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ABSTRACT 

The development of in vitro meat from validated tissue engineering techniques has emerged as a 

more sustainable and ethical method of meat production. To date, the expansion of cellular 

agriculture is believed to be dependent on four pillars: animal free scaffolds, serum free media, 

bioreactors and cell lines or stem cells. In 2014, decellularized plant tissue emerged as an animal 

free scaffold for three-dimensional cell culture. Despite the fact that plant parenchyma provides a 

relatively porous and biocompatible substrate with stiffness values similar to those of muscle 

tissue, it lacks a number of physical, biochemical, and topographical cues necessary to 

recapitulate the microenvironment sensed by cells. A crucial characteristic of skeletal muscle 

tissue is the aligned arrangement of myofibers. Yet, a great deal of knowledge has come from in 

vitro studies where cells appear randomly scattered. This is turn has created a discrepancy 

between in vivo and in vitro studies due to widely supported observation that spatial orientation 

greatly influences gene expression. As part of this thesis, microchannels were developed by 

longitudinally cutting the vascular bundle of celery (Apium graveolens).  Based on the guided 

alignment of cells on synthetic microchannels, I hypothesize that myoblast will not only align 

parallel to the vascular bundle but fuse into aligned myotubes. Results show that following 10 

days in culture, the normalized orientation of F-actin filaments was determined to be 1.2 ± 2.0°. 

Subsequent to myoblast alignment, differentiation for 5 days led to the formation of myotubes 

with a normalized orientation of 8.6 ± 23.8°. Granted that alignment is a crucial characteristic of 

skeletal muscle tissue, it constitutes only one parameter. Fully recapitulating the 

microenvironment will need to extend beyond topographical cues, as plant vascularization is 

partially hydrophobic, approximately 30x stiffer than muscle tissue, and lacks the biochemical 

cues of mammalian extracellular matrix. 
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THESIS PREFACE 
 

The inception and expansion of tissue engineering as a multidisciplinary discipline 

capable of addressing medical issues with therapies ranging from localized in vivo treatment to 

the development of in vitro organs opened the door to a field beyond the biomedical realm: 

cellular agriculture (Kwon et al., 2018; Li et al, 2014). In response to the ethical (Verbeke & 

Viaene,2000) and environmental (Kraham, 2017) impact incurred by conventional meat 

production, cellular agriculture emerged as a more sustainable and ethical method of production 

(Tuomisto et al., 2011). This is yet to be determined, however (Lynch & Pierrehumbert, 2019). 

To date, the expansion of cellular agriculture is believed to depend on four major pillars: scalable 

bioreactors, cell lines or stem cells, serum free media, and animal free scaffolds (Datar & Betti, 

2010; Specht et al., 2018).  

 

The depiction of decellularized plant tissue as an abundant animal free scaffold for 3D 

cell culture by Modulevsky and colleagues (2014) opened the door to cellular agriculture 

applications. Furthermore, the wide array of structures with varying topographies and 

mechanical properties natively found in plants provides a plethora of substrates ripe for in vitro 

culture and tissue mimicry (Modulevsky et al.,2014; Gershlak et al.,2017; Fontana et al.,2017; 

Hickey et al.,2018; Modulevsky et al.,2016; Hickey & Pelling, 2019; Campuzano & Pelling, 

2019; Adamski et al., 2018).  
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Taking into consideration that meat is often composed mostly of muscle tissue, which 

itself is composed in large part of aligned skeletal muscle cells (Listrat et al., 2016) has led to the 

development of fibrous and patterned substrates capable of recreating an aligned arrangement of 

muscle cells to more closely resemble native tissue (Cooper et al., 2010; Hume et al., 2012; 

Huang et al., 2010; Wang et al., 2010; Cha et al., 2017). As part of the structures natively found 

in plants, the vascularization of plants such as celery (Apium graveolens), which is composed of 

microchannels, presents a desirable topography for guided cell alignment through contact 

guidance. This in turn led me to hypothesize that the microchannels of the celery vascular bundle 

will provide topographical cues similar to the substrates mentioned previously; hence, guide 

muscle cell alignment through contact guidance (to be discussed in chapter 4, a manuscript in 

preparation). Prior to investigating this phenomenon, it’s paramount that we first understand the 

physiological development of muscle cells in vivo. If we wish to develop biomaterials to better 

assimilate the in vivo environment, we must understand the physiological development of 

myoblast, transcription factors, and morphogens; and lastly the mechanical and physical factors 

known to influence muscle cells in vivo. Through chapter 1, I wish to provide an overview on the 

physiological development of muscle to lay a foundation for the forthcoming objectives, 

hypothesis, and results.  

 

Through chapter two, a published review paper on animal free scaffolds, I will convey 

the importance of animal free scaffolds for the purpose of muscle tissue engineering and discuss 

in detail chitin/chitosan, decellularized plant tissue, and recombinant collagen. This chapter will 

also serve as a detailed overview on cellulose with emphasis on decellularized plant tissue. The 
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chapter will further discuss what has been shown regarding the varying mechanical properties 

and functionalization of decellularized plant tissue to date. 

 

In chapter three, I will discuss the mechanical properties of the decellularized celery scaffold 

and its interaction with C2C12 murine myoblast. The phenotype, proliferation, and 

differentiation of cells on the scaffolds will be used to assess the biocompatibility of the 

decellularized celery scaffold. Chapter four will then shift the focus towards the vascular bundle 

of celery. I will show how the microchannels of the vascular bundle not only guide cell 

alignment but also lead to the formation of aligned myotube. 
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CHAPTER 1 
 

Muscle overview 
 

1.1.  Muscle tissue 

Throughout the body of mammals, amphibians, birds, and invertebrates, muscle tissue is 

responsible for a number of functions, including breathing, swallowing, movement, and blood 

flow. To accomplish these functions, each tissue possesses specialized muscle cells. These 

specialized cells are divided into cardiac muscle cells, smooth muscle cells, and skeletal muscle 

cells. These cells share one crucial characteristic: the ability to contract through a physical 

interaction between cytoskeletal proteins, actin and myosin (Fig.1). Each specialized cell 

portrays specific genes and overall phenotype.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Skeletal muscle tissue at a glance.  Skeletal muscle cells portray a 
clear striation from the rearrangement of myosin and actin filaments. The 
anisotropic arrangement of myofibers plays a crucial role in functionality of the 
tissue. Mature muscle fibres are also distinguished by the movement of the nuclei 
to the periphery and the even distribution of the sarcoplasmic reticulum to 
facilitate a synchronized depolarization. Image was retrieved from Anatomy and 
Physiology with written permission from OpenStax at https://openstax.org. 
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1.2 Skeletal muscle – In vivo  
 

Skeletal muscle mass comprises approximately 38% of the total body mass of males and 

21% in females (Janssen et al., 2000). Muscle as an organ consists of skeletal muscle tissue, 

connective tissue, nerve tissue, and vascular tissue. It portrays a number of crucial physical 

characteristics, such as aligned muscle fibers (Cornelison, 2008; Listrat et al., 2016; Frontera & 

Ochala, 2014). The alignment of muscle fibers allows for the synchronized generation of force 

along a predetermined axis when the skeletal muscle cell contracts in response to depolarization 

driven by acetylcholine release from nerve cells in the neuromuscular junction (Tintignac et al., 

2015; Kuo & Ehrlich,2015). 

 

1.3 Skeletal muscle development 
 

The development of skeletal muscle begins in the somite originating from the paraxial 

mesoderm (Buckingham et al., 2003; Reshef et al.,1998). The specification of the somite towards 

the dermomyotome is dependent on Wingless-related integration site (Wnt) 

(primarily Wnt 1 and 3), bone morphogenic proteins, Noggin, and Sonic Hedgehog (Shh) 

signalling (Münsterberg et al., 1995; Bentzinger et al., 2012; Reshef et al., 1998; von Maltzahn et 

al., 2012). Bone morphogenic proteins in contrast to the other three delays differentiation while 

maintaining the Pax3+ cells in a undifferentiated state. (Ben-Yair & Kalcheim, 2008; Bentzinger 

et al., 2012). The dermomyotome differentiates into central dermomyotome, dorsomedial lip, 

and ventrolateral lip. The skeletal muscle precursor cells within the dermomyotome are 

characterized by the expression of Pax3 and Pax7, and low expression of Myf5 (Chal and 

Pourquie, 2017; Bentzinger et al., 2012). Delamination of Pax 3+ myogenic precursors cells from 

the ventrolateral lip contribute to muscle formation of the limbs, whereas myocytes on the 
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myotome begin to form aligned primary muscle fibres along the anterior-posterior axis of the 

notochord giving rise to the trunk muscles (Fig.2A) (Eloy-Trinquet & Nicolas., 2002; Sacks et 

al., 2003; Chal and Pourquie, 2017) This alignment is predominantly influenced by Wnt 11 

signaling. (Gros et al., 2009).  

 

The first stage of myotube (multinucleated structure) formation arises from the fusion of 

a founder cells and fusion competent myoblast. (Kim et al., 2015). Founder cells attract the 

fusion competent cells, which influence the orientation, location, and number of muscle fibres 

(Dutta et al., 2004; Beckett and Baylies, 2007; Kim et al., 2015). The mechanism of fusion in 

mammals is still poorly understood as most of the experiments have been done on flies. 

However, it’s understood that the fusion process is asymmetric, where actin-propelled protrusion 

from the fusion competent myoblast invade the founder cell forming the fusonegic synapse 

concomitantly with a number of push and pull forces to help destabilize the plasma membrane. 

(Hindi et al., 2013; Sampath et al., 2018; Kim et al., 2015; Duan et al., 2018; Abmayr & Pavlath, 

2012). The formation of fusogenic synapse leads to the opening of fusion pores to allow 

cytoplasmic material to merge and form a multinucleated structure (Dhanyasi et al., 2015; Kim 

et al., 2015). 

 

The formation of the myotome primary muscle fibers and limb primary muscle fibers 

provide the template for secondary muscle fibers throughout adulthood (Ontell & Kozeka, 1984; 

Buckingham et al., 2003). This process is highly regulated by transcription factors (e.g. Pax3) 

and muscle regulatory markers: Myf5, MyoD, MRF4 and Myogenin. Defining myogenic genes 

such as Myh7, Myh3, alpha actin (cardiac followed by skeletal) and Desmin appear as early as 

myotome stage (Chal and Pourquie, 2017). The primary fibers become slow twitch whereas the 
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secondary become fast twitch muscle fibers (Fiorotto, 2012). Muscle growth and elongation of 

primary muscle fibers at this stage is maintained by proliferating Pax7+ (Allouh, et al., 2008). 

 

Furthermore, a portion of somatic Pax7+ will begin to relocate beneath the basal lamina 

(endomysium) to make up the quiescent satellite cell pool (Lepper and Fan, 2010). Satellite cells, 

quiescent myoblast precursors, are responsible for the repair and growth of myofibers throughout 

adulthood (Kassar-Duchossoy et al., 2005). Through asymmetric division, satellite cells maintain 

the pool of quiescent muscle and respond to damaged muscle following extrinsic signals, such as 

hepatocyte growth factor (HGF) release from the damaged ECM (Fu et al., 2015; Allen et al., 

1995; Cosgrove et al., 2009).  Following asymmetric division, the expression of Myf5, MyoD 

and Myogenin become markers of myoblast commitment (Sabourin & Rudnikci, 2000). Fusion 

and terminal differentiation is then driven by the expression of MyoD, MyoG and MRF4. All of 

which are expressed in mature muscle fibers (Fig.2B) (Murphy & Kardon, 2011; Bentzinger et 

al., 2012) 

 

The mature skeletal myofibers are composed of aligned myofibrils attached to the 

myotendinous junction (Frontera and Ochala, 2014). The reorganization of myosin and actin 

leads to overlapping regions (Sarcomere) responsible for generating contractions (Fig.1) (Lemke 

& Schnorrer, 2017). The reorganization of the cytoskeletal proteins into the sarcomere is a clear 

depiction of optimal muscle fibre development (Engler et al., 2004). In vivo muscle fibres are 

also characterized by the formation of plasma membrane intrusions known as T-tubules, which 

assist in even depolarization distribution throughout the myofibrils (Franzini-Armstrong & 

Engel, 2012, p. 763-774). The calcium released from the cisternae following depolarization 
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Figure 2. Stages of Skeletal myogenesis from embryo to adult. 
(A) Developmental sequence of muscle formation from the dermomyotome. During 
primary myogenesis (middle), Pax3+ progenitors (yellow cytoplasm, green nuclei) 
delaminate from the dorsal side of the dermomyotome and contribute to the 
formation of large primary myofibers (yellow). nt, neural tube; n, notochord; DM, 
dermomyotome; MTJ, myotendinous junction; NMJ, neuromuscular junction. (B) 
Differentiation of somitic progenitors toward skeletal muscles and adult satellite 
cells. For each step, markers for the intermediates and differentiated skeletal 
myofibers are shown. Additional markers are also shown in smaller font. 
Differentiation stages along the myogenic lineages are color-coded according to A. 
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‘Myocytes’ encompasses also myotubes and myofibers. Emb., embryonic. Glut1, 2 
and 4 are also known as Slc2a1, Slc2a2 and Slc2a4, respectively. Reproduced from 
Chal and Pourquie, 2017 with permission from Development. 

 
 

binds to troponin, allowing for the interaction between myosin and actin (Szczesna et al., 1996). 

The defining genetic markers are dependent on the type of muscle fibre, where oxidative slow 

express MyHC type I and glycolytic fast express MyhC IIa,IIb,IIx (Schiaffino et al., 2015; Chal 

and Pourquie, 2017) . 

 

1.4 Skeletal muscle - In vitro 

In order to better understand muscle cells, these are routinely cultured in Petri dishes. 

However, the culture conditions oversimplify the actual in vivo environment: cells are no longer 

exposed to a number of physical and biochemical stimuli (Maleiner et al., 2018). Petri dishes 

have no resemblance to in vivo tissue; Petri dishes are stiff, smooth, flat, and lack a number of 

biochemical cues derived from the extracellular matrix (Gilles and Lieber, 2011), an 

everchanging blood serum, and paracrine signalling from a number of cell types (Cornelison, 

2008). Connective tissue, nerve tissue, and vascular tissue embedded in skeletal muscle have 

been shown to play a role in the survival, repair, and functionality of skeletal muscle 

(Cornelison, 2008). However, myoblast or myogenic precursors cells are often cultured in 

isolation and in inconsistent media (Zheng et al., 2006), which doesn’t represent the ever-

changing conditions of blood serum. 
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Figure 3. Phase contrast image of C2C12 murine myoblast and myotubes 
cultured on Petri dishes. (A)  Myoblast portray an amorphous phenotype and 
appear randomly scattered. (B) Fusion of myoblast influenced by a low serum 
media leads to myotube formation. As expected, the myotubes cultured on 
Petri dishes don’t portray a preferred orientation; yet, these often form parallel 
to eachother. Scale bar = 100µm 

 
Physical cues, such as cyclic strain, topography, and matrix stiffness have been shown to 

play major role in myoblast development in vitro (Maleiner et al., 2018; Somers et al., 2017). 

Although a number of studies have elucidated the fact that cyclic strain has the ability to in part 

recreate the strain sensed by cells in vivo, a caveat of factors clearly displays a number of 

limitations. Myoblast cultured in 2D under cyclic strain have been shown to differentiate faster 

when compared to those in static conditions (Pennisi et al., 2011). Yet, another group depicted 

how cyclic strain inhibited myogenesis and induced proliferation (Kumar et al., 2004). The 

conflicting evidence portrays the plethora of factors that play a role in stress/strain sensing of 

cells in vivo, and how in vitro mimicry of these factors fails to provide a reliable and consistent 

system.  
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Substrate stiffness has been shown to influence myogenesis in vitro (Romanazzo et al., 

2012). Anchorage dependant cells sense matrix stiffness through integrin-rich regions referred to 

as focal adhesion (FA). Focal adhesion kinase (FAK) influences a number of signalling 

pathways, impacting cell behaviour (Graham et al., 2015; Wells, 2008).  Gels with a muscle-like 

stiffness of approximately 12KPa have been shown to favour myogenesis through a clear 

depiction of sarcomere formation (Engler et al., 2004), and have also shown to favour prolonged 

self-renewal of skeletal muscle stem cells (Gilbert et al., 2010), which is rarely observed in vitro 

(Chal and Pourquie, 2017).  

 

Topography has also been shown to alter morphology, proliferation, differentiation, and 

overall gene expression (Wang et al., 2012; Cooper et al., 2010; Mozetic et al., 2017; Kuppan et 

al., 2016; Foolen et al., 2018; Gao et al., 2016). As mentioned previously, spatial orientation or 

alignment of cells in vitro is a crucial characteristic of muscle. Yet, this valuable attribute is lost 

when cells are placed on Petri dishes. In order to assimilate 2D cell culture to the in vivo 

environment and further understand the role of matrix topography, substrates with a wide array 

of topographical structures, such as posts (Goedecke et al., 2015), microchannels (Humes et 

al.,2012), and nanofibers (Fee et al., 2016) have been developed (Goedecke et al., 2015). To 

further understand the role of directionality, microchannels/microgrooves, cyclic strain, and 

electrical stimulation have been shown to induce such phenomenon (Tanaka et al.,2014, Liu et 

al.,2008, Humes et al.,2012; Altomare et al., 2010; Charest et al., 2007; Pennisi et al., 2011). As 

mentioned previously, chapter 4 will continue to expand on the importance of alignment, and 

how the vascular bundle of celery can be used as an abundant animal free substrate for guided 

cell alignment  
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1.5 Conclusion 

The expansion of cellular agriculture and in vitro meat relies on the ability to replicate the 

complex in vivo environment of skeletal muscle. The physiological development of muscle cells 

in vivo depends on a wide array of morphogens, transcription factors, physical and biochemical 

cues. These factors are often lost when cells are cultured in 2D Petri dishes. Therefore, the ability 

to replicate these parameters in vitro has become of critical importance. Substrates with 

topographical cues capable of aligning, and overall influencing cell orientation have emerged in 

order to address the importance of spatial orientation. Active stimuli such as cyclic strain and 

electrical stimulation have been shown to enhance myogenesis. Most recently, bioreactors have 

emerged as way to control multiple parameters such as pH, temperature, active physical 

deformation and electrical stimulation (Heher et al., 2015; Donnelly et al., 2010; Giusti et al., 

2017; Cerino et al., 2016; Allan et al., 2019). Control over this parameters allow for assimilation 

of the in vivo environment. I believe that complex bioreactors are currently nascent, but as 

research in the field continues, the biomimicry of bioreactors is expected to reach the complexity 

necessary to replicate in vivo conditions.  
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CHAPTER 2 
 

 Scaffolds for 3D cell culture and cellular agriculture applications 
derived from non-animal sources 

 
 

This chapter was presented from: 
 

Campuzano, S.1, & Pelling, A. E.2 (2019). Scaffolds for 3D cell culture and cellular agriculture 
applications derived from non-animal sources. Frontiers in Sustainable Food Systems, 3 

doi:10.3389/fsufs.2019.00038 

 

Motivation and Objectives 

One of the main objectives of tissue engineering is to produce de novo tissue in vitro. 

Through reverse engineering, tissue engineers hope to recapitulate in vivo conditions to control 

the development of tissues from cells. Yet biomimetic scaffolds are often of animal origin, 

leading to environmental and ethical concerns. Furthermore, cellular agriculture hopes to utilize 

well established tissue engineering techniques to produce animal tissue for human consumption. 

To date, it’s believed that the success of cellular agriculture relies on 4 major pillars: animal free 

scaffolds, bioreactors, continuous cell lines or stem cells, and animal free media (or serum free 

media). Through this peer reviewed mini review, I hope to convey the importance of animal free 

scaffolds, and discuss three scaffolding materials that have been widely studied in vitro and have 

potential applications in cellular agriculture. 
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2.1 Abstract 

For decades, two-dimensional cell culture has been regarded as a major tool in cellular 

and molecular biology due to its simplicity, reproducibility and reliable nature. However, it is 

now recognized that 2D cell culture underrepresents the in vivo environment of living cells. The 

development and use of 3D scaffolds and biomaterials provide researchers an ability to more 

closely mimic the in vivo environment. However, many biomaterials are of animal origin, 

leading to variability, environmental and ethical concerns. Here we present three animal-free 

scaffolds: decellularized plant tissue, chitin/chitosan and recombinant collagen. Decellularized 

plant tissue provides a wide array of structures with varying biochemical, topographical and 

mechanical properties; chitin/chitosan-based scaffolds have shown synergistic bactericidal 

effects and improved cell-matrix interaction; and lastly, recombinant collagen has the potential to 

closely resemble native tissue, as opposed to the other two. These benefits, alongside potential 

scalability and tunability, open the door to applications beyond the biomedical realm, such as 

innovations in cellular agriculture and future food technologies. 

 

2.2 Introduction 

Since the early 20th century, two-dimensional cell culture has been regarded as a reliable, 

simple and reproducible study of cellular behavior (Jedrzejczak-Silicka,2017). However, a direct 

comparison between 2D and 3D cell culture is challenging due to dramatic differences in the 

cellular environment. In vivo, cells interact closely with other cells, a complex array of physical 

forces/stimuli, and biologically active extracellular matrix (ECM). In contrast, 2D cell culture is 

performed on a substrate with drastically different mechanical and biochemical properties 

(Fig.1). Comparisons between 2D and 3D cell culture have revealed significant differences in 
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proliferation, differentiation, drug toxicity resistance, gene expression and protein synthesis 

(Ravi et al.,2015; Antoni et al.,2015; Riedl et al.,2017; Huyck et al.,2012; Cavo et al.,2016; Fang 

and Eglen,2017). In order to overcome the gap between 2D cell culture and the 3D environment 

sensed by the cell in vivo, a plethora of natural and synthetic polymers, recombinant proteins, 

ceramics, and metal-composite scaffolds have been developed and reviewed previously (Carletti 

et al.,2011; Turnbull et al.,2018; O'Brien,2011). Yet, in order to produce scaffolds with similar 

characteristics to those of the ECM, animal-derived polymers such as collagen are often 

considered as the gold standard. However, the dependence on animals have made them 

undesirable due to variability (Shoseyov et al.,2013), environmental (Kraham,2017) and ethical 

concerns (Verbeke & Viaene,2000).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Cells on 3D porous substrate vs 2D substrate. Cells on 3D porous 
substrates can be found on the surface and interior, whereas cells on Petri dishes are 
bound to a 2D environment. Proteins naturally found in animal serum and those 
synthesized by cells adsorb to the surface of the material and facilitate cell 
adhesion. Through focal adhesion, adherent cells are able to interact with the 
substrate; therefore, the properties of the material (e.g. Stiffness) can influence the 
cells’ behavior and morphology. Reproduced from Campuzano and Pelling, 2019 
with permission from Frontiers in Sustainable Food Systems. 
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Moreover, the scalability and consumer acceptance of cultured meat products will rely on a 

disconnect from animal sources. Research into animal-free scaffolds has emerged as a potential 

source for consistent, chemically defined and low-cost materials. 

 
 

Synthetic or natural animal-free polymers such as cellulose (Huber et al.,2012; Hickey et 

al., 2018), chitin/chitosan (Jayakumar et al.,2011), alginate (Lee et al.,2012), recombinant silk 

(Widhe et al.,2010), PLA (Serra et al.,2013), and PCL (Li et al.,2017) provide low cost, 

consistent and tunable scaffolds. In this concise review, we have chosen to focus on 

chitin/chitosan, cellulose (bacterial and plant), and recombinant collagen and their use in tissue 

engineering and potential applications in cellular agriculture. The biomaterials chosen here meet 

the criteria for cellular agriculture applications, such as animal-free, abundant, biocompatible, 

versatile, provide nutritional benefits, and are already part of commonly consumed products. 

However, we recognize that many other biomaterials and scaffolding approaches do exist and, as 

above, we refer the reader to other topical reviews for a deeper examination of those strategies 

(Carletti et al.,2011; O’Brien,2011; Derakhshanfar et al.,2018). 

 

As tissue engineering and regenerative medicine continues to expand with promising 

results, the potential for novel food applications has arisen due to the similarity in techniques and 

approaches. Although meat/tissue has proven to be difficult to replicate in vitro due to its 

complex composition (muscle, nerve, water, minerals, growth factors, hormones and 

Extracellular matrix proteins) (Listrat et al.,2016.), the native structure of foods such as 

mushroom (Jo-Feeney et al.,2014) and jackfruit (John et al.,1992) have the potential to 

contribute the expected palatable properties of meat.  In addition to rheological properties, these 
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foods contribute nutritional benefits, such as insoluble fiber (McDougall et al.,1995; Cheung et 

al.,2013), 

 
2.3 Decellularized plant tissue and bacterial cellulose 
 

As the most abundant polymer in nature (1.5 x1012 tons of total biomass) and the main 

component of plants, cellulose, a 1-4β D-glucose polymer has shown great potential as 

scaffolding material due its low cost, versatility and overall biocompatibility (O’Sullivan,1997; 

Klemm et al.,2005). Cellulose hydrogels (Isobe et al.,2018), composites (Johns et al.,2018; 

Huber et al.,2012), functionalized plant cellulose (Fontana et al.,2017; Modulevsky et al.,2014) 

and decellularized plant tissue (Modulevsky et al.,2014; Gershlak et al.,2017.) have been 

developed. This in turn shows the versatility of cellulose. Moreover, cellulose and its derivatives 

(e.g. Methylcellulose and 6-carboxycellulose) have been functionalized and blended with other 

materials to improve its mechanical, biological and chemical properties (Novotna et al.,2013; 

Thirumala et al.,2013; Fontana et al.,2017). Cellulose as a biomaterial has been extensively 

reviewed previously (Hickey & Pelling,2019; Kalia et al.,2011). This section will emphasize on 

decellularized plant tissue and bacterial cellulose. 

 

It was shown that decellularized apple hypanthium (Fig.2) can be used as a substrate for 

3D cell culture. HeLa cells, 3T3 fibroblast, and C2C12 murine myoblast proliferated throughout 

the 3D matrix (Modulevsky et al.,2014). In order to decellularized the tissue, a surfactant, in this 

case SDS, was used to create pores in the plant cell membrane, leading to the release of cellular 

components. (Brown & Audet,2008; Modulevsky et al.,2014). The mechanical properties of 

these scaffolds which are known to influence cell behavior, have also been altered through 

functionalization and crosslinking (Modulevsky et al.,2014) and further shown to resemble 
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skeletal (Modulevsky et al.,2014; Hickey et al.,2018) and cardiac muscle tissue (Gershlak et 

al.,2017). However, cellulose based scaffolds do lack a wide array of mammalian biochemical 

cues; thus, biofunctionalization or coating with functional surface proteins may be required for 

specific cell lines, especially in a serum-free environment (Hayman et al.,1985; Courtenay et al., 

2017; Johns et al.,2018). It was noted, however, that the viability of C2C12 cells was not 

affected by the bare cellulose scaffold when compared to collagen and gelatin coating (Hickey et 

al.,2018). Nonetheless, seeding efficiency has been shown to be greatly improved with surface 

coating and functionalization (Modulevsky et al.,2014; Hickey et al.,2018; Fontana et al.,2017).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Preparation of cellulose scaffold. Macroscopic appearance of a freshly 
cut apple hypathium tissue (A) and the translucent scaffold biomaterial post 
decellularization and absent of all native apple cells or cell debris (B). H&E staining 
of cross sectioned decellularized cellulose scaffold(C). The cell walls thickness and 
the absence of native apple cells following decellularization are shown. The 3D 
acellular highly porous cellulose scaffold architecture clearly revealed by SEM (D). 
Scale bar: A-B = 2mm, C-D = 100µm. Reprinted from Modulevsky et al., 2016 
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An advantage of decellularized plant tissue is the wide array of natural topographies that 

can be used to study cellular behavior and potentially mimic in vivo conditions without long and 

costly processing (Modulevsky et al.,2014; Fontana et al.,2017; Modulesvky et al.,2016). By 

utilizing the topographical cues present in the vascularization of stems and leaves, guided cell 

alignment was noted (Fontana et al.,2017). In this case, cell alignment was likely due to the 

confinement of cells within the vascularization channels.  Alignment in cell culture is a highly 

desirable characteristic, especially in musculoskeletal research. By inducing alignment, 

researchers try to mimic the physiological state of myoblast and myotubes (Zhao et al.,2009; 

Bettadapur et al.,2016). In comparison to synthetic microchannel development techniques, such 

as 3D printing (Tijore et al.,2018), softlitography (Glawe et al.,2005) and photolithography (Lee 

et al.,2006), the decellularized vascular bundle of plants depict a low cost, highly accessible and 

easy to use material. 

 

The vascularization of a decellularized spinach leaf was postulated as a way to overcome 

the 100-200µm diffusion limitations of 3D scaffolds (Gershlak et al.,2017). Yet, it’s still unclear 

if cells growing outside of the vascularization tracts can benefit from the circulation of nutrients. 

However, as of now, the need for vascularization in decellularized plant is not a requirement. 

Cells are able to grow throughout the porous decellularized apple hypanthium without 

developing a necrotic center (Hickey et al.,2018; Modulevsky et al.,2014). Yet, a necrotic center 

is likely to develop in very large scaffolds which may possibly be required in food applications. 

The porosity of the apple also supported angiogenesis when implanted in vivo (Modulesvky et 

al.,2016). This observation will not necessarily extrapolate to other decellularized plant scaffolds 

due to their underlying native tissue geometry which makes plant species/tissue choice important 
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(Gershlak et al.,2017). Although decellularization is depicted as a simple biomaterial 

development method, it lacks the customizability of “bottom-up” approaches, such as that of 

cellulose nanofibril scaffolds and cellulose composites with varying porosity, biological, and 

mechanical characteristics. (Courtenay et al.,2018; Khan et al.,2016; Courtenay et al.,2017).  

 

Cellulose is not only found in the plant kingdom, but is also produced by certain strains of 

bacteria, such as Acetobacter spp. (Jonas and Farah et al.,1998; Schramm,& Hestrin,1954). 

Although plant and bacterial cellulose share an identical α-cellulose structure, bacterial cellulose 

possess greater crystallinity, degree of polymerization and water holding capacity. (Esa et al., 

2014; Moniri et al.,2017). These attributes have been invaluable in a wide array of applications, 

including medical (Fürsatz et al.,2018; Petersen and Gatenholm,2011), cosmetics (Pacheco et al., 

2017) and food (Shi et al.,2014). The food applications include cultural desserts such as Nata de 

coco; and functional properties such as gelling agent, stabilizer and thickener (Shi et al.,2014). 

Moreover, bacterial cellulose has been used to incur juiciness and chewiness in emulsified meats 

(Lin & Lin,2004).  

 

An advantage of bacterial cellulose is the wide array of carbohydrate-rich by-products that 

have been used for its production (e.g. Wheat thin stillage, waste fiber sludge, pullulan 

fermentation waste water, beer culture broth) (Revin et al.,2018; Cavka et al.,2013; Zhao et 

al.,2018; Ha et al.,2008) and the wide array of chemical modifications that can be introduced to 

further improve biocompatibility and mechanical properties (Kurniawan et al.,2012; Lopes et 

al.,2014; Ostadhossein et al.,2015; Saska et al.,2012). The biocompatibility, low cost and 

nutritional attributes make this material a potential candidate for in-vitro meat production.  
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2.4 Chitin and chitosan 
 

As the second most abundant polymer in nature, chitin is found in the exoskeleton of 

arthropods (e.g. crab and shrimp) and fungi (Percot et al.,2003; Deguchi et al.,2015). In this 

review, fungal chitin is of interest due to the animal-free nature. Although the chitin sources 

referenced throughout this section are either not disclosed or declared to be animal derived 

(likely due to abundance) there is currently no reason to believe that it can’t be replaced with 

fungi chitin. (Bierhalz et al.,2016).  

 

Through alkaline deacetylation, chitin is turned into chitosan. (Rodriguez-Vasquez et 

al.,2015). The degree of deacetylation of chitin leads to physical, chemical and biological 

changes, such as interaction with cells directly or with glycoproteins and proteoglycans through 

ionic complexes. In addition to the interaction with glycoproteins and proteoglycans, chitosan’s 

resemblance to glycosaminoglycans has the potential of regulating and modulating bioactive 

factors (Madihally et al.,1999; Chicatun et al.,2013; Yang et al.,2011). Moreover, it was also 

shown that chitosan can be blended with other polymers to further improve the mechanical 

properties with the aim of resembling native mammalian tissue. (Zakhem et al.,2012; Hajiabbas 

et al.,2015) 

 

Chitosan has shown to be a desirable material in tissue engineering due to its 

biocompatibility (Croisier & Jerome,2013; Tamura et al.,2011), antibacterial properties 

(Benhabiles et al.,2012), and accelerated healing rate on skin wounds (Tchemtchoua et al.,2011). 

It has been shown that chitosan and chitosan oligosacharaides provide a synergistic bactericidal 

effect on planktonic bacteria and biofilms when combined with antibiotics such cloxacilin 
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(Breser et al.,2018; Decker et al.,2005) and sulfamethoxazote (Tin et al.,2009). Chitin and 

chitosan alone portrayed a bacteriostatic effect on gram negative bacteria, Escherichia coli, 

Vibrio cholerae, Shigella dysenteriae and Bacteriodes fragilis (Benhabiles et al.,2012).  The 

synergistic effect with antibiotics and overall bacteriostatic properties are a desirable attribute for 

applications in cellular agriculture; as antibiotic use decreases social acceptability (Karavolias et 

al.,2018), has the potential to cause long term health problems, and increase the development of 

antimicrobial resistance (Thanner et al.,2016). However, to our knowledge, the antimicrobial 

potential of these compounds in long term cell mammalian cell culture has yet to be tested or 

verified. 

 

Often materials for medical applications are segregated into permanent or temporary. The 

degradation of chitosan by lysozymes found in the body can be controlled through the degree of 

deacetylation (Tomihata & Ikada,1997; Muzzarelli,1997; Rodriguez-vazquez et al.,2015). 

Degradability is not necessarily an undesirable characteristic, as degradation rates can be 

controlled; and the by-products have the potential to provide neuroprotective (Pangestuti & 

Kim,2010) and anti-inflammatory properties (Azuma et al.,2015; Kim,2018). Furthermore, 

biodegradable hydrogels with controlled degradation rates are expected to be a temporary matrix 

for adherent cells. The objective is to match matrix deposition by cells with the degradation rate 

of the scaffold (Bitar & Zakhem,2014; Ren et al.,2018; Berthod et al.,2006). This not only 

applies to medical applications, but also to potential applications for in vitro meat production. A 

temporary matrix can allow for cellular ECM deposition with the end of goal of obtaining a 

scaffold with characteristics similar to that of native tissue.  
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The structure of certain types of mushroom provide a mouthfeel and umami flavour 

which resembles that of meat, often perceived as a vegan alternative (Jo-Feeney et al.,2014). 

Moreover, the cell wall components of mushroom contain chitin, 1-3-alpha-D-gucans and 

mannans, which confer nutritional benefits, such as dietary fiber (Cheung et al.,2013; Fernandes 

et al.,2015). The antimicrobial and nutritional properties, alongside its animal-free nature and 

abundancy, make chitin/chitosan-based scaffolds a potential substrate for cellular agriculture 

applications. 

 

2.5 Recombinant Collagen 
 

The well-known and extensively studied extracellular matrix protein, collagen, is often 

derived from bovine (Chan et al.,2016), porcine (Smith et al.,2000), and murine (Isobe et 

al.,2012) sources. Collagen type I, a fibrillar heterotrimeric protein composed of two α1(I) chains 

and one α2(I) chain, has been produced in numerous forms, including porous hydrogels, 

composites and a number of substrates with topographical cues and varying mechanical 

properties (Rich & Crick,1955; Rich & Crick,1961; Stein et al.,2009; Wu et al., 2018; Antoine et 

al.,2014; Wang et al.,2016; Vernon et al., 2005). Yet, variability (e.g. age and physiological state 

of donor), potential pathogen transmission, and contaminants including cytokines and growth 

factors have been a concern for this animal derived product (Keefe et al.,1992; Banfield,1956; 

Kohn & Rollerson,1960; Shoseyov et al.,2013; Badylak & Gilbert,2008). 

 

In order to overcome these issues, genetic engineering has led to the development of 

transgenic organisms capable of synthesizing the desired amino acid repeats. Through the 

insertion of COL1A1 and COL1A2 genes, the repeating amino acid sequence, Gly-X-Y, can be 
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translated and transcribed. In this case, the X and Y often correspond to proline and 

hydroxyproline, respectively (Shoseyov et al.,2014; An et al.,2014; Stein et al.,2009). The 

repeating amino acid sequence leads to the triple helical conformation and specific thermal 

stability of collagen (Bella,1995; Rich & Crick,1955; An et al.,2014). 

 

The production of procollagen through recombinant methods has been observed in 

bacteria (An et al.,2014), mammalian cells (Geddis & Prockop,1993), insect cell culture 

(Myllyharju et al.,1997), yeast (Olsen et al.,2001), and plants (Stein et al.,2009; Xu et al.,2011). 

The introduction of COL1A1 and COL1A2 genes encode for the amino acid sequence. Yet, the 

post translational modifications are fundamental in the production of collagen with similar 

mechanical and biochemical properties to that of native collagen found in vivo. Procollagen for 

in vivo and in vitro use has been produced in a tobacco plant capable of expressing COL1A1 and 

COL1A2 proteins, alongside post translational modification proteins localized in the vacuole: 

Prolyl 4-hydrolysase (PH-4) alpha, PH-4beta and Lysine hydroxylase (LH1-3). P4H acts on the 

proline residues leading to directionality and thermal stability, whereas LH1-3 plays a role in 

collagen fibril formation and stabilization.  (Pihlajaniemi et al.,1991; Shoseyov et al.,2013; 

Ruotsalainen et al.,2006).  

 

Although the production of recombinant collagen has proven to be difficult in part due to 

the need for post translational modification machinery natively found in mammalian cells, (An et 

al.,2014; Werkmeister & Ramshaw,2012) a fibrillar protein with a similar melting point and 

overall chemical structure to collagen has been observed and isolated in microbes, such as 

Streptococcus pyogenes. The protein’s properties have been attributed to the presence of 
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collagen like proteins, scl 1 and scl 2 (Yu et al.,2014; Lukomski et al.,2000; Lukomski et 

al.,2001). The production of this collagen like protein lacks the different biochemical cues found 

in vivo due to the lack of post translational modification; yet, the “blank slate” and gene 

customizability can be an attractive property for customization (Peng et al.,2010; Yu et al.,2014; 

An et al.,2014). 

 

In order to fulfill the demand for recombinant collagen, yield optimization has been a 

major target. Standardized comparison has been difficult to accomplish due to the properties of 

the final product, influenced by the level and presence of post translational modification proteins. 

Collagen production in plants, more specifically, tobacco, has been considered to be the most 

promising. Production of up to 200mg of recombinant human type I procollagen per kg of fresh 

leaves (20g/L reported by Werkmeister & Ramshaw,2012) has been achieved through the 

vacuole targeted enzymes and genes (Stein et al.,2009). The biocompatibility of procollagen 

from transgenic tobacco plans was shown in vitro and in vivo (Willard et al.,2013; Shilo et al., 

2013). In vitro, an increase in cell proliferation of human epidermal keratinocytes was noted 

when compared to bovine collagen (Willard et al.,2013). Bacteria collagen (Peng et al.,2010) and 

recombinant collagen produced in yeast (Liu et al.,2007) have also shown in vivo and in vitro 

biocompatibility.  

 

Collagen type I is not the only ECM protein that has been produced recombinantly. Other 

types of collagen (e.g. Type II & III) (Ruottinen et al.,2008; Myllyharju et al.,2000; Pakkanen et 

al.,2003), tropoelastin (Martin et a.,1995), and fibronectin (Staunton et al.,2009) fragments have 

also been produced recombinantly. 
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Collagen production in transgenic tobacco plants, yeast and/or bacteria has the potential 

to alleviate issues encountered through the use of animal derived biomaterials. Subsequently, the 

animal-free nature and similarity to native collagen can be a major step forward in the 

development of in-vitro meat, especially if producers wish to replicate the characteristics of 

native tissue.  

 
2.6  Conclusion 
 

Here we present three biomaterials that have shown promising results in tissue 

engineering and that can be translated to cellular agriculture applications in large part due to their 

abundance, animal-free nature and current food applications. Moreover, the wide array of natural 

topographies and dietary fibre found in plants, alongside the antimicrobial and rheological 

properties of chitin/chitosan further extend their potential in cell culture and cellular agriculture. 

However, these materials do lack the biochemical cues found in native mammalian extracellular 

matrices, leading to a need for functionalization. This need further increases the complexity of 

the process, reducing the scalability potential. On the other hand, the emergence of recombinant 

collagen extracted from plants has important advantages as a scaffold in its own right or if used 

to functionalize the surfaces of the materials above. Furthermore, these materials have been 

modified, either as microspheres or bulk, to possess the porosity necessary for diffusion of 

nutrients through dynamic or static bioreactors (Varley et al.,2017; Huang et al.,2018; Wu et al., 

2011; Garcia Cruz et al.,2012; Oh et al.,2009; Specht et al.,2018). In order to scale an animal-

free product with similarities to that of native animal tissue, the need for foetal bovine serum, 

cost-effective engineering processes, antibiotic dependence, scaffold development, and cell 

line(s) (immortalized vs primary and cell co-culture) needs to be addressed (Lynch and 
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Pierrehumbert,2019; Stephens et al.,2018; Specht et al.,2018).  It’s currently believed that 

scaffolding will play a crucial role in the scalability of cultured meat. Therefore, the aim of this 

review was to summarize three animal-free materials with properties (e.g. rheological, nutritional 

and biological) that will likely be desirable in scaffolding for cultured meat applications. Yet, we 

wish to remind the reader that scaffolding is only one component of a much larger endeavor; and 

the scalability potential of the methods presented here is still unknown, and for some unlikely. 

Readers are encouraged to refer to Stephens et al. (2018) and Specht et al. (2018) for an 

overview on cellular agriculture and the major challenges. 
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CHAPTER 3  

 Decellularized Celery (Apium graveolens) Scaffold for Cell Culture 

Motivation and objectives 
 

As mentioned in the previous chapter, animal derived scaffolds portray a range of issues, 

including variability, environmental concerns, and ethical concerns. The motivation behind this 

chapter comes from the number of studies on decellularized plant tissue as an animal free 

substrate for cell culture and in vivo applications (Modulevsky et al.,2014; Hickey et al.,2018; 

Gershlak et al.,2017; Fontana et al.,2017; Modulesvky et al.,2016). The plant decellularization 

protocol first developed by Modulevsky et al., opened the door to a number of other plant tissues 

that natively posses a range of structures and physical properties ripe for in vitro applications.  

 

In order to recreate the aligned morphology of skeletal muscle cells in native muscle 

tissue (Listrat et al., 2016; Frontera & Ochala, 2014), substrates composed of fibers, channels, 

and grooves in the micron and submicron range have been successful at recreating alignment 

(Cooper et al., 2010; Hume et al., 2012; Huang et al., 2010; Wang et al., 2010; Cha et al., 2017). 

Based on the perceived fibrous structure of celery (Apium graveolens), I sought to determine if it 

can be repurposed as a simple, abundant, and animal free substrate for optimal skeletal muscle 

cell culture. 

 

In this chapter, I sought to systemically determine the proliferation and differentiation of 

C2C12 as an indicator of positive cell-substrate interaction. Concomitantly with proliferation, 

SEM and confocal microscopy will be used to analyze the phenotype of the cells. A  stretched or 
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elongated phenotype common to adherent cells is expected in a manner similar to that observed 

on decellularized apple hypanthium scaffolds (Modulevsky et al.,2014).  

 

I next sought to determine the Young’s modulus of the decellularized scaffolds, a 

mechanical property known to influence cell behavior (Wells, 2008; Engler et al., 2004; Gilbert 

et al., 2010). I also wished to determine if cells cultured on the scaffolds influence the 

mechanical properties of the biomaterial. The mechanical properties of this substrate are not only 

invaluable for in vitro applications but also for consumer perception. I, therefore, presume that 

the values presented here will be applicable for future work. 

 

In this chapter, my goal is to provide evidence that celery scaffolds can be decellularized, 

support cell proliferation and differentiation, and to provide the reader with an overview on basic 

mechanical properties of the parenchyma and vascular bundle. In Chapter 4, I will examine the 

myogenic potential of C2C12 cells cultured on the vascular bundle of decellularized celery 

scaffolds in greater detail. I will also discuss the topographical influence of cells cultured on the 

vascular bundle.  

 
3.1 Material and Methods 
 
3.1.1 Scaffold Preparation  
 

The decellularization protocol was performed as described previously (Hickey et al. 

2018). Briefly, celery (Apium graveolens) stalk was cut parallel (XY) and perpendicular (CS) to 

the longitudinal axis using a mandolin slicer. A 6mm biopsy punch was then used to consistently 

obtain round scaffolds.  The samples were then transferred to a 15mL Falcon tube containing 

0.1% SDS at a ratio of one sample per mL of solution. Samples were then agitated in a shaker at 
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120RPM for 72 hours. Following treatment with SDS, the samples were washed three times with 

deionized water. After the final wash, 100mM solution of CaCl2 (1mL per scaffold) was added 

and samples were incubated at room temperature for 24 hours. After 24 hours, the samples were 

washed with distilled water three times. On the final wash, the water was removed and 70% 

ethanol was added for 30min. At this point, the samples were brought into a class II biosafety 

cabinet and washed three times with sterile PBS. The samples were placed on PDMS coated 12-

well plates with 2mL of growth media (refer to next section). The samples were incubated 

overnight at 37°C and 5% CO2. Prior to cell seeding, the media was removed (Ch.4 - Fig.1A).  

 
3.1.2 Cell culture 
 

C2C12 murine myoblast were plated on tissue culture plates and maintained at 37°C with 

5% CO2. Cells were cultured in growth media consisting of high glucose DMEM with L-

glutamine and sodium pyruvate (Hyclone) supplemented with 10% FBS (Wisent & Hyclone) and 

1% penicilin (10000U/mL) & streptomycin (10000ug/mL) (Hyclone). Once the cells reached 70-

80% confluency, they were trypsinized (Hyclone) (0.05%), resuspended in growth media, and 

spun down in the centrifuge at 1000RPM (97g) for 3 min. Following centrifugation, the pellet 

was resuspended in growth media to acquire 1.7 x 106 cells/mL. Cells were counted using a 

hemocytometer and Trypan Blue to determine viability. 30 µL of cells suspended in media was 

placed on the scaffolds and incubated for 4.5 hours. Following the incubation, 2mL of growth 

media was added and samples were incubated for 10 days with media change every 48 hours 

until day 7, followed by daily media change until day 10. For differentiation studies, cells were 

placed in differentiation media for 5 days. The differentiation media was composed of high 

glucose DMEM, 2% horse serum (Gibco) and 1% Penicillin and Streptomycin. 
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3.1.3 Fluorescent staining. 
 

To first confirm decellularization of the A. graveolens scaffolds, native and decellularized 

samples without mammalian cells were washed three times with phospahte buffered saline (PBS) 

and placed in a 1:500 hoescht 33342(Invitrogen) solution made up in PBS for 30min at 37°C. 

 

Following 10 days in growth media, decellularized scaffolds with cells were transferred 

to a microcentrifuge tube using a metal paddle, and washed three times with PBS. The samples 

were fixed with 3.5% paraformaldahyde in 2% aqueous sucrose solution for 10min and washed 

three times with PBS. Following the final PBS wash, room temperature triton-X100 was added 

to permeabilize the cells. The scaffolds were once again washed three times with PBS following 

tritron-X100 permeabilization. For F-actin imaging, scaffolds were stained using Alexa Fluor 

488 phalloidin (Invitrogen) in PBS at a 1:200 concentration and incubated for 20min in the dark. 

Nuclei was stained with DAPI(Sigma) at a 1:500 concentration and incubated at 4°C for 10min. 

The samples were washed 3 times with PBS prior to imaging. 

 
3.1.4 Confocal microscopy 
 

Scaffolds were placed on coverslips with mounting medium (Vectashield H-1000) prior 

to imaging. The samples were imaged with a Nikon TiE A1-R high speed resonant scanner 

confocal microscope with a 10X and 40x lens. Image processing was done on Image-J FIJI. The 

images presented throughout this chapter are Maximun Intensity Projections(MIP) of 

approximately 249±39 µm (N=24) deep confocal volumes composed of images taken every 5µm. 

Brightness of fluorophore signal was enhanced to improve contrast of structures.  

 

 

VB 
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3.1.5 Scanning Electron Microscopy 
 

Sample preparation was performed as described previously (Murtey and Ramasamy, 

2016, p.173-175) Briefly, the sample was washed three times with PBS and placed in a solution 

containing 3.5% paraformaldahyde (in 2% sucrose solution) and 1.5% glutaraldehyde (Final 

concentration) overnight. Samples with cells were postfixed with 1% Osmium tetroxide in water 

(Sigma) for 2 hours. Following fixation, the sample was washed twice with distilled water and 

dehydrated through a sequential ethanol gradient (30,50,75,95 & 99%). The sample was dried 

using the Samdri-PVT-3D Critical point dryer in 99% ethanol. The dried sample was gold 

sputtered with a 5nm layer (LEICA EM ACE 200). The samples were image with a JEOL JSM-

7500F FESEM at 2.0 KV. 

 
3.1.6 Cell proliferation on decellularized A. graveolens scaffolds. 
 

In order to determine the number of cells per scaffold, three images from the top and 

three from the bottom were used to acquire a representative number of nuclei per scaffold. The 

249±39 µm (N=24) MIP images with an approximate area of 1.61mm2  were thresholded using 

the Adaptive Threshold on ImageJ- FIJI to reduce noise. After thresholding, the total nuclei area 

was divided by the average nuclei size (84µm2) (N=15). The average of the six images was then 

extrapolated to the surface area of a cylinder. All image processing and area quantification was 

done on FIJI Image-J. 

 
3.1.7 Bulk compression for analysis of Young’s modulus  
 

The round, 6mm wide 2mm thick samples were stored in PBS until ready for use. Prior to 

compression, samples were placed in a humidifying chamber inside an incubator at 37°C for 1 

hour. Mineral oil was used to coat the samples prior to bulk compression. Samples were 
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compressed using an in-house device at a strain rate of 50µm/s until 150g of force was reached. 

The slope of the first 10% strain from a stress-strain graph was used to calculate the Young’s 

modulus. 

 
3.1.8 Determination of vascular bundle stiffness through Atomic force microscopy (AFM) 
 

JPK Nanowizard II AFM was used to determine the Young’s modulus of the 

decellularized vascular bundle derived from celery stalks, (Apium graveolens). Three triangular 

PRP-TP tips (Nanoworld) with a spring constant of 41±16pN/nm (N=3) were used to produce 10 

– 15 force indentation curves for 37 randomly chosen areas at a rate of 1Hz over 7 vascular 

bundles. The triangular tips were calibrated as previously described (Hutter & Bechhoefer, 

1993). JPK software was used to fit the first 200nm (From contact point) using a Hertzian model 

for a conical indenter with a 35°opening angle and a Poisson ratio of 0.5. The equation (Eq.1) 

used to relate indentation to Young’s modulus(E) is provided below, where F corresponds to the 

indenting force, n to the Poisson’s ratio, d to sample indentation distance, and a to the semi-

opening angle of the cone. 

 

𝐹 =
𝐸

1 − 𝜐'
2 tan(𝛼)

𝜋 𝛿' 
 
 
3.1.9 Statistical analysis  
 

A one-way ANOVA followed by a Tukey post hoc analysis was performed to test for 

significance among the Young’s modulus values within scaffold type. A student’s t-test 

assuming equal variance was used to compare number of cells per scaffold between adjacent 

Eq. 1 
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incubation periods.  All statistical tests were done on R. All values are presented as mean ± S.D 

unless otherwise specified. Statistical significance refers to P<0.05. 

3.2 Results 
 
3.2.1 Viability of Apium graveolens tissue post-decellularization and mammalian cell 
proliferation 
 

Following the decellularization step, Hoescht 33342 was used to test for the presence of 

nuclei. The decellularization of the scaffold is clearly depicted by the loss in colour(Fig.1A & B),  

lack of nuclei in the ground tissue(Fig.1C & D), and lack of nuclei in the companion cells of the 

phloem (Fig.1E & F). In addition to the nuclei loss, decellularized tissue portrayed a collapsed 

morphology when compared to native tissue (Fig.1C & D). No structural changes can be 

observed in the vascular bundle post decellularization (Fig.1E & F). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Macroscopic depiction of native and decellularized celery (A. 
graveolens ) scaffold. (A) Native and (B) decellularized XY(Left) and 
CS(Right) celery scaffolds. Arrows =Vascular bundle. Live Hoescht 33342 
staining of (C) native and (D) decellularized ground tissue. Hoescht staining 
of (E) native and (F) decellularized vascular bundle. Nuclei can be observed 

A 

D B 

C E 
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inside the plant cells of the ground tissue and vascular bundle (C, D, E & F) 
scale bar = 50µm.  

 

After confirming decellularization of the scaffold, we sought to determine the 

biocompatibility of the decellularized Apium graveolens scaffolds by measuring proliferation of 

C2C12 myoblast over a 10-day period. Cell proliferation was quantified at Day 1, 5, and 10 on 

based on the number of visible nuclei obtained from a 249±39 µm (N=24) MIP images. The 

number of cells at day 1 was determined to be 402 ± 222 cells/mm2 , which accounts mostly for 

the number of cells that adhered to the scaffolds. By day 5, 786 ± 323 cells/mm2 were present on 

the scaffold; yet not a statistically significant increase from day 1(P = 0.1, N =4). Lastly, by day 

10, 2108 ± 541 cells/mm2 were noted, leading to a statistically significant increase from day 5 (P 

= 0.006, N = 4).  

 

Mammalian cells were noted crossing over the plant cell walls, growing on the cell wall 

junctions, and forming multicell spheroids inside the hollow plant cells (Fig.2B – D). The 

formation of multicell spheroids is presented here; yet, it was not pursued further as 

biocompatibility was assessed based on cell numbers, and cells predominantly portrayed a 

physiologically relevant phenotype. Therefore, pursuing such occurrence was considered to be 

unnecessary (Fig.2B). 

 

The interior of the scaffolds portrayed minimal growth; hence, it was not included in the 

proliferation calculation. As shown on Figure 3, “streaks” of cells arising from the surface of the 

scaffold and travelling towards the interior were observed. The images presented here 

correspond to the internal area were cells were not confined to the surface. Aside from the 
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spheroid formation inside the plant cell skeleton, cells portrayed a stretched phenotype similar to 

that of adhered cells cultured on Petri dishes.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Proliferation and visualization of C2C12 murine myoblast on the 
surface of decellularized celery scaffold. (A) Proliferation over a 10-day 
incubation period. Data displayed as Mean ± SD (N=4). Four independent 
samples were used for each incubation period.  * denotes P<0.05. ** denotes 
P<0.01. No statistical significance was observed between D5 and D1. SEM 
images of C2C12 myoblast on decellularized scaffold. Cells can be observed 
forming (B) multicell spheroids inside the decellularized plant cell wall, 
(C&D) and crossing over the hollow plant cells and cell walls. The formation 
of spheroids is shown here, but no follow-up experiments were performed to 
determine the occurrence. (C) Scale bar = 100µm. (B-D) Scale bar = 50µm.  
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3.2.2 Young’s modulus of Apium graveolens parenchyma 
 

Taking into consideration the effect of stiffness on cellular behavior, we sought to 

calculate the Young’s modulus of the decellularized celery scaffold by compressing the round 

,6mm wide scaffolds uniaxially to 150g of force. The slope of the first 10% strain was used to 

calculate the Young’s modulus of the ground tissue/parenchyma. Subsequently, scaffolds with 

cells were also compressed to determine if the presence of myoblast (Undifferentiated) or 

Figure 3. Migration of C2C12 muscle cells from the (Star) surface of the 
decellularized celery scaffold. (A-D)The images depicted here are only of the 
area(s) where cells were not bound to the surface. Actin filaments and nuclei 
were labelled with phalloidin 488(green) and DAPI (blue), respectively. Scale 
bar = 100 µm. N = 4.  

A B 
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myotubes (Differentiated) influence the Young’s modulus of the substrate.  A significant 

decrease in Young’s modulus following decellularization was only observed in the XY scaffolds 

(P = 0.0005, N=5. Fig. 4A). Lastly, based on our results, the presence of myoblast or myotubes 

didn’t significantly influence the Young’s modulus of the decellularized scaffold (P>0.1, N = 5. 

Fig.4B). 

 
The bulk compression was performed on the two-scaffold types: XY and CS ground 

tissue samples. Depiction of myotube formation, which is based on MYHC positive structures 

with two or more nuclei after 5 days in differentiation media is presented in Chapter 4 - Fig. 4. 

 

 3.2.3 Young’s modulus of Apium graveolens vascular bundle 
 

In order to determine the Young’s modulus of the vascular bundle, AFM was used to 

indent with 1nN of force using a cone-shaped cantilever. Due to the opacity of the vascular 

bundle and the experimental setup (Fig. 5A), the exact location of the AFM probe once it passed 

the periphery couldn’t be accurately determined. Therefore, the data is presented in the form of a 

histogram, which depicts a range of values acquired from 37 randomly chosen areas (Fig. 5B).  

 

However, despite this uncertainty, I suggest to assign values in the range of 5-20KPa, 

which constitute 66% of the tallest peak, to the phloem as these were acquired predominantly on 

the periphery. These are “representative” of the phloem’s mechanical properties when compared 

to the ylem (Lee, 1981; Hepworth and Vincent, 1998). 

 

To examine if damage was incurred by the AFM probe, the Young’s modulus values for 

the last three curves of 4 randomly selected areas (0.46 ± 0.36MPa) were compared with the 
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initial three values of the same areas (0.51 ± 0.51MPa), leading to us to conclude that there was 

not significant difference (N=4. P = 0.71);hence, no damage to vascular bundle was incurred. 

The percent difference, which is the variation in young’s modulus values with respect to the 

mean value of a specific area, was calculated to be 11 ± 1.4% for a total of 10 areas (mean ± SE. 

N=100).  

 

 
  
Figure 4. Young’s modulus of decellularized, native, undifferentiated and 
differentiated A. graveolens scaffolds (A) Young’s modulus of 
decellularized and native A. graveolens ground tissue (*** indicates 
P<0.001). (B) Youngs modulus of scaffolds with myoblasts 
(Undifferentiated) and myotubes (Differentiated). Data displayed as Mean ± 
SD. N=5 for all treatments. Representative Stress vs Strain sample graphs for 
(C) CS and (D) XY decellularized, native, undifferentiated, and differentiated 
celery scaffolds.  
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Figure 5. (A) Young’s modulus of 37 randomly chosen areas within the 
vascular bundle determined with AFM. (B) Graphical representation of 
experimental setup. Laser reflection is dependent on the bending of tip, which 
is reflective of the substrate stiffness. 
 

 
3.3 Discussion  
 

To date, the expansion of cellular agriculture is believed to be dependent on 4 pillars: 

Animal free scaffolds, serum free media, bioreactors, and continuous cell lines or stem cells. The 

depiction of decellularized plant tissue as an abundant, highly accessible, and biocompatible 

animal free scaffold for 3D cell culture by our group opened the door to applications beyond the 

biomedical realm, such as cellular agriculture. Furthermore, the range of structures natively 

found throughout the plant kingdom displays a range of possible topographies and biomaterials 

with varying mechanical properties (Gershlak et al.,2017; Hickey et al.,2018; Modulevsky et 

al.,2014; Fontana et al.,2017). Short term, these structures have the ability to provide researchers 

with a range of abundant and highly accessible animal free scaffolds to study a range of cellular 

phenomena. Subsequently, the range of scaffolds can assist in the development of animal-plant 

hybrid as an alternative food. We hypothesize that the perceived fibrous structure of celery will 

be beneficial in assimilating native skeletal muscle. 

A B 
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The decellularization of the celery scaffold was performed as previously shown (Hickey 

et al., 2018). Sodium dodecyl sulfate, a surfactant, was used to disrupt the phospholipid bilayer 

leading to cell lysis. Following SDS incubation, calcium chloride is then used to reach the cloud 

point and facilitate washing (Hickey et al., 2018; Sammalkorpi et al., 2009). To confirm 

decellularization, native and decellularized scaffolds were stained with Hoescht 33342 (Chazotte, 

2011). Nuclei were observed in the ground tissue (Fig.1C) and vascular bundle, more 

specifically, the companion cells within the phloem (Fig.1E). In contrast, nuclei were no longer 

visible on the decellularized tissue (Fig.1B & F).  

 

The potentials of decellularized plant tissue as a scaffold for cell culture has been shown 

in a number of studies (Gershlak et al.,2017; Hickey et al.,2018; Modulevsky et al.,2014; 

Fontana et al.,2017). The mechanical properties previously depicted by these authors, potential 

for tunability, and animal free nature makes this scaffolding material a promising biomaterial for 

cellular agriculture applications. Taking into consideration the perceived fibrous structure of 

celery, the dimensions of the vascular bundle, the biocompatibility, porosity, and abundance of 

decellularized plant tissue, we sought to determine if this native structure would be beneficial for 

in vitro myoblast culture. The number of cells on the ground tissue increased approximately 2-

fold from day 1 to day 5, and a significant 5-fold increase on day 10 (Fig.2A) (P = 0.006, N = 4). 

The proliferation rate observed on the celery scaffolds is greater than that previously depicted on 

decellularized apple scaffolds by our group (Modulevsky et al., 2014). The explanation behind 

this observation likely relies in the introduction of CaCl2 to facilitate the removal of SDS (Hickey 

et al., 2018). In comparison to these previous studies, a Live/Dead analysis was not performed as 
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cells will readily detach following apoptosis and numerous PBS washes. In contrast to apple 

hypanthium, decellularized celery didn’t allow for extensive migration of cells throughout the 

scaffold (Modulevsky et al., 2014; Hickey et al., 2018). Cells were noted crossing over the plant 

cell walls and growing on the cell wall junctions (Fig.2C-D). The formation of multicell 

spheroids presented in Figure 2B was an occurrence worth noting, but not pursued any further as 

biocompatibility was assessed based on cell numbers, and cells predominantly portrayed a 

physiologically relevant phenotype. It’s likely that shallow plant cells allowed for the crossing 

over observation, whereas deeper cell walls caused cells to form groupings. The multicell 

spheroid appears to be an unlikely occurrence, which can be attributed to poor cell-matrix 

interactions leading to removal during the washing steps. The elongated phenotype, in contrast to 

a spheroid phenotype, depicts a strong attachment and interaction between the cell and scaffold 

resembling the native structure of muscle tissue (Trovato et al., 2016; Kassianidou et al., 2019; 

Modulevsky et al., 2014).  

 

In addition to superficial growth, streaks of cells (Fig.3A-D) were observed migrating 

from the surface of the scaffold towards the interior. This was observed in 4 scaffolds following 

a 10-day incubation period. Muscle cells likely migrated through the intercellular space that 

forms at the junction of the plant cells (Duckett & Pressel, 2018; Earles et al., 2018).  

 

In comparison to another group, human dermal fibroblast underwent a 14.5-fold 

expansion on RGDOPA- coated parsley stems over a 50-day incubation period (Fontana, et al., 

2017). It was also shown how stem cells and primary cells behave on this plant derived scaffolds. 

For example, human pluripotent stem cell derived cardio myocytes were shown to contract 
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spontaneously on decellularized spinach leaf. Yet, in comparison to tissue culture plastic, the 

contractile strain was lower on the spinach leaf. (Gershlak et al., 2017). In comparison to 2D, the 

doubling time of C2C12 has been recorded to be approximately 13.5 - 15 hours (Forterre et al., 

2014; Sato et al., 2011). Conversely, we conclude that proliferation was in fact lower on the 

decellularized celery scaffold than on Petri dishes. Matrix stiffness could be considered a major 

variable as proliferation and differentiation increase with stiffness (Engler et al., 2004; Trensz et 

al., 2015; Wells, 2008). There are a number of other factors, such as variability between cell 

lines (Ben-David et al., 2018) and biochemical properties of the substrate (Hickey & Pelling, 

2019; Zeiger et al., 2013) which could have also contributed to this observation. 

 

In order to further assess the biocompatibility of the scaffolds and influence on 

myogenesis, cells were placed in differentiation media for 5 days to minimize the risk of 

detachment induced by active contractions (Denes et al., 2019; Hosseini et al., 2012; Griffin et 

al., 2004). As shown on chapter 4, fusion of C2C12 into myotubes was prevalent after 5 days in 

differentiation media based on the pronounced presence of MHC positive structures with 2 or 

more nuclei (Chapter 4 - Fig.4). Yet, sarcomere formation was not observed after 5 days in 

differentiation media. The cells were also cultured for 7 and 14 days, and sarcomere formation 

was also not observed (data not shown). The development of striated myotubes is rarely 

observed in vitro, especially in immortalized cell lines (Chal & Pourquié, 2017; Denes et al., 

2019; Hosseini et al., 2012). Based on the data presented here, we can conclude that the scaffold 

didn’t promote or inhibit myogenesis beyond that observed in a Petri dish.  
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Taking into consideration the effect of substrate stiffness on cell behavior, such as 

proliferation, viability, and differentiation (Engler et al., 2004; Trensz et al., 2015; Gilbert et al., 

2010), measuring the Young’s modulus becomes a crucial mechanical characteristic. 

Furthermore, the mechanical properties of this animal free scaffold are not only invaluable for in 

vitro cell culture, but also consumer perception as part of an in vitro food product. 

 

The bulk Young’s modulus of the scaffolds was calculated by measuring the first 10% 

strain. This range was chosen based on the knowledge that in vivo, tissue viability decreases 

following 20% strain (Bader et al., 2008). This in turn supports the conclusion that cells rarely 

experience deformation beyond this point. Therefore, for biocompatibility studies and influence 

of substrate stiffness on cells, strain beyond this point falls outside the scope of this chapter. A 

significant decrease in the stiffness was observed in the XY scaffolds (P<0.001, N=5) following 

decellularization. It has been shown that the vacuole plays a critical role in the rigidity of the 

plant, a term known as turgor pressure (Beauzamy et al., 2014; Wiebe, 1978; Lang et al., 2014). 

Therefore, it is likely that following cell lysis the vacuole becomes compromised, leading to the 

significant decrease in stiffness (Fig.4A). The observed decrease in stiffness following 

decellularization resembles that of apple hypanthium (Hickey et al., 2018), and more 

importantly, it resembles that of skeletal muscle tissue (Feng et al., 2018; Engler et al., 2004; 

Gilbert et al., 2010).  

 

As shown previously by our group, the cell laden scaffolds didn’t portray a significant 

change in Young’s modulus (Hickey et al., 2018). Due to the insignificant cells-to-substrate 
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ratio, it comes as no surprise that cells didn’t significantly influence the bulk Young’s modulus 

of the decellularized celery scaffold (Fig.4B) (P>0.1, N = 5). 

 

As mentioned already, the wide range of structures natively present in plants have the 

potential to be repurposed into substrates with varying topographical structures.  In the case of 

celery, the vascularization is composed of channels with dimensions that have previously been 

shown to influence the spatial orientation of cells (Hume et al.,2012; Sun et al.,2013; Altomare et 

al., 2010; Charest et al., 2007). The vascular bundle of celery is composed of two major 

structures: xylem and phloem. The alignment of cells on the vascular bundle will be discussed 

thoroughly in chapter 4. In this chapter, I sought to determine the Young’s modulus of the 

vascularization channels through atomic force microscopy, which allowed for localized 

measurements. As a way to represent the range of stiffness values throughout the vascular 

bundle, we present a histogram of 37 randomly chosen areas throughout the vascular bundle 

(Fig.5A). It has been shown that the xylem is 1000x stiffer than the phloem (Lee, 1981; 

Hepworth and Vincent, 1998). Therefore, taking into consideration the range of values presented 

in the histogram and the values acquired at the periphery, we speculate that values greater than 

1MPa likely correspond to the xylem. An independent study on the stiffness of Populus deltoides 

stem following the removal of lignin depicted Young’s modulus values 1x104 greater than those 

shown here (Farahi et al., 2017). Before making a direct comparison, however, we must consider 

the processing method and natural variability among plant species. The study also depicted a 4-

fold increase in Young’s modulus following removal of lignin, which explains the observed 

stiffness of the ylem (Farahi et al., 2017). Conversely, the conspicuous presence of lignin 
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explains the known fact that xylem tissue is dramatically stiffer than phloem tissue (Lee, 1981; 

Hepworth and Vincent, 1998).  

 

The decellularization protocol pioneered by our group opens a door to a range of plant 

tissues with a broad range of structures and desirable properties for in vitro research. Although 

decellularized celery portrayed a bulk Young’s modulus similar to skeletal muscle and allowed 

for extensive proliferation and differentiation, it only allowed for superficial confinement. In 

addition to the lack of migration throughout the scaffold, decellularized plants present a number 

of disadvantages; such as inconsistency in their composition, heterogeneous structure, and poor 

tunability. Yet, a number of structures with desirable dimensions are ripe for further exploration, 

Therefore, in the next chapter we will look beyond the celery parenchyma and investigate the 

potential applications of the vascular bundle for in vitro studies. 

 

3.4 Conclusion 

The perceived fibrosity of celery presents an opportunity to repurpose an abundant and 

highly accessible animal free scaffold for in vitro meat research. Here, decellularization was 

confirmed by the loss of colour and absence of nuclei following Hoescht 33342 staining. A 

significant decrease in Young’s modulus supports this observation based on the knowledge that 

intact plant cells are under turgor pressure. In addition to the celery parenchyma, the Young’s 

modulus of the vascular bundle was determined independently of the ground tissue through 

atomic force microscopy. Indentation of 37 randomly chosen areas yielded a Young Modulus of 

0.60 ± 0.86MPa (N=37) for all of the areas within the vascular bundle. Values ranging from 5-

20KPa were assigned to the phloem based on literature values and experimental setup.  The 
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biocompatibility of the decellularized scaffold was assessed through proliferation growth curve, 

which depicted an approximately 5-fold increase over a 10-day incubation period. Although we 

present celery as a biocompatible and structurally relevant scaffold for in vitro meat research, we 

must take into consideration a number of limitations such as the inconsistent heterogeneous 

composition and low porosity preventing cell migration. 
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CHAPTER 4 

Decellularized Celery Scaffold for Guided Cell Alignment of C2C12 
Murine Myoblast 

Manuscript submitted to Biomaterial Science  

 
Motivation and objectives 
 

As shown on the previous chapter, plant parenchyma provides a relatively porous 

substrate with stiffness values similar to those of skeletal muscle tissue. Yet, it fails to 

recapitulate an invaluable characteristic of skeletal muscle tissue: the aligned arrangement of 

myofibers. Taking into consideration the dimensions of the vascular bundle channels and large 

body of literature on synthetic microchannels for guided cell alignment, I sought to determine if 

microchannels derived from longitudinally cut celery stalks can be repurposed as a simpler and 

more accessible substrate for cell alignment.  

 
4.1 Abstract 

Alignment and orientation of cells in vivo plays a crucial role in the functionality of 

tissue. In the laboratory, however, 2D Petri dishes fail to recreate alignment. This in turn has 

shown a difference in gene expression, leading to inaccurate results. To overcome this 

discrepancy, a wide array of methods including topographical cues, cyclic strain, and electrical 

stimulation have been used to recreate alignment. However, these methods are often laborious 

and rely on the use of specialized equipment. Consideration of recent publications on 

decellularized plant tissue as 3D substrates for cell culture has led us to speculate that a wide 

array of structures natively found in plants have yet to be explored. Here we depict the alignment 

of C2C12 murine myoblast on the decellularized vascular bundle of celery (Apium graveolens). 
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The xylem channels (17± 5µm) and phloem channels (16 ± 6 µm) lie within the 10-100µm 

diameter necessary for optimal myoblast alignment. Following 10 days in proliferation media, 

the normalized mean direction of F-actin filaments was determined to be 1.2 ± 2.0°. 

Subsequently, after 5 days in differentiation media, 308 ± 169µm long myotubes formed parallel 

to the vascular bundle grooves. We can therefore conclude that the microtopography of the 

vascular bundle guides muscle cell alignment. The results presented here highlight the potential 

of this plant-derived scaffold for in vitro studies of muscle myogenesis, where structural 

anisotropy is required to more closely resemble in vivo conditions. 

 

4.2 Introduction 

The orientation and arrangement of cells in vivo plays a crucial role in the functionality of 

tissue (Feng et al., 2013; Komuro et al., 1982; Frontera & Ochala, 2015). The multinucleated 

structures in muscle tissue, known as myofibers, are bundled and arranged along a predetermined 

axis to synchronously contract and generate force (Chal & Pourquié, 2017; Narayanan et al., 

2002). Airways, arteries, and veins rely on the circumferential alignment of smooth muscle cells 

to facilitate the transport of fluids and gases (Clark & Pyne-Geithman, 2005; Komuro et al., 

1982). In the laboratory, however, in vitro studies are performed on flat 2D Petri dishes which 

lack biologically active adhesion sites, dimensionality, microtopography, and proper mechanical 

stimuli. This in turn causes cells to appear randomly scattered; and portray dissimilarities in 

proliferation, differentiation and overall gene expression (Wang et al., 2012; Cooper et al., 2010; 

Mozetic et al., 2017; Basso et al., 2018; Kuppan et al., 2016; Foolen et al., 2018; Gao et al., 

2016). In order to assimilate 2D cell culture to the in vivo environment and further understand 

the role of matrix topography, substrates with a wide array of topographical structures, such as 
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posts (Goedecke et al., 2015), microchannels (Hume et al.,2012), and nanofibers (Fee et al., 

2016) have been developed (Goedecke et al., 2015). In addition to topographical features such as 

microchannels/microgrooves, cylclic strain and electrical stimulation have also been shown to 

influence spatial orientation of cells (Liu et al.,2008; Tanaka et al., 2014). 

 

It has been shown that smooth muscle cells (Kuppan et al., 2016), skeletal muscle cells 

(Cooper et al., 2010), neurons (Basso et al., 2018) and tendon derived cells (Foolen et al., 2018) 

portrayed a difference in gene expression when compared to those cultured on the smooth 

surfaces of tissue culture dishes. Skeletal muscle cells upregulate troponin T, myosin heavy 

chain, and myogenin when cultured on uniaxial microchannels (Cooper et al.,2010). 

 

Substrate topography has also been shown to influence differentiation lineage of 

mesenchymal stem cells. Mesenchymal stem cells cultured on grooves and ridges committed to 

myogenic and adipogenic line, whereas smooth surface induced osteogenic differentiation 

(Wang et al., 2012).  

 

Microchannel development has proven to be a popular method for guided cell alignment 

due to tunability and reproducibility. Photolithography (Camelliti et al.,2006; Leclerc et al., 

2013), femtosecond pulsed laser (Yeong et al.,2010), 3D printing (Tan et al., 2017; Tijore et 

al.,2018) and electron-beam lithography (Wang et al., 2010; Idota et al., 2009 have all been 

shown to produce substrate topographies capable of inducing alignment. It has been shown that 

microchannel width ranging from 5-200µm can induce alignment of myoblasts, where channels 

20 to 100µm wide induced optimal myotube maturation (Hume et al.,2012; Sun et al.,2013; 
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Altomare et al., 2010; Charest et al., 2007). The depth of the channels has also been shown to 

play a role in cell alignment. Cells cultured on 2µm deep microgrooves exhibited limited 

alignment after 24 h when compared to 7um deep channels, which provided a permanent 

alignment (Zhao et al.,2009). This observation appeared to be cell line specific: C2C12 

responded to grooves below 0.5µm differently than primary myoblasts (Altomare et al., 2010). 

On the discussed substrates, cell alignment is attributed to confinement and contact guidance. 

Cells were considered aligned if the mean angle of cells with reference to the direction of the 

substrate pattern fell below 10° (Altomare et al., 2010 & Charest et al., 2007) 

 

Anchorage dependent cells interact with the extracellular matrix through integrin binding, 

often through the RGD (arginine-glycine-aspartate) motif present in fibronectin, vibronectin and 

laminin (Janson & Putnam, 2015). Non-animal derived scaffolds lack binding motifs; yet, the 

presence of adhesion proteins naturally found in serum (e.g. Fetal bovine serum) and those 

extruded by cells facilitate interaction between a foreign matrix and the cell (Hayman et al., 

1985; Turoverova et al., 2009). Clusters of integrins, GTPases and other enzymes form focal 

adhesion (FA) complex, which undergo active restructuring in response to substrate stiffness and 

topography (Wozniak, 2004; Wu, 2007). Stretch sensitive channels such as Bin/amphiphysin/Rv 

(BAR) domain-containing proteins work in part as topographical sensors, and are believed to 

play a role in the sensing of curved structures. (Mim & Unger, 2012; Kulangara & Leong, 2009; 

Sheetz & Vogel, 2006). The reorganization of cytoskeletal proteins in response to topography is 

mandated in part by the regulation of Rho, Rac, and Cdc 42 (Kulangara & Leong, 2009). This 

phenomenon is referred to as contact guidance (Linke et al., 2018; Teixeira et al., 2003; Kim et 

al., 2012; Kulangara & Leong, 2009). Information received through focal adhesion complexes 
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influences focal adhesion kinase (FAK) signaling, which in turn triggers downstream signaling 

of the mitogen activated proteins kinase (MAPK) cascade (Kim et al., 2012; Janson & Putnam, 

2015). Although the interaction between cells and matrix has been an area of interest for over 20 

years, locomotion, local restructuring, and molecular mechanisms governing intracellular 

changes is still not fully understood. 

 

A series of recent studies have depicted the biocompatibility of decellularized plant tissue 

in vitro and in vivo. Through the use of surfactants, such as SDS, the cell membrane becomes 

compromised leading to cell lysis. (Fontana et al.,2017; Modulevsky et al.,2014; Brown and 

Audet, 2008; Modulevsky et al., 2016; Hickey et al., 2018). Immortalized cell lines were shown 

to proliferate throughout the relatively porous decellularized apple tissue without the need for 

biofunctionalization (Modulevsky et al.,2014; Hickey et al., 2018). In vivo studies showed that 

implanted decellularized apple tissue showed minimal immune response and guided 

angiogenesis (Modulevsky et al., 2016). In addition to biocompatibility, the mechanical 

properties have been shown to resemble that of skeletal (Hickey et al.,2018) and cardiac muscle 

(Gershlak et al.,2017) tissue. However, decellularized plant tissue lacks the biochemical cues 

natively found in mammalian extracellular matrix (Thorsteinsdóttir et al.,2011). Yet, the lack of 

biochemical cues in plant cellulose, bacterial cellulose, and cellulose derivatives has not impeded 

applications in tissue engineering (Novotna et al., 2013; Hickey & Pelling, 2019). Furthermore, 

the tunability potential of cellulose, including biofunctionalization, can further extend its 

applications (Hickey et al., 2018; Modulevsky et al., 2014; Courtenay et al., 2018; Courtenay et 

al., 2017; Fontana et al., 2017).  
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As part of the wide arrays of structures found in plants, the vascularization of plants is 

composed of vessels with diameters in the micrometer scale (Scarpella & Meijer, 2004; Karam, 

2005; Myburg et al.,2013). In the case of celery (Apium graveolens), a dicot plant, the 

vascularization is composed of two major structures composed of channels with varying 

diameters: xylem and phloem (Scarpella & Meijer, 2004). Therefore, based on the diameter of 

these structures, we hypothesized that C2C12 myoblast cells will align along the longitudinal 

direction of the vascular bundle. After 10 days in growth media, we found that the actin 

filaments and apex of nuclei align parallel to the vascular bundle.  After differentiating the cells 

into fused myotubes, we found that myotubes maintain their align morphology.  

 

We hereby depict how the natural topography of the vascular bundle can be exploited to 

induce the uniaxial orientation of muscle precursor cells and myotubes. The method presented 

exploits the use of a simple, highly accessible, biocompatible and tunable substrate for guided 

cell alignment. This in turn is expected to facilitate research and broaden our knowledge of in 

vitro cell alignment. Although we only discuss skeletal muscle cells, we wish to remind the 

reader that spatial orientation is a property of all tissues. Therefore, based on recent publications 

depicting biofunctionalization and tunable mechanical properties (Hickey et al., 2018; 

Modulevsky et al., 2014; Fontana et al., 2017), we expect that the vascular bundle of celery will 

become a foundational substrate for further development to more closely resemble the 

microenvironment of other cell types. 
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4.3 Materials and Methods 

4.3.1 Scaffold Preparation  

The decellularization protocol was performed as described previously (Hickey et al. 

2018). Briefly, celery (Apium graveolens) stalk was cut parallel and perpendicular to the 

longitudinal axis using a mandolin slicer. A 6mm biopsy punch was then used to obtain round 

scaffolds with the exposed vascular bundle in a longitudinal and cross section orientation. 

(Fig.1A-B)  The samples were then transferred to a 15mL Falcon tube containing 0.1% SDS at a 

ratio of one sample per mL of 0.1% SDS solution. Samples were then agitated in a shaker at 

120RPM for 72 hours. Following treatment with SDS, the samples were washed three times with 

deionized water. After the final wash, 100mM solution of CaCl2 (1mL/scaffold) was added and 

samples were incubated at room temperature for 24 hours. After 24 hours, the samples were 

washed with distilled water three times. On the final wash, the water was removed and 70% 

ethanol was added for 30min. At this point, the samples were brought into a class II biosafety 

cabinet and washed three times with sterile PBS. The samples were placed on PDMS coated 12-

well plates with 2mL of growth media (refer to next section). The samples were incubated 

overnight at 37°C and 5% CO2. Prior to cell seeding, the media was removed (Fig.1A).  

 

4.3.2 Cell culture 

C2C12 murine myoblasts were plated on tissue culture plates and maintained at 37°C 

with 5% CO2. Cells were cultured in growth media consisting of high glucose DMEM with L-

glutamine and sodium pyruvate (Hyclone) supplemented with 10% FBS (Wisent) and 1% 

penicilin (10000U/mL) & streptomycin (10000ug/mL) (Hyclone). Once the cells reached 70-

80% confluency, they were trypsinized (0.05%)(Hyclone), resuspended in growth media, and 
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spun down in the centrifuge at 1000RPM (97g) for 3 min. Following centrifugation, the pellet 

was resuspended in growth media to acquire 1.7 x 106 cells/mL. Cells were counted using a 

hemocytometer and trypan blue to determine viability. 30 µL of media containing cells were 

placed on the scaffolds and incubated for 4.5 hours. Following incubation, 2mL of growth media 

was added and samples were incubated for the 10 days with media change every 48 hours until 

day 7, followed by daily media change until day 10. For differentiation studies, cells were placed 

in differentiation media for 5 days. The differentiation media was composed of high glucose 

DMEM, 2% horse serum (Gibco) and 1% penicillin and streptomycin (Hyclone). 

 

4.3.3 Fluorescent staining. 

To first confirm decellularization of the A. graveolens scaffolds, native and decellularized 

samples without cells were placed in 1:500 hoescht 33342(Invitrogen) made up in Phospahte 

buffered saline (PBS) for 30min at 37°C. 

 

Following 10 days in growth media, decellularized scaffolds with cells were transferred 

to a microcentrifuge tube using a metal paddle (to minimize contact with exposed vascular 

bundle) and washed three times with PBS. The samples were fixed with 3.5% paraformaldahyde 

in 2% aqueous sucrose solution for 10min and washed three times with PBS. Following the final 

PBS wash, room temperature triton-X100 was added to permeabilize the cells. The scaffolds 

were once again washed three times with PBS. For F-actin imaging, scaffolds were stained using 

Alexa Fluor 488 phalloidin (Invitrogen) in PBS at a 1:200 concentration and incubated for 20min 

in the dark. Nuclei was stained by first placing the scaffolds in 10% RNAse in PBS (DNase and 

protease-free) (Thermo Fisher) for 30 min at 37°C, followed by PBS wash (3X). After the third 

VB 
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wash, propidium iodide(1mg/mL) (Thermo Fisher) was added at a 1:1000 concentration for 

30min. In order to observe the cells morphology with respect to the substrate, cellulose was 

stained with 10% calcofluor in PBS for 20min at room temperature. 

 

To test for the presence of myotubes, scaffolds from the 5-day differentiation treatment 

were fixed and permeabilized as described above. These samples were then washed three times 

with cold wash buffer (5% FBS in PBS) and placed at 4°C for 20min. The cold wash buffer was 

removed and MF-20 (DSHB Hybridoma Product) was added at a 1:200 concentration made up in 

cold wash buffer and incubated for 24 hours at 4°C. The MF-20 solution was removed and the 

scaffolds were washed three times with cold wash buffer. Samples were stored in cold wash 

buffer for 20 min at 4°C before adding the secondary antibody. Anti-Mouse IgG (whole 

molecule)–FITC (Sigma) was added at a 1:100 concentration and placed in the refrigerator for 1 

hour. The samples were then washed 3 times with PBS prior to imaging. 

 

4.3.4 Confocal microscopy 

Scaffolds were placed on coverslips with mounting medium (Vectashield H-1000) prior 

to imaging. The samples were imaged with a Nikon TiE A1-R high speed resonant scanner 

confocal microscope with a 10X and 40x lens. Image processing was done on FIJI- ImageJ. The 

images presented throughout this manuscript are Maximun Intensity Projections (MIP) of 210 ± 

51µm (N=9) and 49 ± 24µm (N = 7) confocal volumes for 10X and 40X magnification, 

respectively. Brightness of fluorophore signal was enhanced to improve contrast of structures.   
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4.3.5 Scanning Electron Microscopy 

Sample preparation was performed as described previously (Murtey and Ramasamy, 

2016, p.173-175) Briefly, the sample was washed three times with PBS and placed in aqueous 

solution containing 3.5% paraformaldehyde (in 2% sucrose solution) and 1.5% glutaraldehyde 

(Final concentration) overnight. Post fixation, the sample was washed again with PBS and 

dehydrated through a sequential ethanol gradient (30,50,75,95 & 99%). The sample was dried 

using the Samdri-PVT-3D Critical point dryer in 99% ethanol. The dried sample was gold 

sputtered with a 5nm layer (LEICA EM ACE 200). The samples were image with a JEOL JSM-

7500F FESEM at 2.0 KV. 

 

4.3.6 Orientation measurement 

1.61mm2 images with a 24 ± 6% (N=20) actin coverage and 20 ± 10% (N=20) MYHC 

coverage were analyzed to determine the orientation of the labeled structures. The images were 

captured 1mm away from the edge of the vascular bundle to minimize the influence of damaged 

channels brought upon by the biopsy punch and mandolin. The labeled MYHC and F-actin were 

first thresholded with the Adaptive Threshold plug-in on ImageJ-FIJI to isolate labeled 

cytoskeletal proteins and vascular bundle. The directionality of the structures was determined 

using the Directionality plug-in on FIJI ImageJ. We quantified the degree of alignment by 

examining the broadness of the Gaussian distribution. In a manner similar to signal processing 

techniques, we defined the alignment in a manner reminiscent of a Quality Factor(Q-factor). In 

this case, the Degree of Alignment = Average Angle / Width of the distribution at half 

maximum. Tightly aligned myotubes will therefore have a small distribution and large Degree of 
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Alignment. Conversely, a population of myotubes which are randomly oriented will have a broad 

distribution and a small Degree of Alignment. 

 

4.3.7 Histology 

The scaffolds were rinsed with PBS three times and fixed overnight with 10% formalin 

(Sigma). Following formalin fixation, the scaffolds were rinsed with PBS and stored in 70% 

ethanol until paraffin embedding. The vascular bundle was serial cut into 4µm sections 

(longitudinally) and stained with H&E. The slides were scanned using the Aperio AT2 pathology 

slide scanner. Image viewing and processing was done with Aperio ImageScope. 

 

4.3.8 Immunohistochemical analysis 

Formalin-fixed, paraffin-embedded sections were deparaffinized in xylene and 

rehydrated through a sequential 100-70% ethanol gradient. Heat induced epitope retrieval was 

done at 110°C for 12 min with citrate buffer pH 6.0. Sections were then blocked with Rodent 

Block M blocking reagent (BioCare) and incubated overnight at 4°C at a 1:12 dilution using MF-

20 antibody (DSHB). Following overnight incubation, sections were washed with 1xTBST and 

then incubated with goat anti-mouse-568(Abcam) secondary antibody at a 1:500 dilution for 2 

hours in the dark at room temperature. Sections were washed with a 1X TBST, incubated for 5 

min with a quencher (Vector TrueView Autofluorescence Quenching, Vector Labs). Sections 

were washed and incubated with 5ug/mL DAPI (ThermoScientific), washed and cover slipped.   
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4.3.9 Migration Measurement and channel diameter 

In order to determine the migration of cells throughout the vascular bundle, nuclei on 

longitudinal cuts 12 µm apart were counted to minimize the probability of counting the same 

nuclei twice or underestimating the actual number. This was done based on an average nuclei 

size of 10 µm (Roman & Gomes, 2018).  An Open Computer Vision (OpenCV) Python script 

was developed to batch process images. The location of each nuclei was then determined by 

exporting the coordinates of a mouse-click. Once a nucleus was counted, an overlay green dot 

would mark it to prevent overestimation (Appendix II). 

 

An OpenCV Python script was also used to measure the diameter of the vascular bundle 

channels. The script first isolates the edges and then draws built-in Contours. The contour area 

was fitted to a circle based on the correlation between diameter and surface area (Appendix I). 

 

4.3.10 Statistical analysis 

Student’s t-test assuming equal variance was used to analyze the results presented in this 

manuscript. All of the statistical tests were done on R studio. Statistical significance refers to 

P<0.05. Values throughout this manuscript are displayed as mean ± standard deviation. 

 

4.4 Results 

4.4.1 Substrate preparation  

We first sought to create two distinct scaffolds with different topographies. The scaffolds 

were created by cutting the A. graveolens stalk longitudinally and cross-sectionally (Fig. 1A & 

B). Cross sections had an amorphous topography, whereas the longitudinal scaffolds portrayed 
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highly aligned vascular bundle grooves. Following 3 days in 0.1% SDS, the scaffolds lost their 

green color due to the loss of cellular components (Fig.1B). In order to facilitate removal of 

SDS, 100mM concentration of CaCl2 was added to the scaffolds for 24 hours. The 

decellularization of the vascular bundle was determined using a membrane permeable stain, 

Hoescht 33342 (Fig.1 – Supplementary material). A comparison between native and 

decellularized phloem was expected to depict the nuclei of companion cells in the phloem, as 

opposed to the outline of companion cells lacking a nuclei in the decellularized scaffolds. The 

xylem and sieve tube elements don’t possess a nucleus (Schuetz et al., 2013). The loss of the 

natural green colour and nuclei of companion cells depict successful decellularization of the A. 

graveolens scaffolds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.(A) Visual representation of celery(A. graveolens) scaffold 
preparation. (B) Samples were 6mm wide and 2.15±0.15mm thick. “XY” 
corresponds to scaffolds cut (left) longitudinally with respect to the celery stalk, 
whereas” CS” corresponds to (right) cross sections. Approximately 50,000 Cells 
were seeded on (C) decellularized scaffolds and left on scaffold for 4.5 hours. 
V.B.= Vascular bundle 
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The lignified tissue in the xylem interacts with propidium iodide leading to the observed 

red fluorescence. In contrast, the parenchyma and phloem labelled with calcofluor led to blue 

fluorescence (Depicted in Fig. 2A & Fig.2B as yellow and purple, respectively). The diameter of 

the phloem vessels was determined to be 16 ± 6µm (N=3.), whereas the xylem vessels were 17 ± 

5µm (N=3) wide (Fig.2E). Based on these results, we conclude that were able to acquire grooves 

with diameters within the 5-100µm region necessary for optimal alignment.  
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Figure 2. Vascular bundle of 
A. graveolens . (A) MIP of 
cross section and (B) 3D 
reconstruction of longitudinally 
cut vascular bundle. Phloem 
and ground tissue were labeled 
with calcofluor(purple); 
lignified tissue was stained with 
propidium iodide(yellow). 
SEM images of vascular bundle 
(C) cross section and (D) 
longitudinal cut.(E) Phloem and 
xylem channel diameter(N=3. 
Mean ± S.D). Scale bar = 100 
µm 
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Figure 3. Myoblast alignment on the decellularized vascular bundle of celery (A. 
graveolens)  following 10 days in growth media. (A,E & I) Phloem and ground tissue 
were labeled with Calcoflour (gray); (B, F, & J) F-actin was labeled with Phalloidin Alexa 
fluor 488(green) ;  (C ,G & L) nuclei and lignified tissue were labeled with propidium 
iodide (Red) (A - H) Scale bar = 100µm. (I-L) Scale bar = 25µm. Histograms representing 
average F-actin filament orientation on (M) vascular bundle and (N) parenchyma (N=10 
MIP images). 
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4.4.2 F-actin alignment on vascular bundle derived from A. graveolens stalks 

We next sought to test our hypothesis that microscale grooves in a plant scaffold would 

lead to cellular alignment. Cells were seeded on the decellularized scaffolds at a concentration of 

~5 x 105 cells/mL. A 30µl drop of cells was left on the scaffold for 4.5 hours. The scaffolds were 

incubated in growth media for 10 days. By the end of the incubation period, F-actin filaments 

were observed to be oriented parallel to the longitudinal axis of the vascular bundle (Fig.3F & 

3J) as opposed to those on the parenchyma (Fig.3B). This in turn leads to a visible unimodal 

distribution in Figure 3M (0.5 ± 41.2°), whereas isotropic F- actin filaments on the parenchyma 

are represented by a uniform histogram (Fig.3N) (0.7 ± 50.2°). Furthermore, a significant 

difference was observed between the Degree of Alingment of myoblast seeded on the vascular 

bundle and those on the parenchyma.  (Aligned myoblast Degree of Alignment: 4.7 ± 2.7. 

Isotropic myoblast Degree of Alignment: 0.7 ± 0.4.  P = 2 x 10-4, N = 10). Consequently, the 

normalized mean value with respect to the vascular bundle was calculated to be 1.2° ± 2.0 (N 

=10). This led us to conclude that the vascular bundle topography had a clear influence in the 

phenotype and reorganization of F-actin filaments. 

 

4.4.3 Fusion of aligned myoblast on vascular bundle derived from A. graveolens 

The clear reorganization of F- actin filaments and the orientation of the nuclei-apex led us 

to hypothesize that 5 days in differentiation will lead to the formation of aligned myotubes. Cells 

were first incubated for 10 days in proliferation media, then switched to differentiation media for 

5 days to induce fusion; yet, minimize the risk of detachment induced by active contractions 

(Szustakowski et al.,2006; Denes et al., 2019; Hosseini et al., 2012; Griffin et al., 2004).  
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Figure 4.(A-D) Myotube alignment on the decellularized vascular bundle of celery(A. 
graveolens). Myotubes were labeled with MF-20 followed by FITC-conjugated secondary 
antibody (green); nuclei were labeled with propidium iodide (Red); ground tissue and 
vascular bundle were labeled with calcofluor (gray). Scale bar = 100µm.  Histograms 
representing average myotube orientation on (M) vascular bundle and (N) parenchyma(N = 
10 MIP images). 
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Myosin heavy chain (MYHC), an early differentiation marker, was labeled with the MF-

20 antibody (Fig.4B, 4F& 4J). The average myotube length was determined to be 308 ± 169µm 

(N=103). Myotubes were predominantly observed to have an elongated morphology (Fig.4F & 

4J). Concomitantly with the F-actin orientation, a statistically significant difference was also 

observed between the orientation of the myotubes cultured on the vascular bundle and those on 

the parenchyma (aligned myotubes Degree of Alingment: 3.3 ± 1.1. Isotropic myotubes Degree 

of Alignment: 0.6 ± 0.6. P = 2 x 10-6, N =10). Concomitantly with F-actin filament orientation, a 

unimodal histogram with a broader distribution of 1.7 ± 45.5° represents the orientation of 

myotubes on the vascular bundle (Fig.4M). Conversely, and in support of isotropic F-actin 

filament formation on celery parenchyma, a uniform histogram (-4.4 ± 51.1°) depicts the 

orientation of myotube orientation on celery parenchyma (Fig.4N). In addition, the normalized 

mean value for the orientation of myotubes with respect to the vascular bundle was calculated to 

be 8.6° ± 23.8 (N = 10). As shown on Figure 3 & 4, the histograms corresponding to myoblast 

and myotubes on the vascular bundle portray a uniform distribution, whereas the histogram of 

cells cultured on the parenchyma yielded a uniform histogram. Taking into consideration the 

natural variation of biological samples and the preparation method, we can’t disregard the 

formation of smooth or damaged areas with outlying topographical cues or void thereof (Figure 2 

– Supplementary material). 

 

4.4.4 Migration of C2C12 through vascular bundle and immunohistochemical analysis of 

MYHC expression 

In addition to studying the effects of alignment, we lastly sought to determine if cells 

seeded on cross section scaffolds would be able to migrate the full extent of the vascular bundle. 
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Therefore, cells were seeded on the decellularized scaffolds as mentioned previously and 

incubated for 10 days. The scaffolds were serial cut (4 µm) cross sectionally (Fig.5B & 5E) and 

longitudinally (Fig.5A & 5F). The average migration distance was determined to be 0.91 ± 

0.80mm (N=5)(Fig.5C). Cells were predominantly observed on the surface of the vascular 

bundle as depicted by the bars at the 0 and 2mm mark. Throughout the bundle, however, cells 

appear to be uniformly distributed (Fig.5C). As shown in Figure 5A & 5D, cells present an 

elongated phenotype, which corresponds to optimal cell-matrix interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B C 

D E F 

Figure 5. Migration of C2C12 through decellularized vascular bundler of 
celery at day 10. (A) 4µm wide longitudinal cut of vascular bundle. (F) visual 
representation of longitudinal cut . (B)  Cross section of vascular bundle 100um 
away from surface. (E) cross section of vascular bundle 800um away from surface. 
Cells were stained with H&E. (C) Migration distribution of cells throughout the 
vascular bundle after a 10-day incubation period (N=5)(Mean ± S.D). (A) Scale 
bar = 500µm. (B-D) Scale bar = 100µm.  
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Following the observed distribution of cells throughout the vascular bundle after 10 days 

in growth media, the cross-section scaffolds were placed in differentiation media for 5 days to 

induce myoblast fusion. Based on immunohistochemical analysis of MYHC expression, myotube 

formation was not observed (Supplementary material – Figure 3).  

 

4.5 Discussion 

Alignment and spatial orientation of cells in vivo correlates strongly with tissue 

functionality (Feng et al., 2013; Komuro et al., 1982; Frontera & Ochala, 2015). In the case of 

skeletal muscle tissue, muscle precursor cells proliferate, fuse along a predetermined axis, and 

form fascicles composed of striated myofibers (Chal & Pourquié, 2017). Depolarization of these 

myofibers leads to the contractions that drive motion in birds (De La Haba et al., 1975), 

amphibians (Alley & Omerza, 1999), crustaceans (Perry et al., 2009) and mammals (Pette & 

Staron, 1997).  

In order to better understand skeletal muscle tissue, skeletal muscle cells are routinely 

cultured in stiff and smooth 2D Petri dishes. By underrepresenting the in vivo environment, cells 

appear randomly scattered and display a significant difference in gene expression (Dalrymple et 

al., 2000; Chal and Pourquie, 2017). In order to recreate alignment in vitro, fibers (Soliman et al., 

2018; Cooper et al., 2010; Schoenenberger et al., 2018), microchannels of various sizes (Hume et 

al., 2012; Huang et al., 2010; Leclerc et al., 2013), cyclic strain (Liu et al., 2008; Pennisi et al., 

2011) and electrical stimulation (Tanaka et al., 2014) have been shown to influence spatial 

orientation. In-vitro studies have showed that myoblast alignment upregulated the expression of 

Troponin T, Myogenin and Myosin Heavy Chain II (Cooper et al.,2010). Another group showed 
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that cell viability and proliferation of smooth muscle cells increased on aligned PHBV 

nanofibers, alongside an increase in gene expression of contractile markers (Kuppan et al.,2015).  

 

Great emphasis has been placed on microchannel development techniques, such as 3D printing 

(Tan et al., 2017), electron-beam lithography (Goto et al., 2007), photolithography (Hume et al., 

2012; Leclerc et al., 2013; Zhao et al., 2009) and Softlitography (Glawe et al.,2005) due to 

reproducibility and tunability. Yet, microchannel development is a laborious endeavor which 

often relies on specialized equipment. Studies on microchannel-influenced cell alignment have 

shown that 5-200um wide channels significantly influence the spatial orientation of skeletal 

muscle cells, where 10-100µm wide channels produce optimal alignment and myotube 

formation. (Hume et al.,2012; Sun et al.,2013).  

 

The vascularization of plants presents a promising topography for guided cell alignment 

(Fontana et al., 2017). In the case of celery (A. graveolens), the vascular bundle is composed of 

xylem (which includes cambium) and phloem. The xylem is composed of 17 ± 5µm (N=3) wide 

channels, whereas the phloem is composed of 16 ± 6µm (N=3.) wide channels (Fig.2A & 2E). 

By cutting the A. graveolens stalk longitudinally, we were able to acquire grooves with diameters 

within that of intact channels. The decellularization of the A. graveolens scaffold was done based 

on previously published protocol (Fig.1A) (Hickey et al., 2018). As show previously by a 

number of groups, including our own, decellularized plant tissue can be used as a substrate for 

3D cell culture of immortalized and primary mammalian cells (Modulevsky et al. 2014; Gershalk 

et al., 2017; Fontana et al., 2017; Hickey et al., 2018) That being said, we hypothesize that 

F 
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C2C12 murine myoblast will adhere, proliferate, differentiate, and align parallel to the vascular 

bundle of A. graveolens. 

 

Following 10 days in culture, the actin filaments and nuclei (direction of apex) of 

C2C12s were observed to be oriented parallel to the longitudinal axis of the V.B when compared 

to cells on seeded on the parenchyma (P = 2 x 10-4, N = 10) (Fig.3). Taking into consideration 

the non-uniform arrangement of channels within the vascular bundle leads us to assume that the 

diameter of the channels varied. It’s then safe to say that in some cases cells were confined and 

in other cases guided through contact guidance. As reported by Altomare et al. (2010), 25 µm 

and 50µm wide grooves with a depth between 0.5 and 2.5µm presented enough of a 

topographical cue for cell alignment. This observation, however, appeared to be cell line 

specific: C2C12 didn’t respond to grooves below 0.5µm as well as primary myoblast (Altomare 

et al., 2010). 

 

Consideration of myoblast alignment led us to hypothesize that myotubes would also 

form parallel to the longitudinal axis of the V.B.  Following 5 days in differentiation media, the 

direction of analyzed myotubes was observed to be significantly influenced by the substrate (P = 

2 x 10-6, N =10) (Fig.4M & N). An average myotube length of 308 ± 169µm (N=103) was 

calculated. Myotubes on ground tissue yielded a mostly uniform histogram, whereas myotubes 

on the V.B. yielded a skewed histogram. The spread of the myotube-histogram is likely due to 

the noise from non-specific antibody binding, lack of topographical cues (Supplementary data – 

Figure 2) and partial detachment of cells during the staining steps.  
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The images analyzed here yield a normalized direction of 1.2 ± 2.0° and 8.6 ± 23.8° (N = 

10) for actin and myotubes, respectively. With reference to literature values, cells were 

considered to be aligned when the normalized direction of myotubes with respect to the substrate 

was below 10° (Altomare et al., 2010; Chares et al., 2007). This further supports our observation 

that the microtopography of the vascular bundle induced guided alignment of C2C12 murine 

myoblast. 

 

Although cells were uniformly distributed throughout the bundle (Fig.5C), myotube 

formation was not observed following 5 days in differentiation media (Supplementary material - 

Fig.3). Confluency is a crucial factor in myogenesis; therefore, to obtain optimal myotube 

development in vitro, differentiation media should be introduced into a 85-95% confluent 

myoblast culture (Hindi et al., 2017). Consequently, MYHC expression has been shown to be 

influenced by cell density and confluency (Tanaka et al., 2011). We therefore conclude based on 

the samples tested that confluency was suboptimal for myotube formation. Therefore, we 

recommend future studies into myogenesis on vascular bundles to introduce longer proliferation 

periods.  

 

Here we show that the vascular bundle of A. graveolens  is able to induce alignment of 

myoblast and subsequently myotubes. However, it lacks a wide array of factors that influence 

cells in vitro, such as biochemical and mechanical cues. As elucidated previously, the xylem and 

phloem of plants has been determined to be approximately 106 (Farahi et al.,2017; Hepworth & 

Vincent, 1998) and 103 (Lee, 1981) times stiffer than muscle tissue (Engler et al., 2004), 

respectively. With reference to mammalian cells, stiffness has been shown to influence cell 
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behavior, such as viability, morphology and differentiation (Engler et al., 2004; Levy-Mishali et 

al., 2009; Wells, 2008). This is turn explains the outlying occurrence in Figure 4D, which 

portrays a lower number of cells on the xylem compared to the phloem. In addition to the 1000-

fold difference in stiffness, we can’t disregard the natural hydrophobicity of lignin (Lourenço et 

al., 2016). As reported by Papenburg and colleagues, hydrophobic surfaces have been shown to 

improve initial cell attachment of C2C12 pre-myoblast; yet, a reduced proliferation rate and 

spreading was observed (2010). 

 

In this study, we only tested for the presence of MHC using MF-20. This antibody 

recognizes all MHC isoforms; therefore, this doesn’t provide an insight into the differentiation 

stage of myotubes without testing for other markers, such as Acta1 and Glut4 (Chal and 

Pourquie, 2017). Subsequently, based on the centralized location of the nuclei, as opposed to that 

of mature muscle tissue where the nuclei are found in the periphery (Roman and Gomes, 2018; 

Cadot et al., 2015), it’s safe to say that the myotubes were still immature. It’s still unclear if 

C2C12 cultured on the decellularized vascular bundle of A. graveolens can express sarcomeric 

proteins. Yet, we can’t, however, disregard the notion that striated myotubes are rarely observed 

in vitro, especially in immortalized cell lines (Chal & Pourquié, 2017; Denes et al., 2019; 

Hosseini et al., 2012). 

  

Microchannel fabrication often involves post treatment and coating with bioactive factors 

to increase cell adhesion (Huang et al., 2010; Leclerc et al., 2013; Wang et al., 2010; Gingras et 

al., 2009).  In contrast, the vascular bundle allowed for adherence and differentiation of muscle 

cells without a need for a bioactive coating. Yet, we must take into account the role of adhesive 
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proteins naturally found in FBS (Olivieri et al., 1992; Hayman et al.,1985). We do however 

postulate that biofunctionalization will improve the substrates biocompatibility and extend the 

use of this abundant, simple and biocompatible material to more problematic cell types (Fontana 

et al., 2017). Lastly, we speculate that cells seeded on top of already aligned myotubes can lead 

to 3D tissue development as shown previously (Hume et al., 2012). 

 

As mentioned previously, the need for anisotropy in 2D cell culture doesn’t only apply to 

myotubes, but also neurons (Basso et al., 2018), tendon derived cells (Foolen et al., 2018) and 

smooth muscle cells (Kuppan et al., 2016). In addition to somatic cells, the topography presented 

here can be used to further study the influence of topographical cues on stem cells (Wang et al., 

2012). We hereby present a method that will facilitate in vitro research on the importance of 

cellular anisotropy and spatial orientation. 

 

4.6 Conclusion 

Here we present a simple, reproducible, abundant, and non-animal derived substrate for 

guided alignment of C2C12 myoblast.  By longitudinally cutting the vascular bundle of 

decellularized celery (A. graveolens), we were able to acquire grooves in the micrometer scale. 

After culturing cells in these substrate for 10 days, F-actin filaments and apex of nuclei were 

observed to be aligned in the direction of the grooves. Subsequently, 5 days in differentiation 

media led to myoblast fusion alongside MHC expression. Yet, it’s still unclear whether myoblast 

cultured on this substrate have the potential to develop a functional sarcomere.  
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Figure 1. Hoescht 33342 staining of (A) native and (B) 
decellularized vascular bundle. Nuclei correspond to companion 
cells of phloem) Scale bar = 25µm. 

Figure 2. Orthogonal view of phloem microgrooves stained 
with calcoflour. The image was taken using a multiphoton 
microscope. Arrows: Smooth areas. 184 x 109 µm orthogonal view 
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Chapter 5 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Immunohistochemical analysis of MYHC expression 
in C2C12 cultured on intact vascular bundles of cross section 
scaffolds. (A)Myotubes were labeled with MF-20 followed by  
goat anti-mouse-568 (Red); (B) nuclei were labeled with DAPI 
(Green). Ribbed structures correspond to fluorescence emission 
from vascular bundle. Scale bar = 100µm.   
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CONCLUSION 
 

Great strides have been made towards developing biomaterials for more relevant in vitro 

studies and in vivo applications. With the nascent expansion of cellular agriculture as a more 

sustainable and ethical method of meat production, the development of abundant, food relevant, 

and biocompatible animal free scaffolds are considered to be a fundamental stepping stone. 

Decellularized plant tissue has emerged as a simple, abundant and animal free scaffold for 

applications beyond the biomedical realm. As part of this thesis, I showed how the stiffness of 

celery parenchyma becomes similar to that of muscle tissue post decellularization. Furthermore, 

the celery scaffold allowed for extensive proliferation of muscle cells with a physiologically 

relevant phenotype, and didn’t impede differentiation.  

 

Although celery (Apium graveolens) parenchyma proved to be a biocompatible substrate 

with biologically relevant mechanical properties, the limited porosity confined cells to the 

surface and failed to recreate a crucial characteristic of native skeletal muscle tissue: the 

alignment of myoblast and myotubes. In an effort to recreate the native spatial orientation of 

muscle cells, the vascular bundle of celery was cut longitudinally to produce microgrooves with 

dimensions known to influence the orientation of cells. After 10 days in culture, C2C12 murine 

myoblast were observed to be align parallel to the vascular bundle. Following 5 days in 

differentiation media, MYHC+ myotubes formed along the vascular bundle grooves. Based on 

the location of nuclei and arrangement of cytoskeletal proteins (lack of sarcomere), full 

differentiation was not observed. Although sarcomere formation is rarely observed in vitro due 

to the over simplification of the microenvironment, future studies will build on the results 

presented here by functionalizing the vascular bundle with ECM relevant protein (e.g. laminin), 
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introduce recurrent mechanical stimuli (electrical stimulation and cyclic strain), and culture cells 

in myoblast specific media. Furthermore, future studies will also aim to improve the mechanical 

properties of the parenchyma and vascular bundle, as substrate stiffness has been shown to 

influence differentiation. In this thesis, the mean stiffness values of the vascular bundle was 

determined to be approximately 30x greater than that of skeletal muscle tissue.    

 

Lastly, skeletal muscle is composed of nerve tissue, vascular tissue, nerve tissue and 

skeletal muscle tissue. Therefore, a more representative in vitro model will investigate the 

importance of a co-culture and possibly recreate the 3D conformation previously shown by 

Humes et al., 2011.  

 

Concomitantly with sarcomere formation, spontaneous contractions of myotubes known 

to take place 5-7 days into differentiation treatment was also not observed. In support of the 

known fact that in vitro contractions lead to myotube detachment, preliminary data showed 

lower confluency following 10 and 14 days in differentiation media. Observing live contractions 

on the scaffolds was hindered by the opacity of the scaffold and lack of contrast between the 

cells and scaffold. Therefore, future studies would benefit from the development of a green-

fluorescent-protein or red-fluorescent-protein-C2C12 cell line.   

 

I hereby showed how the vascular bundle of celery can be repurposed as a simple, 

abundant, and animal free scaffold for in vitro studies into the importance of cellular anisotropy. 

The work presented here will not only facilitate reliable in vitro studies but provide foundational 

work for in vitro meat research where animal free scaffolds are expected to be an indispensable 
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component. This also serves as a reminder that alignment and scaffolding are only two 

characteristics of a much greater endeavour. The expansion of in vitro meat will rely on the 

development of serum free media, bioreactors, and cell lines or stem cells.  
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APPENDIX I 

Python script for measuring vascular bundle channel diameter 

# Python script for measuring vascular bundle vessel diameter (Python 3.7.x) 
# November 2019 
# Written by Santiago Campuzano 
# Open Computer Vision (OpenCV) based Python script for measuring the area of Contours   
# (enclosed structures). The script takes the path to an image (i.e. the location in the computer) 
# , applies Canny edge detection to the image (Binary image containing edges), and draws  
# contours around an enclosed structure. 
# Prior to exporting data in the form of an xlsx file, an area- threshold is set based on the size 
# of the smallest and largest vessel diameter to reduce noise.  
# OpenCV supports TIFF, JPEG, PNG and JPEG2000. To find out more about imag- file 
reading, 
# refer to the documentation page: 
# https://docs.opencv.org/4.2.0/d4/da8/group__imgcodecs.html 
 
import cv2 
import numpy as np 
import pandas as pd 
import math 
 
# Declare global variables 
areas = [] 
BelowThr = [] 
tool = list(range(0, 1000)) 
df = pd.DataFrame({}, tool) 
 
#open image in provided PATH 
img = cv2.imread(‘PATH’) 
 
# Resize image to fit screen 
newImgMask = cv2.resize(img, (0,0), fx=0.7, fy=0.7) 
 
#convert to from RGB to BGR 
bw = cv2.cvtColor(newImgMask, cv2.COLOR_RGB2BGR) 
 
#Isolate edges using OpenCV's Canny edge detection method 
edges = cv2.Canny(bw,200,300) 
 
#find and draw OpenCV Contours 
contours, hierachy = cv2.findContours(edges, 
cv2.RETR_TREE,cv2.CHAIN_APPROX_SIMPLE) 
img = cv2.drawContours(newImgMask, contours, -1, (0,0,255), 1) 
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# For all of the contours in the "contours" list calculate the area and determine the 
diameter 
based on the correlation between surface area and diameter. In an effort to reduce noise, 
thresholds for min and max area were set based on manual measurements. Once the 
diameter is calculated, the values are appended to an excel file (PATH), 
 
for c in contours: 
    if ((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) < 10: 
        BelowThr.append((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) 
 
    elif ((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) >= 55: 
        BelowThr.append((math.sqrt((cv2.contourArea(c) * 1.48) / math.pi)) * 2) 
 
    else: 
        areas.append((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) 
 
writer = pd.ExcelWriter("PATH", engine='xlsxwriter') 
dataY = np.array(BelowThr) 
dataX = np.array(areas) 
df['area'] = pd.Series(dataX) 
df['BelowThr'] = pd.Series(dataY) 
 
#display the images 
cv2.imshow('f',edges) 
cv2.imshow('G', newImgMask) 
print(areas) 
 
cv2.waitKey(0) 
 
# Write data to excel file on exit 
df.to_excel(writer, sheet_name='Sheet1') 
print(df) 
writer.save() 
 
cv2.destroyAllWindows() 
 
# Test conditions for contour area (channel surface area). In an effort to reduce noise and 
ignore parenchyma plant cells, a threshold was set as shown below. This was done based on 
manual measurements of the largest and smallest channel for the xylem and phloem. If 
conditional statement is met, the value will be appended to a list. 
  
for c in contours: 
    if ((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) < 12: 

BelowThr.append((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) 
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    elif ((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) >= 55: 
        BelowThr.append((math.sqrt((cv2.contourArea(c) * 1.48) /    math.pi)) * 2) 

 
    else: 

        areas.append((math.sqrt((cv2.contourArea(c)*1.48)/math.pi))*2) 
 
# Create an excel file with the contour area generated lists 
writer = pd.ExcelWriter("PATH", engine='xlsxwriter') 
 
dataY = np.array(BelowThr) 
dataX = np.array(areas) 
df['area'] = pd.Series(dataX) 
df['BelowThr'] = pd.Series(dataY) 
 
# Display the image to confirm optimal contour detection 
cv2.imshow('f',edges) 
cv2.imshow('G', newImgMask) 
print(areas) 
cv2.waitKey(0) 
 
# Send list values to the PATH chosen previously 
df.to_excel(writer, sheet_name='Sheet1') 
print(df) 
writer.save() 
cv2.destroyAllWindows() 
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APPENDIX II 
 

Python script for measuring cell migration through vascular bundle 
 
# Python script for measuring cell migration through vascular bundle (Python 3.7.x) 
# November 2019 
# Written by Santiago Campuzano 
# Open Computer Vision (OpenCV) based Python script for detecting mouse clicks on image  
# files. The script will detect, mark with a green circle, and record the location of a mouse- click 
# in the X,Y coordinate system. The user has the option to batch process images by providing 
# the path to a folder containing images. The script will automatically export the data as an xlsx 
# file.  
# OpenCV supports TIFF, JPEG, PNG and JPEG2000. To find out more about reading image 
files, 
# please refer to the documentation page: 
# https://docs.opencv.org/4.2.0/d4/da8/group__imgcodecs.html 
 
# Import required packages 
import cv2 
import pandas as pd 
import glob2 as glob 
import os 
import numpy as np 
 
# Declare global variables and lists 
images = [] 
my_listX = [] 
my_listY = [] 
x = 0 
y = 0 
AddColX = 0 
AddColY = 0 
tool = list(range(0, 1000)) 
df = pd.DataFrame({}, tool) 
 
# mouse-click callback function. Each time a mouse click is detected, the function will 
append the x and y coordinates 
 
def draw_circle(event,x,y,flags,param): 
    if event == cv2.EVENT_LBUTTONDOWN: 
        cv2.circle(n,(x,y),2,(0,255,0),-1) 
        my_listX.append(x) 
        my_listY.append(y) 
 
# Use glob.glob to batch upload images from the declared PATH. 
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Create separate excel columns for x and y coordinates.  
 
for img in glob.glob("PATH"): 
    writer = pd.ExcelWriter("PATH", engine='xlsxwriter') 
    ColX = "(X){}".format(os.path.basename(img)) 
    ColY = "(Y){}".format(os.path.basename(img)) 
    Text = "{}".format(img) 
    n = cv2.imread(Text) 
    cv2.namedWindow(Text) 
    cv2.setMouseCallback(Text, draw_circle) 
    images.append(Text) 
    print(Text) 
 
    while True: 
        cv2.imshow(Text, n) 
 
# Once the spacebar is pressed, the list will be added to the excel file 
        if cv2.waitKey(10) == 32: 
            print(my_listY) 
            print(my_listX) 
            cv2.destroyWindow(Text) 
            dataX = np.array(my_listX) 
            dataY = np.array(my_listY) 
            df[ColX] = pd.Series(dataX) 
            df[ColY] = pd.Series(dataY) 
            del my_listY[:] 
            del my_listX[:] 
            break 
 
df.to_excel(writer, sheet_name='Sheet1') 
print(df) 
writer.save() 
 


