove more effective than those analysed herein. Deng et al. for example, employed 

crosslinking via glucose to stabilise their electrospun blends of zein / gelatin [333]. This 

technique relied on the Malliard reaction [333], wherein reducing sugars react with amino 

acids [334]. Selling et al. utilised glyoxal as the crosslinking agent for their electrospun zein 
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fibres [335], glyoxal is known to be an intermediate product in the Malliard reaction [336]. If 

proven to be time-efficient, crosslinking techniques relying on naturally occurring and non-

toxic crosslinking agents such as sugars would be preferable to expensive, toxic 

crosslinking agents such as EDC and NHS.     

 

5.3.6: Structural properties of fibres 
 
5.3.6.1: Fibre diameter 
 
Fibre diameter is noted to be an influential factor on the behaviour of cells [137]. Yang et al. 

noted that as the diameter of their zein / gelatin nanofibers was increased, the ability of 

human periodontal ligament stem cells to adhere and proliferate thereon was enhanced 

[137]. Hsia et al. also report a significant effect of electrospun fibre diameter on the 

behaviour of cells, they noted that cells cultured on nanofibers proliferated more quickly 

than those on microfibres within the first week of culture, but by the end of the second week 

microfibres held a more dense cell population than nanofibers [337]. Of course, the 

conditions of the electrospinning process can be manipulated in order to produce fibres of 

various mean diameters. Tan et al. note that the voltage applied to the spinneret, the needle 

gauge, the distance from the spinneret to the collector (which would influence the degree 

of stretching and whipping of the fibre), and the flow rate to be factors which impact the 

diameter of electrospun fibres [338]. They, as well as Mit-uppatham et al. noted that the 

properties of the polymer solution, such as viscosity and conductivity, can also influence 

the diameter of electrospun fibres [338, 339], these factors may be adjustable by varying 

the solvent in which the zein is dissolved. It may be an enlightening avenue of investigation 

to produce electrospun zein fibres with a range of mean diameters by varying these 

conditions, and analysing the effect on cell behaviour.  

 
5.3.6.2: Fibre alignment 
 
In order to induce alignment of myotubes cultured on the electrospun fibre matrices, it is 

necessary to produce aligned electrospun fibres. An interesting, and commonly cited, 

approach to generating aligned electrospun fibres is the use of a high-speed rotating 

mandrel as the collector.  Ghasemi-Mobarakeh et al. used a disk rotating at 1000 rpm to 

collect aligned nanofibers electrospun from blends of PCL / gelatin [340]. Choi et al. rotated 

a stainless steel plate at various speeds in order to control the orientation of their PCL / 

collagen nanofibers [9]. Subramanian et al. rotated a tubular mandrel at speeds varying 
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from 1000 rpm to 2500 rpm to control alignment of their PLGA nanofibers [341]. The 

aforementioned of study of Aviss et al. whose PLGA nanofibers showed compatibility with 

C2C12 myoblasts, also used a rotating mandrel as their collector plate, and noted that an 

increase in rotation speed from 300 rpm to 1500 rpm resulted in production of aligned 

nanofibers [49]. This rotating mandrel approach to generating aligned electrospun fibres 

may hold the potential to intertwine with bioreactor design in a model of cultured meat 

production.  

 

5.3.7 Dynamic cell-seeding at high densities 
 
The adherence of cells to the electrospun fibre matrices appeared to impart additional 

stability, with some areas of the fibre matrix appearing to have suffered no structural 

changes even after more than a week of cell culture (figure 5.43). If cells were seeded onto 

these scaffolds with high initial densities, with a uniform distribution, this effect could 

potentially be maximised. As stated, the study of Wendt et al. noted that oscillating perfusion 

of cell suspension through a porous scaffold resulted in uniform distributions of cells seeded 

thereon [25]. It may be beneficial to analyse the effect of dynamic seeding, in a manner 

similar to that of Wendt et al. [25], on cell adhesion and distribution. This could also be done 

in order to ascertain whether or not cell adhesion to the fibres imparts stability to the matrix 

by crosslinking, similar to the mechanism described by Lee et al. [212]. Furthermore, Wendt 

et al. cite a study in which high densities of seeded cells enhanced the differentiation of 

cardiac cells [25, 342]. The aforementioned experimental design could also be employed 

with the aim of studying the effect of high seeding-densities on skeletal muscle myoblast 

behaviour. 

 

5.3.8: Bioreactor design 
 
Allowing the electrospun zein fibres to remain in contact with the surface of the collector 

appears to be a simple and effective means by which to prevent their degradation in 

aqueous solutions. An ideal bioreactor design may, therefore, incorporate the collector into 

its design. With this in mind, a particularly attractive design for the collector is the wire-drum 

mandrel as designed and employed by Katta et al. [343]. In their model, a series of copper 

wires are stretched between two discs to form a cylinder 30 cm in length, which is placed 

horizontally beneath the spinneret and rotated as electrospinning takes place (figure 5.51).  
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Figure 5.51: Schematic of the rotating wire-drum mandrel used by Katta et al. [343] to produce 

aligned electrospun fibres. Created with biorender.com.  
 

An immediate advantage of their technique is the production of highly aligned fibres with an 

extremely slow rotation speed (reported as 1 rpm [343]), compared to previously mentioned 

studies where rotation speeds in excess of 1000 rpm were required in order to generate 

aligned fibres [49, 341]. A drawback to their technique was a loss of fibre alignment as the 

thickness of the mat increased, though the reason for this phenomenon was not ascertained 

[343]. Katta et al. theorised that the insulative nature of the polymer being electrospun 

(nylon) may be the causal factor [343]. This may indicate that production of thick mats is 

possible under the appropriate conditions. 

 

It is speculated here that zein fibres could be electrospun onto a wire-drum mandrel similar 

to that of Katta et al.. This mandrel could then be, along with the aligned nanofibers, 

transferred to a bioreactor. The structure of intermittent copper wires (as opposed to a fully 

solid rotating drum) may allow for a direct-perfusion system for delivery of culture medium 

(wherein culture medium flows through pores in the scaffold), and perhaps even cell-

seeding within the bioreactor itself (eliminating the need to seed the cells separately). As 

discussed in chapter 1, such direct-perfusion approaches to cell seeding are noted to 

facilitate high levels of cell adherence, even when compared with other dynamic seeding 

systems such as stirred flasks [25]. The copper wiring would also allow for electrical 

stimulation of adhered myogenic cells to produce contractile mechanical stimuli. This 

spaced-wire design may also be adaptable so as to allow for exertion of longitudinal stress 

forces. If some expandable vessel were placed at the centre of the cylinder, it could 



 198 

theoretically be inflated in order to stretch the surrounding copper wires apart, thusly 

stretching the fibre matrix and adhered cells (figure 5.52).  

 

 

 

 

 

 
 

 

 

 

 

Figure 5.52: Theoretical schematic of the wire-drum mandrel with an inflatable vessel at the centre 

in order to exert longitudinal stress stimuli on cultures cells. Created with biorender.com. 

 

Alternately, it may be possible to design the wire-drum in such a way that, after fibres have 

been produced, a section of connecting material between two of the wires can be 

‘uncoupled’, and the cylinder unrolled into a sheet. If the copper wires were connected by a 

material with some degree of elasticity, it could be stretched along a single axis, as 

illustrated in figure 5.53, rather than by increasing the diameter of the cylindrical model 

(figure 5.52). This would also simplify the direct-perfusion system of cell-seeding and 

nutrient delivery.  
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Figure 5.53: Theoretical model in which the wire-drum mandrel is ‘unrolled’, and tensile forces 

applied. Created with biorender.com. 

 

After cells have been cultured on electrospun zein nanofibres into muscle tissue, the sheets 

of tissue could be removed from the copper wires and layered atop one another. These 

may be further treated with transglutaminase in order to bind them together into a 

continuous block of meat; this transglutaminase-mediated binding of meat is in fact a 

technique used in the food industry, wherein it is referred to as “meat glue” [344]. This 

concept is illustrated in figure 5.54. If muscle-tissue were produced in this way using 

autologous progenitor cells from a patient, it could theoretically be applied in the form of 

grafts to repair damaged muscle tissue in vivo. Indeed, zein scaffolds have been utilised in 

vivo; Tu et al. were able to produce porous zein scaffolds onto which they seeded rabbit-

derived mesenchymal stem cells [138]. When these constructs were implanted into the thigh 

muscle-pouches of mice, and bone formation was noted after 12 weeks [138]. Therefore, 

this design of bioscaffold may hold potential for regenerative medicine applications. This 

concept is illustrated in figure 5.55. 
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Figure 5.54: Concept of cultured meat produced using aligned electrospun zein fibres on wire-frame 
substrates. Created with Biorender.com. 

 

 
Figure 5.55: Concept of autologous muscle-tissue production using aligned electrospun zein fibres 

on wire-frame substrates for regenerative medicine applications. Created with Biorender.com. 

 
5.4 Concluding remarks 
 
The use of vegetable oil (plus a surfactant) as the continuous phase in microfluidic flow 

focusing failed to generate microparticles of sufficient size for surface-seeded cells. Further 
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exploration of continuous phase may provide a means to increase the size of these 

microparticles. Emulsification precipitation also failed to generate zein particles of sufficient 

size.  

 

Wet-spinning techniques failed to generate zein fibre membranes. This was likely due to 

inadequate diffusion of the polymer solvent into the surrounding water, which acted as a 

non-solvent for the zein. Exclusive use of solvents which are miscible in water (such as 

aqueous ethanol) may improve results.  

 

Electrospinning consistently produced matrices of zein nanofibers. These electrospun fibres, 

however, were noted to be unstable in water, and collapsed into films when immersed in 

aqueous solutions. This is likely due to the plasticising effect of water on the fibres. 

Crosslinking via chemical treatment showed promise in terms of providing a means by 

which to stabilise these fibres. Treatment with EDC/NHS, as well as with citric acid (with 

subsequent heat treatment) resulted in fibre mats which did not appear to shrink (when 

analysed at the macroscopic level), and whose fibres maintained their fibrous shape even 

after a week immersed in water. These techniques were not without their drawbacks, 

however. EDC/NHS treatment appeared to impair the ability of the zein to support myogenic 

cells, and citric-acid treatment was not time-efficient, requiring multiple days to carry out. It 

was noted that fibres did not appear to destabilise in water when affixed to a rigid substrate 

(in this case, glass cover slides), and this may be due to physical anchorage preventing the 

fibre mat from shrinking. These stabilised zein fibres were shown to be able to support 

proliferation and, crucially, differentiation of C2C12 myoblasts, and so electrospun zein 

fibres show significant promise as potential bioscaffold on which muscle-tissue can be 

grown. 

 

Silk fibroin microparticles of sufficient size to accommodate surface-seeded cells were 

produced, however as shown in chapter 4, zein appears to show more inherent 

cytocompatibility, and so would appear to be the preferential choice for a scaffold.  

 

Whilst the wet-spinning approach to producing zein fibres may be developed by further 

exploration of polymer solvents (and resultant scaffolds applicable to hollow-fibre 

membrane reactors), electrospinning appears to be the most effective method by which to 

produce a zein scaffold compatible with bioreactors.  

 

Electrospun zein nanofibres can be easily stabilised by allowing them to remain adsorbed 

to a rigid substrate, and can effectively support the proliferation of myoblasts as well as their 
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fusion into differentiated myotubes. This was a highly positive result, as a bioscaffold was 

successfully produced from an edible, renewable, plant-based biomaterial which could 

support growth and differentiation of myogenic cells. Furthermore, the method by which this 

scaffold was produced was simple and largely automated after the initial setup. The scaffold 

required only adsorption to a substrate material in order to overcome instability in aqueous 

environments, with no need for chemical modification. Electrospun zein fibres appear to be 

a highly promising candidate for an ideal bioscaffold for cultured meat applications, and its 

strengths in terms of scalability may also open avenues for regenerative medicine 

applications.  
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Chapter 6 – Summary, further work, and final conclusions 
 
6.1 Summary 
 
6.1.1 Carrageenan hydrogels 
 
Carrageenan hydrogels were produced, in fibrous and particulate forms, by extruding 2% 

(w/v) carrageenan solution into 5% (w/v) crosslinker bath. The carrageenan gels were 

unable to support myoblastic cell growth in this form, as they degraded over time. 

Carrageenan concentration and crosslinker concentration were varied, and the mass of the 

gels was recorded over time in PBS solution (at 37˚C) in order to ascertain what effect this 

had on the stability of the gels. Increasing the concentration of the carrageenan solution 

resulted in longer degradation times of scaffolds, and this positive correlation was more 

clearly defined in the case of beads than fibres. This increase in carrageenan concentration 

also resulted in an exponential increase in swelling of beads, though no particular 

correlation was noted for fibres. This is likely due to differences in amounts of exposed 

surface area between beads and fibres which, mass for mass, would be higher in the case 

of beads.  

 

Increasing the concentration of the KCl crosslinker solution resulted in what may have been 

a slight increase in the degradation time of fibrous hydrogels, but had no particular effect 

on the degradation time of beads. Crosslinker concentration did not appear to correlate with 

degree of swelling for either beads or fibres.  

 

An additional step was taken in the formation of carrageenan hydrogels, that being 

lyophilisation. Carrageenan solutions were placed into 24-well plates and allowed to cool at 

room temperature, with subsequent freezing at -80˚C overnight and lyophilisation. The 

crosslinker solution was then applied as before. Carrageenan hydrogels formed in this way 

showed a significant improvement in stability over beads and fibres. It was theorised that 

this was due to the polymer chains being drawn more closely together as the water was 

sublimed, resulting in more efficient crosslinking.  

 

Carrageenan hydrogels were then maintained in culture medium in order to compare their 

degradation to those maintained in PBS. Hydrogels maintained in DMEM showed improved 

stability compared to those maintained in PBS. Attempts were made to induce crosslinking 

by way of cell adhesion, which has been noted to be a legitimate means of crosslinking 

hydrogels [212]. However, when these gels were exposed to working resazurin sodium salt 
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solution, they showed significantly hastened degradation than even those maintained in 

PBS. It was theorised that the presence of high concentrations of sodium ions in these 

solutions was what contributed to hydrogel degradation, displacing the potassium ions 

which form the crosslinks between carrageenan polymer chains, resulting in weaker gels. 

This would suggest that one of the many components of culture media serves to impart a 

degree of resistance to this ionic displacement, perhaps by way of surface-adsorption of 

serum proteins. This would also suggest that the organic component of resazurin sodium 

salt has a particularly destabilising effect on carrageenan hydrogels.  

 

Surface-coating of carrageenan hydrogels was shown to be the most effective method, of 

those assayed, by which the gels could be stabilised. Surface-coating with Bombyx mori 

silk fibroin appeared to lengthen degradation times of the hydrogels compared to uncoated 

controls. In the case of beads, coating with silk fibroin did not lead to any increase in degree 

of swelling. Chitosan demonstrated the ability to impart a high degree of stability to 

carrageenan hydrogels when used as a surface-coating. Gels coated with chitosan retained 

their gelatinous form even after 3 weeks in culture conditions (whereas uncoated control 

samples reliquified after less than 2 weeks.  

 

The silk fibroin and chitosan materials were formed into films and tested independently for 

their ability to support myogenic cell culture. Silk fibroin was demonstrated to be the superior 

biomaterial in this regard, being able to support the proliferation of C2C12 myoblasts, as 

well as their differentiation into myotubes. Stock chitosan did not show compatibility with 

C2C12 myoblasts, with no evidence of proliferation occurring on films thereof. However, 

when deacetylated further by way of reacting with NaOH under nitrogen atmosphere at 

90˚C, there was evidence of proliferation. Thus the degree of deacetylation of chitosan 

appears correlated with cytocompatibility.  

 

Despite the demonstrated cytocompatibility of silk fibroin, coated hydrogels still failed to 

support a satisfactory degree of cell growth, as did those coated with chitosan. Further 

processing of the hydrogels may have yielded more positive results, however given the aim 

of producing a bioscaffold for myogenic cell culture in a simple, time and cost effective 

manner, from a highly renewable plant-based material, carrageenan hydrogels were 

determined to be unsuitable.  
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6.1.2 Cytocompatibility of zein 
 
The compatibility of zein with C2C12 myoblasts was analysed on flat films before 

commitment was made to production of more complex scaffold designs. Zein was shown to 

support myoblastic proliferation to a degree not significantly different to that on TCP controls, 

which was a positive result. The degree of cell spreading on zein was also comparable to 

that on TCP, though cell spreading on zein was noted to be significantly (but not drastically) 

reduced at the 24-hour timepoint. This was theorised to be a result of the mechanisms by 

which cells adhere to zein. In the absence of RGD motifs or similar integrin-binding 

structures, zein appears to bind cells by way of its many glutamine residues. Though the 

possibility of serum-protein adsorption to zein, which would play a role in its ability to bind 

cells, cannot be discounted. Zein was also shown to be capable of facilitating myoblastic 

differentiation, as myotubes were confirmed to have been formed. Fusion index of myotubes 

formed on zein appeared slightly lower than that on TCP controls, and in contrast, myotube 

length on zein appeared to be slightly increased compared to that on TCP controls. The 

precise mechanism by which the myoblastic membranes fuse during myotube formation is 

not known, but is theorised to involve phosphatidylserine (a component of the cell 

membrane), as this has been shown to enhance the degree of myoblastic fusion [39]. 

Furthermore, phosphatidylcholine, which is also a component of the cell membrane, has 

been shown to facilitate production of myotubes with greater length but lessened fusion 

index [39]. Zein has been noted to be capable of complexing with phosphatidylcholine 

liposomes, which may suggest a similar mechanism between zein and myoblastic cell 

membranes, which produced this same effect of longer myotubes with lessened fusion 

indices.  

 

6.1.3 Production of fibrous and particulate zein scaffolds 
 
Various methods of producing bioreactor-compatible scaffolds from zein were explored. 

Microparticles produced using microfluidic flow focusing and emulsification precipitation 

were too small to be used as microcarriers. Attempts to produce wet-spun fibre membranes 

of zein also failed, as the streams of zein solution did not precipitate into solid fibres. This 

was theorised to be a result of inadequate miscibility between the polymer solvent and the 

non-solvent phase. Further exploration of polymer solvent choices may have served to 

improved results. However, electrospinning was demonstrated to be a simple means by 

which nanofibrous zein matrices could be reliably produced. These fibre matrices showed 

instability in aqueous environments, however, and would collapse into sheets after some 

time in the presence of water. Two methods of chemical treatment were shown to impart 
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stability to the electrospun fibres. Carbodiimide treatment of fibres prevented them from 

losing their fibrous morphology after a week in water. However, when zein films were treated 

in this way in order to analyse the impact on cytocompatibility, it was demonstrated that 

such carbodiimide treatment impaired the zein’s ability to support cell growth. Variance of 

the degree of crosslinking showed that there may be room for optimisation with regard to 

this procedure, wherein a balance between fibre stability and cytocompatibility may be 

achieved. Crosslinking via aging zein solutions with citric acid, with subsequent heat 

treatment after the production of fibres, also successfully stabilised the fibres. This method 

of crosslinking was not shown to impact the cytocompatibility of the zein. However, this 

approach lengthened the time taken to produce the scaffolds, from a matter of hours to a 

matter of days.  

 
Fibres which remained adsorbed to a rigid collector substrate were shown to be stable in 

water. This approach did not increase the time taken to produce the scaffolds at all, and did 

not impact the cytocompatibility of the zein; the fibre matrices were shown to support 

myoblastic proliferation to a degree comparable to that on films, and cells cultured on the 

fibres were able to differentiate into myotubes. This demonstrates that zein, an edible, 

renewable, plant-based biomaterial can be easily formed into fibrous scaffolds via 

electrospinning, and that these scaffolds can support myoblastic cell functions to a degree 

comparable to TCP controls, and which compare well to gold-standard, ECM-based 

scaffolds in literature.  

 

6.2 Further work 
 
6.2.1 Immediate next steps 
 
One immediate avenue for further research is the generation of aligned fibres. The use of 

aligned electrodes as collectors was unsuccessful as a means by which to do so. Rotating 

collectors may prove to be more successful in this regard. The second is analysis of 

dynamic seeding conditions onto zein fibre matrices. This would provide the opportunity to 

analyse whether cell adhesion to the fibres provides additional stability, which would 

further increase the scaffolds already considerable potential for cultured meat 

applications, and if so, to maximise this effect by ensuring a uniform distribution of seeded 

cells. Mechanical properties of the electrospun matrices must also be ascertained, as the 

fibre mats may exhibit lessened stiffness in comparison to the excessively stiff films. 

Further steps may need to be taken to lessen scaffold stiffness, such as loading the fibre 

matrices with zein microparticles as previously discussed. Seeding at high densities may 
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also serve to optimise fibre stability, and may even enhance myoblastic cell functions, and 

so this is also a worthwhile course of investigation in the near future. 

 
6.2.2 Long-term goals 
 
After research goals outlined in section 6.2.1 were achieved, the next stage would be to 

analyse the scaffold’s ability to support growth of primary myogenic cells. That is, satellite 

cells harvested from muscle biopsies and stimulated to renter a proliferative phase. Such 

cells would, of course, eventually be used in a functional system of cultured meat production, 

and so their ability to interact with the scaffold must be clearly demonstrated.   

 

The ultimate end-goal of the scaffold’s development would be its adaptation for use in 

bioreactors. As discussed in chapter 5, the use of a rotating wire-drum mandrel as described 

by Katta et al. shows promise for application to this scaffold, in theory [343]. A wire-drum 

mandrel should be constructed and tested for its ability to collect electrospun nanofibers 

with a high degree of alignment. Subsequently, the design should be analysed for its ability 

to carry mechanical stimuli to the cultured cells, both tensile stress stimuli and electrical 

stimuli inducing contraction.  

 

Zein should also, ideally, be analysed for its ability to support cell growth in a serum-free 

environment. 
 
6.2.3 Wider implications 
 
Though the carrageenan hydrogels did not provide a scaffold on which myogenic cells could 

be cultured, there may be potential applications for cell immobilisation. Hydrogels of 

hydrocolloid polymers have been noted for their ability to maintain the viability of 

encapsulated, immobilised cells, even at temperatures which would normally lead to cell-

death [238]. Given that stabilised carrageenan hydrogels were produced via surface-

coating, they may have potential applications in this regard.  

 

Electrospun zein fibres have been analysed for their potential as drug carriers, by Alhusein 

et al. for example [280, 293]. In these studies, it was necessary to blend the zein with PCL 

in order to overcome the aforementioned instability in aqueous environments. Though the 

carbodiimide treatment procedures used in this work decreased the fibres’ ability to bind 

myogenic cells, it may be possible to use such treatment to produce stabilised, pure-zein 

fibres  with potential applications as drug carriers without the need for cross-material 

blending.  



 208 

6.3 Final conclusions 
 
Zein is an edible, renewable, plant-based biomaterial which has demonstrated the ability to 

support growth, spreading, and differentiation of myogenic cells. The process of 

electrospinning is simple and efficient, and reliably produces matrices of zein nanofibers. 

Allowing these nanofibers to remain anchored to a substrate imparts much-needed stability 

in aqueous environments, and fibres produced in this way are shown to support myogenic 

cell culture without the need for chemical modification of any kind. The theoretical use of a 

rotating, wire-frame mandrel as a collector to produce aligned fibres may hold potential for 

applications to bioreactor designs, facilitating perfusion-based cell-seeding systems and 

affording the ability to apply mechanical stimuli to cultured cells. A potential weakness of 

zein scaffolds is the high stiffness of films, as this would impair the ability of myotubes to 

develop striations, which would enhance their contractile abilities and protein content. 

Though the mechanical properties of electrospun fibre mats must be investigated. Methods 

of reducing stiffness can potentially be applied if needed, such as interspersing the porous 

nanofibre matrix with zein microparticles as previously discussed. Therefore, this weakness 

need not significantly damage zein’s potential as a biomaterial. This work attempted to 

ascertain whether a purely plant-based scaffold could be constructed which could support 

myogenic cell growth to a degree comparable to gold-standard materials, and electrospun 

zein nanofibres show outstanding potential as a bioscaffold on which myogenic cells may 

be cultured into muscle-tissue for cultured meat purposes, with potential implications for 

regenerative medicine, and their further development is certainly called for.  
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