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ABSTRACT 
 

 

Tissue engineering has emerged as a promising field to restore large volumetric muscle 

loss. However, due to its highly dynamic niche, myogenesis is rather complex. Thus, 

development of biocompatible bioinks with intracellular drug delivery mechanisms to 

control biological cues in the cell niche is necessary to construct scaffolds and, guide 

myogenesis. In this study, we aimed to formulate a gelatine methacrylate (GelMA) and 

nanofibrillated cellulose (NFC) composite cell-laden bioink, and optimize its bioprinting 

process using C2C12 myoblasts. We also aimed to select the most suitable surface 

modification for the MSNs for uniform dispersion, high cellular internalization and low 

cytotoxicity to incorporate them into the bioink, with the prospect of loading them with 

suitable drugs to show their further use to control cell differentiation. The NFC/GelMA 

bioink showed excellent printability, and high structural fidelity. However, it showed 

high stiffness compared to the native skeletal muscle tissue. Based on the confocal 

microscopy and the viability quantization over a 7-day culture period, a slow cellular 

attachment and a viability of 15% was achieved. Furthermore, the MSNs showed time-

dependent toxicity in the composite matrix. Among the MSNs with different surface 

modifications used, the negatively charged MSNs showed the most uniform distribution 

in the composite matrix. They also facilitated a slightly higher viability compared to the 

other nanoparticles, and showed intracellular drug delivery ability. With this work, we 

developed a new approach to elucidate the MSN behaviour in 3D matrices, and paved the 

way for the development of potential advanced scaffolds for muscle tissue engineering.  
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1) INTRODUCTION 
 

Tissue engineering practices mainly focus on substituting the dysfunctional tissue with 

an artificial graft or promoting the regeneration in the damaged area with the aid of 

understanding and intersection of several fields, such as materials science and cell 

biology. Over the past two decades, tissue engineering has initially emerged as an 

alternative and sustainable area of research in regenerative medicine, in response to the 

limitations in organ transplantation practices (Furth and Atala, 2014). Organ 

transplantations have been the major treatment strategy for the damaged or dysfunctional 

tissues and organs. However, the number of organ donations do not cater to the growing 

need for organs. Furthermore, clinical problems, such as donor-recipient mismatch that 

causes immune rejection of the transplanted organ, immensely impact the success of the 

organ transplantations (Ingulli, 2010). On the other hand, tissue engineering uses the 

 

Figure 1) In vitro tissue engineering: In vitro tissue engineering aims at restoring 

damaged tissues by inducing proliferation and differentiation of patient derived stem 

cells in porous scaffolds to produce tissue grafts (Adapted from Killian et al, 2012). 
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patient-derived stem cells to construct new tissue in situ or in vitro, thereby avoiding 

immune rejection. In situ tissue engineering approach mainly focuses on encouragement 

of stem cell differentiation and tissue development at the targeted site of the body by 

employing biomaterials and biological cues (Sengupta et al., 2014). In vitro tissue 

engineering approach to restoring the damaged tissue involves the cultivation of patient-

derived stem cells in porous constructs called scaffolds, induction of cell differentiation 

and tissue development. Afterwards, the tissue construct is implanted to the patient 

(Figure 1) (Killian et al., 2012). In vitro tissue engineering approach offers high control 

and easier tracking of the tissue development. Furthermore, it has recently drawn growing 

attention a potential sustainable drug screening model (Rouwkema et al., 2011; Sengupta 

et al., 2014). 

 

1.1) Muscle Restoration and Muscle Tissue Engineering 

 

Constituting 60% of the whole body, skeletal muscle is the most abundant tissue in the 

human body and is responsible for mobility (Vigodarzere, 2014). Therefore, the loss or 

dysfunction of muscle tissue can be catastrophic. Muscle dystrophy, a genetical disorder 

that causes progressive weakness and destruction of muscle tissue is responsible for large 

volumetric losses of muscle tissue resulting in loss of mobility and eventually death in 

early ages (Leung and Wagner, 2013). Even though muscle tissue possesses high self-

regeneration potential, surgical intervention is required in such extreme cases of muscle 

losses that are over the critical point (Arab, 2018). Autografting, implantation of the 

muscle tissue taken from the patient’s healthy muscle tissue to the damaged area, has 

been the conventional clinical approach to restore muscle loss (Zorlutuna et al, 2012). On 

the other hand, in the case of muscle dystrophy, the patients already lack the healthy 

tissue, and thus the potential of autografting as a treatment is limited. Therefore, there has 

been a growing need for alternative methodologies to replace or restore the muscle 

damage/loss. At this point, muscle tissue engineering emerges as a promising approach. 

However, engineering and fabricating muscle tissue with well-organized muscle fibre 

geometry, which involves several biochemical and biomechanical processes, is rather 

complex due to the highly dynamic nature of myogenesis (Vigodarzere, 2014).  
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1.2) Skeletal Muscle Stem Cells 

 

Naturally, the selection of the cell source for tissue engineering has been a major criterion 

and starting point for muscle tissue engineering. Stem cells have been promising cell 

sources in this context, thanks to their high potency of self-renewal and high proliferation 

rate and their ability to differentiate into one or multiple different cell lineages based on 

their differentiation potential (Bacakova et al., 2018). However, stem cell nature is rather 

complex and mostly genetically-driven. Therefore, controlling the parameters affecting 

the stem cell mechanics has been a major obstacle. In addition, epigenetic factors, such 

as signals received from the micro-milieu, highly affect the stem cell proliferation, 

migration and differentiation. (Lin et al., 2018) 

 

Muscle stem cells or satellite cells occur in a quiescent state in the basal lamina of mature 

skeletal muscle fibres, and they are responsible for the regeneration of the tissue. In case 

of damage, satellite cells first differentiate into myoblasts, which proliferate and fuse to 

form multinucleated myotubes. Myotubes then align and form mature muscle fibre 

bundles (Figure 1.2) (Enwere, et al., 2014). For muscle tissue engineering studies, 

myoblasts emerge as a potential cell source thanks to their high proliferation and 

commitment to myogenic fate (Somers et al., 2017). However, control of myoblast fusion 

and myotube alignment are crucial to facilitate in vitro muscle bundle formation. Up to 

date, researchers reported many factors that lead to myoblast fusion, such as Notch 

inhibition (Buas and Kadesch, 2010), mechanical stress (Vandenburgh et al., 2008), 

 

Figure 1.2) Skeletal muscle myogenesis: In case of damage, satellite cells first 

differentiate into myoblasts, which proliferate and fuse to form multinucleated myotubes. 

Myotubes then align and form mature muscle bundles (Adapted from Enwere et al, 2014). 

Satellite 
Cell 

Myoblasts Primary 
Fusion 

Secondary 
Fusion 

Myotubes Mature Muscle 
Bundle 
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biomaterial stiffness (Romanazzo et al., 2012) and voltage difference across the cell 

media (Laternser et al., 2018).  

 

1.3) Stem Cell Niche and Tissue Engineering Scaffolds 

 

Stem cell niche refers to the dynamic complex milieu that not only encompasses the stem 

cells. It comprises of extracellular matrix (ECM), other cells, signalling molecules, 

metabolic and immunological components as well as the mechanical and topographical 

factors (Lane et al., 2014). 

 

One of the major components of stem cell niche, ECM is defined as 3D networks of 

polysaccharides and proteins that surrounds in vivo cells. It serves not only as an 

attachment site for the cells but also influences their function and fate (Florczyk, 2017). 

In the case of tissue engineering, ECM is constituted by synthetically constructed 

scaffolds. Tissue engineering scaffolds are 3D porous constructs that are made of 

biomaterials. They serve as attachment surfaces for the cells, guide the formation of the 

neo-tissue, and provide mechanical support (Lane et al., 2014; Rosenholm et al., 2016). 

An ideal scaffold is highly biocompatible, biodegradable, and physically durable; and has 

similar architecture and suitable mechanical properties with native ECM (O’Brien, 2011). 

Among these properties, stiffness of the scaffold, a mechanical property, is a major 

concern in biomaterial selection having a direct impact on differentiation. Each animal 

tissue shows different mechanical characteristics and possesses different stiffness values. 

For example, brain is characterized by a stiffness between 0.1 to 1 kPa, whereas this value 

for skeletal muscle is 8-17 kPa. Therefore, the stiffness of the scaffold must match that 

of the native tissue to create a similar niche for the precise control of the tissue 

architecture (Engler, 2006). 

 

In this regard, hydrogels emerge as ideal candidates as scaffold materials for engineering 

soft tissues thanks to their suitable range of stiffness. Furthermore, they offer high 

biocompatibility, porous structure and mechanical tunability as printable scaffold 

materials. Hydrogels are defined as 3D meshes of hydrophilic polymers, which are either 

chemically or physically crosslinked, and are able to hold high amount of water. (Shin et 

al., 2017; El-Sherbiny and Yacoub, 2016). They are classified under two groups based on 

their origin as synthetic and natural hydrogels (Ahmed, 2015). A brief explanation of 
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advantages and disadvantages of synthetic and natural polymers are given in Table 1.3. 

Synthetic polymers, such as polyethylene glycol (PEG) and poly lactic acid (PLA), are 

often used as hydrogel biomaterials due to their highly tuneable nature and 

reproducibility. On the other hand, hydrogels with natural origins, such as collagen, 

hyaluronic acid, alginate and gelatine methacrylate (GelMA) offer high biocompatibility 

due to their characteristics, such as biological recognition, low immunological response 

and low cytotoxicity (Zhao et al., 2012; El Sherbiny and Yacoub 2016; Nichol et al., 

2010). 

 

 

Furthermore, combining the attractive properties of multiple single-phase hydrogels, 

composite hydrogels has drawn growing attention in tissue engineering research as 

tailorable scaffold materials. By changing the composition of hydrogel components in 

composite hydrogels, mechanical, topographical and biological properties of the scaffolds 

can be tuned to mimic the hierarchical architecture of native tissue (Sheffield et al., 2018). 

In this study, nanofibrillated natural-origin cellulose/gelatine methacrylate 

(NFC/GelMA) composite hydrogels were used as bioink formulations to achieve high 

biocompatibility and similar mechanical properties those of soft tissues. More thorough 

information regarding NFC and GelMA are given below. 

 

1.3.1) Gelatine Methacrylate (GelMA) 

 

Among the natural polymers used for tissue engineering, gelatine methacrylate (GelMA) 

has been one of the most commonly used hydrogels. GelMA is a photopolymerizable 

form of gelatine prepared by addition of methacrylate groups to the amine-containing side 

groups, which polymerize under UV light irradiation in the presence of a photo-initiator 

(Figure 1.3.1). The cross-linking density of GelMA can be tuned by changing the UV 

 

Table 1.3) A comparison of the polymers based on their origins: Advantages and 

disadvantages of natural and synthetic polymers. (E. Özliseli, Personal Communication). 
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irradiation time to adjust its mechanical properties. With its high ability to mimic the 

ECM components and durability at 37 ºC, GelMA is designated to be a promising scaffold 

component for tissue engineering (Nichol et al., 2010). In addition, it facilitates high 

cellular viability and attachment and thus is highly biocompatible. GelMA is mainly used 

as a bioink component for 3D printing (Wang, 2017). However, it can also be used as 

auxiliary material to facilitate the printing of other hydrogels (Xu, 2019).  In this study 

GelMA was used as an auxiliary material to tune the printability of NFC, and to provide 

biological recognition sites for cellular attachment and growth. 

 

1.3.2) Nanofibrillated Cellulose (NFC) 

Cellulose being the most abundant polymer in nature, nanofibrillated cellulose (NFC), a 

wood-based hydrogel, have gained interest in tissue engineering research as a potential 

biomaterial for 3D cell cultures. Due to the strong hydrogen bonding of water molecules 

to the hydroxyl groups of the cellulose fibres, NFC possesses high water retention 

capability, and thus high similarity to soft tissue in terms of the mechanical properties. 

(Shin et al., 2017; Laurén, 2018).  NFC is rich in finely structured fibres, and is considered 

 

Figure 1.3.1) GelMA as a photo-crosslinkable hydrogel: Synthesis of gelatine 

methacrylate (GelMA) and its photo-crosslinking by using Irgacure 2959 and UV 

irradiation (365 nm) (Nichol et al., 2010, reprinted with the permission of the copyright 

holder). 
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to be non-toxic. Therefore, it resembles the native ECM components and has a positive 

effect on cell fate (Ávila et al., 2017). 

NFC is produced in mechanical ways by disintegrating larger cellulose bundles to smaller 

fibrils that have a width less than 100 nm and varying lengths (Chinga-Carrasco, 2011;  

Alexandrescu et al., 2013).  In addition, NFC offers a possibility of a wide range of 

chemical modifications, thanks to its abundance of hydroxyl groups (Laurén, 2018). For 

example, 2,2,6,6-tetramethylpipelidine-1-oxyl (TEMPO)-mediated oxidation is used to 

introduce more aldehyde and carboxylic groups onto the NFC surface, which facilitate a 

high density of negative surface charges for the adsorption of biomolecules (Weishaupt 

et al., 2015). 

Traditional strategies to prepare hydrogel scaffolds, such as mould-casting, mainly focus 

on obtaining substrates with simple geometries. However, 3D printing avails the 

fabrication of scaffolds in controlled geometries (Negrini et al., 2018). In this regard, in 

addition to its structural and chemical tunability as a 3D cell culture substrate, NFC 

naturally possesses shear thinning properties and shows thixotropic behaviour; thus, it is 

considered as an outstanding bioink material for 3D bioprinting (Hubbe et al., 2017). 

However, it still leaves room for improvement in terms of its printability and post-printing 

fidelity. In this regard, NFC can be blended with gelatine methacrylate (GelMA) as an 

auxiliary material to tailor its mechanical properties and printability. After blended with 

NFC, GelMA is 3D-printed and subjected to light irradiation to easily photo-induce a 

chemical crosslinking between the collagen fibres, whereas the cellulose nanofibres are 

physically cross-linked and entrapped by GelMA matrix to mimic the native ECM (Xu et 

al., 2018). 

1.4) 3D Bioprinting Technology 

 
Three-dimensional printing is a promising approach to construct cell-laden constructs 

with well-defined geometry. The most common 3D bioprinting modalities are inkjet 

bioprinting, orifice-free bioprinting and extrusion-based bioprinting (EBB). Among 

these, EBB stands out as a convenient layer-by-layer printing technique that avails 3D 

bioprinting of cell-laden bioinks with high cell concentration (>106 cell/ml) and high 

viscosity (Figure 1.4). In contrast to the other two modalities which dispense droplets, 

EBB dispenses hydrogel bioinks directly as fibres. Also, multiple printing nozzles can be 

used during the EBB process, allowing usage of multiple hydrogels at the same time to 
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achieve more complex structures. After the desired structure of the tissue is defined with 

computer-aided design (CAD) software, the tissue construct can be printed with EBB 

approach (Hölzl et al., 2016; You et al., 2017).  

 

1.5)  Design Criteria for 3D Printable Bioinks  

 

When formulating a bioink for 3D bioprinting, a few criteria should be taken into 

consideration. Some of these criteria are given below. 

 

Viscosity; viscosity refers to the resistance of a fluid to flow. Sufficient viscosity is crucial 

for the printed bioink strands to maintain their cylindrical shape. However, highly viscous 

bioinks require high pressure for extrusion through the printer nozzle resulting in high 

 

Figure 1.4) Schematic description of the working principle of extrusion-based 

bioprinters (EBB): EBB printers dispense bioink as fibres to construct structures well-

defined geometries, and can be coupled with a UV source for photo-crosslinking 

(Adapted from You et al., 2017).  
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shear force, and thus possible damage on cell morphology. Owing to their high molecular 

weight, natural polymers offer sufficient viscosity at low concentrations and also higher 

efficiency of cell encapsulation and thus proliferation and migration rate (You et al., 

2017; Kyle et al., 2017).  

 

Shear Thinning; shear thinning refers to the decrease in viscosity as the shear rate 

increases. Shear thinning is significant in the polymer solutions with high concentrations. 

When exerted through the nozzle, polymer hydrogels exhibit shear thinning resulting in 

a decrease both in viscosity and shear stress, and thus increased cell viability in 3D printed 

constructs. Also, after the bioink is exerted, the shear rate decreases significantly whereas 

the viscosity increases, which favour the structural integrity (Hubbe et al., 2017; You et 

al, 2017) 

 

Biocompatibility; in order to achieve high cell viability, biomaterials that are used in the 

manufacture of the bioink must possess low cytotoxicity, be non-immunogenic and not 

release toxic by-products as a result of the degradation process. In the bioprinting context, 

the entire bioprinting process must be biocompatible to be able to avoid causing stress on 

the cells as much as possible (Merceron and Murphy, 2015). 

 

Printability; in the context of bioprinting, printability refers to the capability of a bioink 

to be printed as initially designed and maintain the printed structure. It is affected by 

viscosity, cross-linking mechanisms, surface tension and other rheological characteristics 

of the bioink material (Kyle et al., 2017). 

 

Cross-linking Mechanisms; highly viscous cell-laden polymer-based bioinks possess high 

printability. However, the high viscosity has a negative impact on cell viability. 

Therefore, instead of preparing a bioink with high viscosity, the bioink is desired to have 

sufficient viscosity and cross-link rapidly after the printing to achieve high fidelity of the 

printed structure. The photo-induced cross-linking mechanism is one of the promising 

approaches in the field (You et al., 2017). 

 

1.6)  Mesoporous Silica Nanoparticles (MSNs) for the Control of 

Myogenesis 
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As discussed earlier, stem cell-material interactions and stem cell niche play an important 

role in stem cell fate, and thus are of high importance for the success of tissue engineering 

research. The mechanical and topographical aspect of such interactions can be addressed 

with the selection and fabrication of the correct biomaterials. However, biological 

signalling and other components of the stem cell niche are rather complex, yet crucial for 

stem cell differentiation, even though they are mostly overlooked (Rosenholm et al., 

2016). Mesoporous Silica Nanoparticles (MSNs) are considered to be promising tools in 

regenerative medicine as vectors of targeting and controlled release of drugs, which in 

the case of tissue engineering can be utilized to control biological cues and mediate the 

cell proliferation, alignment and differentiation (Kim et al., 2014; Mamaeva et al., 2011).  

 

MSNs have emerged as a suitable nano cargo delivery tools due to their tuneable pore 

size, low toxicity, high drug loading capacity, attachment of targeting moieties and 

straightforward synthesis. MSNs are characterized by a uniform and adjustable pore size 

between 2-50 nm (Figure 1.6.a). Sol-gel methodology is the common strategy to 

synthesize MSNs, which is performed by building a SiO2 structure around surfactant 

micelles using a silica precursor, followed by the removal of the micelles (e.g. by 

Figure 1.6.a) Electron microscopy images of spherical mesoporous silica 

nanoparticles: a,c) TEM image b,d) SEM images corresponding to a and c (Desai et al., 

2014, reprinted with the permission of the copyright holder). 
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calcination or solvent extraction) to create pores within the silica matrix (Figure 1.6.b)  

(Vazquez, 2017).  

 

1.6.1)  Surface Functionalization of MSNs 

 

As versatile drug delivery tools, MSNs can be modified with different polymers and other 

organic functional groups in order to tailor their properties, such as their surface 

properties and optical properties (Desai et al., 2014). The functionalization can be done 

either directly during the synthesis by co-condensation, or by post-synthetic modification. 

Co-condensation is widely used for fluorescent labelling of the nanoparticles by 

incorporating fluorophores inside the silica matrix, thus availing their optical tracking 

inside the physiological environment. By co-condensation, the pore walls can also be 

functionalized and tuned for the loading and the delivery of the drug of interest. On the 

other hand, post-synthetic modifications are used to tune the surface properties of MSNs, 

whereas maintaining the original structure of the particles (Stein et al., 2000; Hoffmann 

et al., 2006; Yang et al., 2012). During post-synthetic modification, surface silanol groups 

serve as anchoring moieties for covalent binding of the functional groups.  Therefore, the 

number of surface silanol groups is a key parameter that determines the coverage of the 

MSN with the organic functional groups or polymers. However, surface silanol groups 

can be grafted with hyper branched polymers, such as hyper branched polyethylene imine 

(PEI), to create more anchoring sites, i.e. for secondary coating (Figure 1.6.1) (Kim et 

al., 2003). For example, PEI coating leads to a highly positive surface charge for MSNs, 

 

Figure 1.6.b) Schematic description of sol-gel synthesis of mesoporous silica 

nanoparticles (MSNs): Using a silica precursor, a SiO2 structure is built around 

surfactant micelles, which are then calcinated to create pores inside the silica matrix. 
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and thus redounds to their dispersibility and stability in physiological environment (Kim 

et al., 2003). The high positive charge of PEI-coated particles also facilitates increased 

cellular internalization, as the cell membrane is negatively charged. However, the high 

amount of positive surface charge and high molecular weight of PEI in free form 

destabilize the cell membrane, and ultimately cause cell death (Kim et al., 2015; Zhang 

et al., 2014). Such cytotoxic effect of PEI can be minimized by derivatization, by adding 

a secondary layer of a different polymer or surface functional group. Derivatization of 

PEI results in different surface charge, and thus avails a control over the MSNs fate and 

impact in the physiological environment. For example, succinic anhydride derivatization 

(SUCC) is used to change the amino groups with carboxyl groups, which yield in highly 

negative surface charge. Acetic anhydrite capping (ACA), on the other hand, results in a 

surface charge within neutral range (Rosenholm et al., 2008; Desai, 2016). Hydrophilicity 

of MSN-PEI can also be tuned with a secondary coating, such as polyethylene glycol 

(PEG), which reduces the protein adsorption around the nanoparticle, availing immune 

evasion and stealth in addition to a surface charge in the neutral range (Jokerst et al., 

2011).  

  

 

Figure 1.6.1) Schematic description of MSN surface modifications: Hyperbranched 

polymer (e.g. polyethylene imine (PEI)) and secondary coating (e.g. polyethylene 

glycol (PEG)) of mesoporous silica nanoparticles (MSNs). 
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1.6.2)  Cellular Internalization, Cytotoxicity and Drug Delivery Efficiency of MSNs 

 

Physiochemical properties of the nanoparticles, such as their shape, size, hydrophilicity 

and surface charge, significantly influence their stability and behaviour in the 

physiological environment (Iversen et al., 2016; Bannunah et al., 2014). Therefore, an 

ideal MSN surface functionalization should facilitate a high dispersion, high cellular 

uptake, low cytotoxicity and endosomal escape (Yue et al., 2011; Paatero, 2017). 

 

Effect of MSN Geometry 

 

Nanoparticle geometry is one of the parameters that affect the fate of MSNs in biological 

systems. Size and shape of MSNs impact their cellular internalization efficiency. For 

example, spherical nanoparticles are reported to show higher cellular internalization in 

comparison with rod-shaped nanoparticles. As for the size, the optimal interval of 

nanoparticle diameter to maximize cellular internalization was reported to be 20-50 nm 

(Chithrani et al., 2009; Jiang et al., 2008; Jin et al., 2009; Iversen et al., 2011). In addition, 

the size of the nanoparticles may influence the cellular pathway for their internalization. 

Larger particles were reported to tend to be internalized via phagocytosis, whereas 

smaller particles are internalized via other pathways, such as clathrin or caveolae-

mediated endocytosis. On the other hand, nanoparticles with diameters larger than 500 

nm were reported to be internalized predominantly via caveolae-mediated pathway; 

whereas those which have a diameter smaller than 200 nm were likely to be internalized 

via clathrin- mediated pathway (Rejman et al., 2004; Iversen et al., 2011). However, the 

internalization pathway greatly vary between different nanoparticle types; thus, it cannot 

be solely based on nanoparticle geometry.   

 

Effect of Hydrophobicity and Surface Charge  

 

Hydrophobicity of the nanoparticles immensely impacts their colloidal stability and 

intracellular fate. An ideal drug delivery tool should be sufficiently hydrophobic to 

interact with the membrane for membrane penetration, and hydrophilic enough for 

aqueous dispersion (Desai et al., 2016). Surface charge is another key factor that 

determines the cellular internalization, cytotoxicity as well as the distribution and 

residence time of MSNs in biological systems together with hydrophobicity. According 

to Bannunah et al. (2014); nanoparticles with high positive charge show high cytotoxicity 
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and cellular uptake, yet low transport efficiency (ratio of transport of the nanoparticles 

across the cell monolayers to cellular internalization); whereas negatively charged 

nanoparticles facilitate lower cytotoxicity, lower internalization, yet high transport 

efficiency. The surface charge of MSNs also affects the intracellular fate of the cargo 

molecule after the internalization. For successful cargo delivery, the nanoparticles should 

be able to escape endosomes and release the cargo molecules. Positively charged 

nanoparticles are reported to be capable of endosomal escape, whereas neutrally or 

negatively charged nanoparticles tend to show lysosomal co-localization (Yue et al., 

2011).  

 

1.6.3) MSN Behaviour in 3D Cell Cultures 

 

Even though most physiochemical characteristics and cell-level behaviour of MSNs are 

elucidated, the current knowledge of MSNs is based on 2D in vitro models. However, it 

was demonstrated that 2D models are not sufficient to predict the nanoparticle behaviour 

in physiological conditions as they omit most biological parameters. The discrepancy 

between in vivo and 2D in vitro models by itself is a strong proof of the inadequacy of 

2D models in determining the nanoparticle cytotoxicity and cellular internalization 

(Sayes et al., 2007).  Similarly to in vivo cells, cells in 3D matrices, which constitute an 

important portion of their extracellular matrix, are highly dependent on their niche in 

tissue engineering scaffolds. Therefore, nanoparticle-matrix interactions cannot be 

overlooked by simply correlating the nanoparticle behaviour to that in 2D models, when 

developing a drug delivery platform to control stem cell differentiation for tissue 

engineering (Lee et al., 2009; Rosenholm et al., 2016).  

 

It was reported that nanoparticle movement was hindered by 3D collagen matrices, where 

nanoparticles also interacted with the collagen fibres. In addition, in 3D cultures, a major 

portion of the cell surface are available for cellular internalization, whereas only half of 

the cell surface internalizes the nanoparticles in 2D models (Belli et al., 2016). 

Furthermore, the gene expression for the proteins responsible for the endocytosis 

pathways are significantly influenced by cell milieu, thus causing a difference in cellular 

internalization of nanoparticles between 2D and 3D models (Zschenker et al., 2012; 

Soares et al., 2012). Considering these factors, cytotoxicity and cellular uptake of MSNs 

in 3D matrices must be investigated further. However, the number of examples for such 

quantization of nanoparticle uptake and nanoparticle cytotoxicity in 3D cell cultures is 
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quite small, and the few existing studies either base the nanoparticle cytotoxicity on mean 

fluorescence intensity of labelled cells and nanoparticles (Belli et al., 2016; Baumann et 

al., 2017), or require the disruption of 3D matrix (Kessler et al., 2017). Therefore, the 

development of new 3D cytotoxicity/viability methodologies is a must to assess MSN 

behaviour in tissue engineering scaffolds.  

 

As a conclusion, formulating printable composite bioinks, and monitoring the cellular 

internalization and cytotoxicity of MSNs inside 3D-printed matrices are compulsory to 

broaden our understanding of MSN behaviour in 3D models. This way, we can have a 

better control over the biological cues, and develop a systematic approach to engineer in 

vitro muscle tissue development. 



Sami Şanlıdağ 

16 

 

2) AIMS  

 
The major aim of this study was to formulate and 3D-bioprint an NFC based cell-laden 

composite hydrogel bioink for the cellular delivery of MSNs. The study includes 

printability optimization of composite bioink, and monitoring of the cellular viability 

inside the composite matrix, MSN cytotoxicity and cellular internalization of MSNs.  

 

The milestones of the study are briefly given below: 

 

1. Formulation and 3D-bioprinting of a NFC/GelMA composite hydrogel with high 

printability and post-printing fidelity and suitable stiffness, where GelMA served 

as an auxiliary photo-crosslinkable material.  

 

2. Optimization of 3D-bioprining parameters for the NFC/GelMA composite 

hydrogel. 

 

3. Incorporation of C2C12 mouse-derived myoblast cells inside the NFC/GelMA 

bioink and quantization of the cell viability, following a culture period after 

bioprinting and photo-crosslinking by using confocal microscopy and 3D image 

analysis. 

 

4. Incorporation of MSNs with different surface functional groups (MSN-NH2, 

MSN-PEI, MSN-PEI-PEG, MSN-PEI-ACA, MSN-PEI-SUCC) into the 

NFC/GelMA cell-laden bioink and assessment of their dispersion inside the 

matrix and cytotoxicity by using confocal microscopy and image analysis. 

 

5. Selection of the MSN functional group with the least toxicity and uniform 

dispersity in the composite matrix, and monitoring its cellular uptake via confocal 

microscopy. 
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3) MATERIALS AND METHODS 

 

3.1) Cell Culture and Maintenance  

 

Mouse derived C2C12 myoblasts were used for the study. The cells were cultured in high 

glucose DMEM supplied with 10% FBS, 50 units/ml penicillin-streptomycin and 2 mM 

L-glutamine at 37C, with 5% CO2. The cells were maintained at a maximum cell 

confluency of 70% to avoid myoblast fusion and differentiation.  

 

3.2) Preparation of the Nanoparticles 

 

3.2.1) Sol-gel Synthesis of small TRITC-labelled MSN-NH2 

 

Before the nanoparticles synthesis,  pro-condensation of TRITC-APTES ( with a molar 

ratio of 1:3 was performed inside ethanol. 150 ml of H2O, 30 ml of ethylene glycol and 

450 mg CTAB was mixed and heated to 70C inside a 3-neck glass bottle under constant 

stirring. 2.1 ml of decane was added to the solution and let homogenize for 30 minutes. 

0.51 ml of TMB was added as a swelling agent into the reaction media and let mix for 90 

minutes. 2.5 ml ammonium hydroxide (32% wt), 0.3 ml APTES and 1.5 ml TEOS were 

added into the reaction media respectively. The reaction media was stirred for 3 hours. 

Afterwards, the stirrer was discarded and the reaction media was let be overnight. The 

molar ratio for the reaction was 0.19 APTES : 1TEOS : 0.36CTAB : 3.2decane : 1.1TMB 

: 5.9NH3 : 88.5ethylene glycol : 1249H2O. The particles were then calcinated with an 

extracted solution containing 1.17 M ammonium nitrate in ethanol. The resulting particles 

were kept in ethanol. Transparent MSNs were synthesized according to the same protocol 

without TRITC labelling.  

 

3.2.2) Surface Functionalization 

 

Polyethylene imine (PEI) Functionalization on TRTIC-MSN-NH2 

 

In order to functionalize MSN-NH2 with PEI, 200 mg of TRITC-MSN-NH2 particles was 

first re-dispersed in 20 ml of toluene. Under constant stirring the suspension was heated 
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to 50C. Then 10.4 µl of acetic acid and 104 µl of aziridine was added into the reaction 

media respectively. The reaction media was let reach 70C and stirred overnight. The 

next day, the particles were washed with ethanol, and stored in ethanol. 

 

Polyethylene Glycol (PEG) Functionalization on TRITC-MSN-PEI 

 

For PEG functionalization of TRITC-MSN-PEI, 40 mg of activated mPEG (5000 kDa) 

was dissolved in 10 ml of chloroform, where 20 mg of TRITC-MSN-PEI was dispersed 

in a separate 10 ml volume of chloroform. MSN-PEI stock was then mixed with the 

mPEG solution inside a glass balloon and heated to 60C under constant stirring, while 

connected to a condensation unit. The reaction media was stirred overnight. The next day, 

the particles were washed with ethanol and stored in ethanol.  

 

Acetic Anhydride (ACA) Functionalization on TRITC-MSN-PEI 

 

ACA functionalization was started by dissolving 185.1 µL of acetic anhydride (d=1.08 

g/mL) in 20 mg of ethanol. 20 mg of TRITC-MSN-PEI was added into the reaction media 

and stirred overnight at 400 RPM overnight. The next day, the particles were washed with 

ethanol and stored in ethanol.  

 

Succinic Anhydride (SUCC) Functionalization on TRITC-MSN-PEI 

 

SUCC functionalization was started by dissolving 200 mg of succinic anhydride in 20 mg 

of ethanol. 20 mg of TRITC-MSN-PEI was added into the reaction media and stirred 

overnight at 400 RPM overnight. The next day, the particles were washed with ethanol 

and stored in ethanol.  

 

3.2.3) Characterization of MSNs 

 

Hydraulic diameter and ζ-potential measurements were performed by using Zetasizer to 

quality-check the nanoparticles. Two separate samples of nanoparticle suspension with a 

concentration of 100 µg/mL were prepared in ethanol and 1X HEPES (25 mM, pH 7.4) 

for hydraulic diameter and ζ-potential measurements, respectively. In addition, the size 

of the MSNs was verified by using transmission electron microscopy (TEM). 
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3.2.4) DiD loading into Functionalized MSNs  

 

1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine (DiD) fluorophore was used 

as a model drug for assessment of the intracellular drug delivery capability of the MSNs. 

To load the nanoparticles with 5% (w/w) DiD (Invitrogen), 10 mg TRITC-MSN-PEI in 

ethanol stock was centrifuged at 13 500 RPM for 15 minutes, the supernatant was 

discarded. The pellet was re-dispersed in 5 mL of cyclohexane solution, where 0.5 mg of 

DiD was dissolved in another 10 ml volume of the same solvent. The tubes were then 

sonicated using Covaris focused ultra-sonicator. The dye solution was then added into the 

nanoparticle suspension under constant sonication. The tube was then sealed and rotated 

at 60 RPM overnight for loading. The next day, the nanoparticles were collected and 

vacuum-dried overnight. The same protocol was repeated for TRITC-MSN-PEI-PEG, 

TRITC-MSN-PEI-ACA and TRITC-MSN-PEI-SUCC. 

 

3.3) Preparation of NFC/GelMA Composite Bioink 

 

TEMPO-oxidised NFC (1% w/v) was synthesized by Ezgi Özliseli at Åbo Akademi 

Laboratory for Wood and Paper Chemistry. In order to prepare 1 ml of NFC/GelMA 

composite bioink with 0.9% (w/v) NFC and 4.5% (w/v) GelMA (Advanced Biomatrix) 

concentration, 900 µL of NFC was taken into a sterile 2 ml centrifuge tube. 15 µg phenol 

red, 4.5 of mg powdered DMEM, 0.5 µL of 1M KOH and 100 µL of 10X HEPES buffer 

(250 mM, pH 7.4) were mixed into NFC respectively by using a syringe and a vortex 

mixer. 2.5 mg of Irgacure 2959 was then dissolved in 100 µl of milliQ water at 70C 

inside a water bath. The Irgacure 2959 solution was then mixed into the NFC mixture. 

Afterwards, 50 mg of GelMA was weighed and taken into a separate sterile 2 ml 

centrifuge tube. The NFC mixture was added on top of GelMA and centrifuged at 1000 

RPM for 60 seconds. The mixture was then kept at 37C in a water bath for 2 hours and 

mixed by using a vortex mixer every 30 minutes.  

 

3.3.1) Preparation of NFC/GelMA Composite Bioink with small TRITC-MSN 

 

In order to disperse TRITC-MSN-PEI inside NFC, 15 µl of TRITC-MSN-PEI suspension 

with 10 mg/ml (in DMSO) concentration was re-dispersed in 100 µL of 10X HEPES 

buffer (250 mM, pH 7.4) inside a 2 ml centrifuge tube by sonicating. The NFC mixture 
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was then gradually mixed into the TRITC-MSN suspension. The TRITC-MSN/HEPES 

mixture was sonicated and vortexed after each NFC addition. Then, 1 ml of NFC/GelMA 

composite bioink with 0.9% (w/v) NFC and 4.5% (w/v) GelMA and 150 µg/mL MSN 

concentration, was prepared according to the protocol given in Section 3.3.  The same 

protocol was repeated for TRITC-MSN-PEI-PEG, TRITC-MSN-PEI-ACA and TRITC-

MSN-PEI-SUCC. 

 

3.3.2) Preparation of NFC/GelMA Composite Cell-laden Bioink with small MSN  

 

The initial cell number for the bioink preparation was estimated to be 107 cell/ml 

(Laternser et al., 2018). 5 µl of MSN suspension with 10 mg/ml (in EtOH) was re-

dispersed in NFC as described in Section 3.3.1. 107 cells were counted and spun down 

into a 2 mL centrifuge tube. The cell pellet was re-dispersed in the NFC mixture before 

the addition of GelMA. Then, 1 ml of NFC/GelMA composite cell-laden bioink with 

0.9% (w/v) NFC and 4.5% (w/v) GelMA and 50 µg/mL MSN concentration was prepared 

as described in Section 3.3 by re-dispersing cell pellet in the NFC mixture, before adding 

GelMA. The same protocol was repeated for MSN-PEI, MSN-PEI-PEG, MSN-PEI-

ACA, MSN-PEI-SUCC and the control. The corresponding volume of ethanol was 

separately added into the control. 

 

3.3.3) Preparation of NFC/GelMA Composite Cell-laden Bioink with DiD Loaded 

TRITC-MSN-PEI-SUCC 

 

To disperse the DiD-loaded TRITC-MSN-PEI-SUC powder inside NFC, 500 µl of stock 

with a TRITC-MSN-PEI-SUCC concentration of 1mg/mL was prepared by adding 500 

µg nanoparticle powder into 500 µl 10X HEPES buffer (250 mM, pH 7.4). The 

suspension was then sonicated for 30 minutes, and vortexed every 10 minutes. To achieve 

a better dispersion, the suspension was sonicated with focused-ultrasonicator (Covaris) 

for 3 minutes. 100 µL of TRITC-MSN-PEI-SUC stock with 500 µg/mL TRITC-MSN-

PEI-SUCC concentration (in 10X HEPES buffer 250 mM, pH 7.4) was prepared, and 

sonicated for 10 minutes for nanoparticle dispersion. The stock was then re-dispersed in 

the NFC mixture as described in Section 3.3.1. NFC/GelMA composite cell-laden bioink 

with DiD loaded TRITC-MSN-PEI-SUCC was then prepared as described in Section 3.3 

and Section 3.3.2.  
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3.4) 3D-Bioprinting 

 

3.4.1) Computer-Aided Design of the 3D Model 

 

A dumbbell-shaped object (Laternser et al., 2018) with a size of 16.0x3.0x1.6 mm (length 

x width x height) was designed using Google Sketchup Make 2016, and the resulting 

object was exported as a ".stl" file. The design file was then converted to a G-code file 

using Repetier Host and embedded Slic3r software. A concentric printing pattern that 

mimics the linear structure of native skeletal muscle bundles was achieved by setting the 

infill density to 0% and increasing the number of perimeters until the entire volume of 

the object was filled (Figure 3.4.1). 

 

 

 

3.4.2) 3D-Bioprinting of the NFC/GelMA composite Bioink 

 

A sterile 10 ml syringe (BD Life Sciences) was used as a bioink vessel. The rubber tip of 

the syringe plunger was removed by using a pair of forceps. The top piece of the plunger 

was cut off by using a pair of scissors in order to prevent rubber tip to attach to the 

plunger. The NFC/GelMA composite bioink was then loaded into the syringe. The rubber 

tip was pushed into the syringe by using the plunger until the bioink reached to the tip of 

the syringe. A printing needle (25G and 30G) was then attached to the syringe. 

Afterwards, the syringe was connected to the bioprinter. For the 3D-printing process, 

 

Figure 3.4.1) Visualization of the printing configuration for the NFC/GelMA 

composite bioink: Visualization of the G-code of the dumbbell-shaped model prepared 

for the 3D-printing of the NFC/GelMA composite bioink (Scale bar: 6 mm). 
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Allevi 2 (Biobots) (Figure 4.5.2) extruder-based bioprinter was used.  A 35 mm glass 

bottom dish with a microwell diameter of 20 mm was placed and secured on the printing 

plane to serve as both a printing vessel and a culture plate, and the device was calibrated. 

The G-code corresponding to the CAD model was uploaded to the server, and printing 

was performed. After the printing, the resulting structure was irradiated with UV (365 

nm) for crosslinking, and let sit for 10 minutes. Culture media was added on printed 

scaffolds until covered, and scaffolds were incubated at 37C with 5% CO2. 

 

 

3.4.3) Optimization of GelMA concentration for 3D-printing 

 

NFC/GelMA composite hydrogels with a GelMA concentration of 0.1% (w/v), 0.9% 

(w/v), 4.5% (w/v) and 9.9% (w/v) was prepared and 3D-printed for the tuning of the 

bioink’s printability. The results were qualitatively compared to the printability of the 

pure NFC (1% w/v). 

 

3.4.4) Optimization of 3D-printing parameters for the NFC/GelMA Composite Bioink 

 

Three different layer height values were tested for each of 30G and 25G needles to 

optimize the printing resolution. The printing configurations that are used for the 

optimization of the 3D-printing of the NFC/GelMA composite bioink are given in Table 

3.4.4.a and 3.4.4.b. 

 

Figure 4.5.2) The EBB printer used for the study: Allevi 2 (Biobots) Extruder Based 

Bioprinter (EBB) that is used for the 3D-bioprinting of the NFC/GelMA composite bioink. 
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Table 3.4.4.a) Printing configuration used for the 3D-printing of the NFC/GelMA 

composite bioink. 

Speed  

Print Moves (mm/s) 2 

Perimeters (mm/s) 2 

Small Perimeters (mm/s) 2 

External Perimeters (mm/s) 2 

Travel Speed (mm/s) 4 

First Layer Speed (mm/s) 2 

Max Print Speed (mm/s) 2 

Max Volumetric Speed (mm/s) 2 

 

Extruders 

 

Perimeter Extruder 2 

Temperature (∘C) 24 

Other Settings  

Infill Density (%) 0 

Fill Angle (∘) 45 

Solid Infill Threshold Area (mm2) 70 

 

Table 3.4.4.b) Settings tested for the optimization of the 3D-Printing resolution of 

NFC/GelMA composite bioink with 30G and 25G needles. 

Needle Gauge Resolution Settings 

30G 

Layer Height (mm) 0.16 0.20 0.25 

First Layer Height (mm) 0.16 0.20 0.25 

Number of Perimeters 19 15 12 

Pressure Interval (psi) 15-28 

25G 

Layer Height (mm) 0.26 0.33 0.4 

First Layer Height (mm) 0.26 0.33 0.4 

Number of Perimeters 12 9 7 

Pressure Interval (psi) 6-18 
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3.4.5) UV Photo-crosslinking and Crosslinking Optimization 

 

A cell-laden NFC/GelMA bioink was prepared as described in Section 3.3.2. The 

resulting structure was exposed to a UV source (365 nm) for 30, 60 and 120 seconds to 

optimize the photo-crosslinking density of GelMA inside the NFC matrix. The structures 

were then let sit for 10 minutes, and incubated in cell media for 7 days at 37C, 5% CO2. 

The results were photographed to evaluate the decomposition of the matrix inside the cell 

media.  

 

3.4.6) Estimation of Mechanical Properties 

 

For the mechanical measurements, an NFC/GelMA composite disc with a size of 3x4 mm 

(diameter x height) was printed and UV photo-crosslinked for 60 seconds. The 

compressive properties of the photo-crosslinked NFC/GelMA composite was measured 

by using a commercial TA.XTplusC texture analyser and Exponent software with a 5 mm 

diameter probe, a constant compression speed of 0.1 mm/s, and a trigger force of 5 N. 

The elastic modulus of the composite matrix calculated based on the slope of the elastic 

region of the stress/strain curve. 

 

3.5) Nanoparticle Distribution inside the NFC/GelMA Composite Matrix 

 

NFC/GelMA composite bioinks with TRITC-MSN-PEI, TRITC-MSN-PEI-PEG, 

TRITC-MSN-PEI-ACA and TRITC-MSN-PEI-SUCC with a nanoparticle concentration 

of 150 µg/ml were prepared as described in Section 3.3.1. The bioinks were then 3D-

printed and UV photo-crosslinked for 60 seconds. The resulting structures were let sit for 

10 minutes, and incubated in 1X HEPES buffer (25 mM, pH 7.4) at room temperature. 

The samples were imaged as Z-stacks with a slice thickness of 5 µm and a total thickness 

of 200 µm, with Plan-Apochromat 20X/0.8 objective by using LSM 780 confocal 

microscope (Zeiss). TRITC was excited with 543 nm HeNe laser, and its emission was 

collected at 551-637 nm.  The resulting images were then rendered by using Zeiss LSM 

Blue software. 
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3.6) C2C12 Cell Viability and MSN Cytotoxicity inside the NFC/GelMA 

Composite Matrix 

 

A cell-laden NFC/GelMA composite bioink with a cell concentration of 107 cell/ml and 

an MSN concentration of 50 µg/ml was prepared as described in Section 3.3.2. The bioink 

was then 3D-printed and UV photo-crosslinked for 60 seconds. The same protocol was 

repeated for MSN-PEI, MSN-PEI-PEG, MSN-PEI-ACA and MSN-PEI-SUCC. The 

resulting structures were let sit for 10 minutes and then incubated in cell media at 37C, 

with 5% CO2 for 7 days.  

 

3.6.1) Live/Dead Staining and Confocal Microscopy 

 

The live/dead staining solution with 2 µM calcein AM and 7.5 µM propidium iodide 

concentrations (Thermo Fisher) was prepared by mixing the stock solutions in 1X PBS 

buffer (pH 7.4) and sonicating. After discarding the cell media, the samples were stained 

by incubating the structures in 1 ml of the staining solution for 45 minutes at room 

temperature. The stained samples were imaged as Z-stacks with a slice thickness of 5 µm 

and a total thickness of 200 µm with EC Plan-Neofluar 10x/0.3 objective by using LSM 

780 confocal microscope (Zeiss) on day 1 and day 7 after implementation. Calcein AM 

was excited with 488 nm Argon laser, and the emission was collected at 490-530 nm. 

Propidium iodide was excited with 514 nm Argon laser, and its emission was collected at 

600-670 nm. Three Z-stack images were taken per sample for statistical analysis of the 

cell number. 

 

3.6.2) 3D Image Analysis and Cell Count 

 

Fiji ImageJ was used to analyse the Z-stack images in order to calculate the number of 

the live and dead cells inside the hydrogel matrix. First, multichannel images were split 

into channels where the green and red channels correspond to live and dead cells, 

respectively. Each sample was processed with histogram equalization for signal 

amplification, and Gaussian filter with a sigma value of 2.00 for noise-cancelling. The 

number of the objects in each channel was then counted by using 3D Object Count Plug-

in (Figure 3.6.2). The data acquired was then statistically analysed with student’s t test 

to estimate the %viability in each sample with respect to the control. 
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3.7) Cellular Uptake of TRITC-MSN-PEI-SUCC loaded with DiD inside 

NFC/GelMA Composite Matrix 

 

A cell-laden NFC/GelMA composite bioink with a cell concentration of 107 cells/ml and 

a TRITC-MSN-PEI-SUCC/DiD concentration of 50 µg/ml and was prepared as described 

in Section 3.2.3. The bioink was then 3D-printed and UV photo-crosslinked for 60 

seconds. The resulting structures were let sit for 10 minutes and then incubated in cell 

media at 37C with 5% CO2 for 7 days. 

 

3.7.1) Cytoplasm Staining and Confocal Microscopy 

 

The staining solution with 2 µM calcein AM concentration was prepared by mixing the 

stock solution in 1X PBS buffer (pH 7.4) and sonicating. After discarding the cell media, 

the samples were stained by incubating the structures in 1ml of the staining solution for 

45 minutes at room temperature. The stained samples were imaged as Z-stacks with a 

 

Figure 3.6.2) 3D Object Count in the NFC/GelMA composite matrix: Segmentation 

and counting of the cells in the green channel of  a Z-stack image of  the cell-laden 

NFC/GelMA composite matrix by using Fiji ImageJ. (Separate objects are represented 

with different colours, scale bar: 100 µm) 
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slice thickness of 0.5 µm with Plan-Apochromat 100X/1.40 Oil DIC objective by using 

LSM 780 confocal microscope (Zeiss) on day 1, 3 and 7. Calcein AM, TRITC and DiD 

were excited with 488, 543 and 633 nm lasers, and their emission was collected at 493-

616, 551-637 and 638-756 nm spectra, respectively.  

 

3.7.2) 3D-Rendering of the Z-Stack Images  

 

Z-stack images were rendered in 3D by using Imaris software (Oxford Instruments) for 

better a visualization of the cellular internalization of the nanoparticles. For the image 

rendering, the histogram was equalized for each of the channels, where the red, green and 

blue channels correspond to TRITC, calcein AM and DiD respectively. The image data 

were thresholded to segment the image for each channel. The objects were then 

represented as surfaces. 
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4) RESULTS 

 

4.1) TRITC-MSN Synthesis Met the Quality Criteria 

 
The TRITC-MSN-NH2 was collected into EtOH (Aa grade 99.5% v/v), and its dynamic 

size and ζ-potential were assessed in EtOH and 1X HEPES buffer (25 mM, pH 7.4) via 

dynamic light scattering (DLS) and zeta (ζ) potential measurements, respectively. The 

dynamic size of the freshly synthesized nanoparticles was found to be 181.03.6 nm 

(Polydispersity index (PDI): 0.0710.050), whereas its zeta potential was 5.841.05 mV. 

The reliability of the measurement was supported by raw correlation data and the normal 

distribution of the size (Figure 4.1.2).  TEM imaging also showed that nanoparticle 

diameter was approximately 50 nm (Figure 4.1.3). Upon the successful synthesis, 200 

mg of the nanoparticles were prepared for PEI functionalization. After the PEI 

functionalization, the dynamic size and the zeta potential of the nanoparticles changed to 

188.41.9 nm (PDI: 0.0980.016) and 32.61.35 mV, respectively. MSN-PEI was then 

functionalized with PEG, ACA and SUCC. Their hydrodynamic sizes and zeta potentials 

of the particles are given in Table 4.1.1. Based on the DLS measurements, the properties 

of the MSNs complied with the previous studies (Paatero et al., 2017) and the surface 

functionalization procedures were agreed to meet the quality criteria. The MSNs were 

then loaded with 5% DiD. 

 

Table 4.1.1)The size and the surface charge of the MSNs: Dynamic size and zeta (ζ) 

potential of the TRITC-MSNs with different surface functional groups measured by using 

using dynamic light scattering (DLS). 

 d (nm) PDI ζ (mV) 

TRITC-MSN-NH2 181.0±3.6 0.071±0.050 +6.8±0.2 

TRITC-MSN-PEI 188.4±1.9 0.098±0.016 +32.6±1.4 

TRITC-MSN-PEI-PEG 198.9±1.5 0.126±0.071 +11.0±1.1 

TRITC-MSN-PEI-ACA 184.0±0.1 0.012±0,083 -10.0±0.3 

TRITC-MSN-PEI-SUCC 186.4±4.5 0.111±0.057 -42.6±0.1 
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Figure 4.1.2) The DLS measurement of the MSNs is reliable: The size distribution (A) 

and the raw correlation data (B) of TRITC-MSN-NH2 received from the dynamic light 

scattering  (DLS) measurement meets the quality criteria and supports the reliability of 

the measurement.  

A 

B 
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4.2) Cell-laden NFC/GelMA Composite Bioink Showed Excellent 

Printability and Post-Printing Fidelity 

 

Three different NFC/GelMA bioinks with GelMA concentrations of 0.9% w/v, 4.5% w/v 

and 9.9% w/v; and pure NFC (1%) were 3D-printed. Pure NFC (1% w/v) showed poor 

printability due to its low concentration, and spread already after the printing of the first 

layer. NFC/GelMA (0.9% w/v, 0.9% w/v) underwent phase separation, where only liquid 

drops were dispensed from the needle; thus, it could not be printed. NFC GelMA (0.9% 

and The NFC/GelMA bioink with high GelMA concentration (0.9% w/v, 9.9% w/v) was 

able to be dispensed as fibres, yet it caused clogging of the needle.  

 

Among the four formulations, NFC/GelMA (0.9% w/v, 4.5% w/v) composite bioink 

showed an excellent printability. Even without photo-crosslinking, each bioink layer 

stayed firm on top of the previous layer, and maintained clear boundaries during the 

printing, suggesting that the bioink has high fidelity. With the high cell concentration (107 

cells/ml), incorporation of the cells and MSNs did not significantly affect the printability 

properties of the bioink. Furthermore, both 25G and 30G needles facilitated high 

resolution and precise printing. However, due to the long printing time and higher 

pressure required for 30G needle, 25G needle was used for the rest of the study. For the 

25G needle, the optimal printing resolution was achieved at a pressure interval of 8-12 

psi and 0.4 mm layer thickness with a constant printing speed of 2 mm/s, which resulted 

 

Figure 4.1.3: TEM image of the MSNs: Transmission electron microscopy (TEM) 

image of the small MSN particles show that the MSNs are approximately 50 nm in 

diameter (Scale bar: 50 nm). 
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in a good match between the theoretical and actual layer thickness values (Figure 4.2). 

On the other hand, different pressure and layer thickness values resulted in excessive 

bubble formation or poor resolution.  

 

4.3) The Effect of UV Irradiation on GelMA Crosslinking and Morphological 

Integrity of the NFC/GelMA Composite Matrix in Cell Media 

 

Figure 4.2) The printability of the NFC/GelMA composite bioink: The cell-laden 

NFC/GelMA (0.9% w/v, 4.5% w/v) composite structure after printed with 25G needle (107 

cell/ml pressure: 8-12 psi, layer thickness: 0.4 mm, scale bar: 6 mm). 

 

Figure 4.3.a) Crosslinking density affects NFC/GelMA integrity in cell media: UV photo-

crosslinked cell-laden NFC/GelMA (0.9% w/v, 4.5% w/v) composite structures that were 

irradiated with UV (365 nm), after 7 days of incubation inside cell media at 37C with 5% 

CO2 (UV irradiation times: A: 30 seconds, B: 60 seconds, C: 120 seconds). 

A B C 
a 
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The effect of UV (365 nm) irradiation for 30, 60 and 120 seconds on GelMA crosslinking 

in NFC was investigated by storing the cell-laden NFC/GelMA (0.9% w/v, 4.5% w/v) 

composite structure inside cell media at 37C, 5% CO2 for 7 days after the printing 

(Figure 4.3.a). Among the three groups, the bioink irradiated with UV for 120 seconds 

showed the highest morphological integrity. However, when irradiated with UV for 60 

seconds, the bioink maintained enough of integrity. Therefore, 60 seconds of UV 

irradiation was used for the rest of the study, considering UV irradiation can be toxic to 

the cells.  

 

Furthermore, the morphological integrity of NFC/GelMA inside cell media was affected 

not only by UV irradiation, but also the thickness of the printed structure. When the 

dumbbell shaped structure was printed with a thickness of 0.8 mm instead of 1.6 mm for 

the live/dead assay, due to the limitations to the propylene iodide penetration (Figure 

4.3.b and 4.3.c), the structure partially decomposed inside the cell media after 7 days, and 

fully decomposed after 14 days, despite the same UV irradiation time. 

 

 

Figure 4.3.b) NFC/GelMA integrity in cell media is affected by thickness: The cell-

laden NFC/GelMA (0.9% w/v, 4.5% w/v) composite matrices with two different 

thicknesses (A:0.8 mm, B: 1.6 mm), after irradiated with UV for 60 seconds and 

incubated in cell media for 14 days. 

A B 
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Figure 4.3.c) The thickness of the NFC/GelMA matrix affects the live/dead staining 

dye penetrance: Propylene iodide (red) could not penetrate the cell-laden NFC/GelMA 

(0.9% w/v, 4.5% w/v) matrix with 1.6 mm after UV irradiation of 60 seconds, and stained 

only the nuclei on the walls of the printed structure (A: macro photograph of  sample, B: 

z-stack image acquired with confocal microscopy after live/dead staining (green:live, 

red:dead) , z-stack size: 0.84x0.84x0.1 mm (XxYxZ axes)).  

A 

B 
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4.4) NFC/GelMA (0.9% w/v, 4.5% w/v) Showed High Stiffness When 

Photo-Crosslinked for 60 seconds 

 

In order to estimate the stiffness value of the NFC/GelMA composite bioink after 60 

seconds of UV irradiation, a compression test was applied. The stress/strain curve of the 

crosslinked matrix is given in Figure 4.4. To measure the stiffness of the composite 

matrix, the elastic modulus was calculated to be 75.1 kPa, based on the slope of the elastic 

region of the stress/strain curve. 

4.5) Viability of C2C12 Cells Incorporation in NFC/GelMA Composite 

Matrix was lower than 20% 

 

In order to estimate cell viability inside NFC/GelMA composite matrix by using confocal 

microscopy, the cells were stained with live/dead staining. After the staining, the green 

fluorescence was emitted from the live cell cytoplasm, whereas the red fluorescence was 

emitted from the nuclei of the dead cells. The images of the scaffold sections and the cell 

viability quantization data acquired by using Fiji ImageJ on day 1 and day 7 after the 

printing are given in Figure 4.5.a and Figure 4.5.b, respectively. 24 hours after the 

printing the cellular viability inside the composite matrix was calculated to be 

Figure 4.4) Stiffness Measurement of the NFC/GelMA (0.9% w/v, 4.5% w/v) 

Composite Matrix: Stress (Pa)/Strain (%)curve of the NFC/GelMA (0.9% w/v, 4.5% 

w/v) matrix (3x4 mm, diameter x height) after 60 seconds of UV irradiation (365 nm), 

based on the compression data.  
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18.041.29% (meanSEM). On the seventh day following the printing, the viability was 

as low as 14.481.84%. Furthermore, even on day 7, cellular attachment in NFC/GelMA 

composite matrix was poor. Based on the microscopy images, the cells were uniformly 

distributed inside the matrix.  

 

A B 

C D 

Figure 4.5.a) Live/Dead Images of the C2C12 cells in the NFC/GelMA composite 

matrix: Confocal microscopy images  of C2C12 cells incorporated in the NFC/GelMA 

(0.9 w/v, 4.5 w/v) composite bioink UV photo-crosslinked and stained with live/dead 

staining (green: live, red: dead) [A,B: 2D slices from the Z-Stack confocal images; C,D: 

3D rendering of the z-stack images (0.42x0.42x0.2 mm, XxYxZ axes) on day 1 and day 

7 respectively, scale bar: 100 µm ]. 
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4.6) Nanoparticle Cytotoxicity inside Photo-crosslinked NFC/GelMA 

composite Matrix 

 

The cytotoxicity of MSNs with 50µg/mL concentration to the cells encapsulated in 

NFC/GelMA (0.9 w/v, 4.5 w/v) composite matrix was tested with live/dead staining and 

consequent object count in the Z-stack images on day 1 and day 7. The results were 

statistically analysed, and expressed as viability% relative to the viability of the control 

on day 1. The incorporation of MSNs in hydrogel composite caused lower viability in a 

time-dependent manner (Figure 4.6). On day 1, MSN-PEI and MSN-PEI-PEG showed 

similar cell viability to that of the control, whereas the lowest viability was showed by 

MSN-PEI-SUCC. However, the viability in the sample with MSN-PEI dramatically 

dropped over time, and showed the lowest viability; whereas MSN-PEI-SUCC, MSN-

NH2, MSN-PEI-PEG and MSN-PEI-ACA showed similar viability.  

  

Figure 4.5.b) Viability inside the NFC/GelMA composite matrix declined over 

time: Based on the image analysis of the live/dead assay, %viability of C2C12 cells 

inside the photo-crosslinked NFC/GelMA (0.9 w/v, 4.5 w/v)  matrix on day 1 and day 7 

were 18.041.29% and 14.481.84%, respectively. Bar=meanSEM, n=3. 
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4.7) Distribution of MSNs inside the NFC/GelMA Composite Matrix 

 

TRITC-MSN-incorporated NFC/GelMA (0.9% w/v, 4.5% w/v) composite matrices with 

a nanoparticle concentration of 150 µg/ml were prepared, and imaged by using confocal 

microscopy as Z-stacks. The rendered images are given in Figure 4.7. Based on the 

results, TRITC-MSN-PEI-SUCC and TRITC-MSN-PEI-PEG showed a uniform 

dispersion within the NFC/GelMA composite matrix, whereas TRITC-MSN-PEI and 

TRITC-MSN-PEI-ACA was poorly dispersed. Therefore, TRITC-MSN-PEI-PEG and 

TRITC-MSN-PEI-SUCC was considered to help achieve a more uniform cellular 

internalization and dosage control.  

Figure 4.6) MSNs caused time-dependent cytotoxicity in NFC/GelMA composite 

matrix: Relative %viability of C2C12 cells (Initial cell concentration: 107cells/m) inside 

the photo-crosslinked NFC/GelMA (0.9% w/v, 4.5% w/v) composite matrix, 

incorporated with MSN-NH2, MSN-PEI, MSN-PEI-PEG, MSN-PEI-ACA and MSN-

PEI-SUCC (50µg/ml) on day 1 and day 7, based on the image analysis of the live/dead 

assay. Bar=meanSEM; n=3. *, p<0.05; **, p<0,01. 
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A B 

C D 

Figure 4.7) MSN distribution in the NFC/GelMA matrix: Z-stack confocal 

microscopy images of the NFC/GelMA (0.9% w/v, 4.5% w/v) composite matrices with 

an TRITC-MSN (Red) concentration of 150 µg/ml, acquired with Plan Achromat 20X 

objective (A: TRITC-MSN-PEI, B: TRITC-MSN-PEI-PEG, C: TRITC-MSN-PEI-

ACA, D: TRITC-MSN-PEI-SUCC; z-stack size: 0.42x0.42x0.2 mm, XxYxZ axes ). 
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4.8) TRITC-MSN-PEI-SUCC loaded with DiD showed Rapid Intracellular 

Drug Delivery Ability in NFC/GelMA Matrix 

 
Based on its uniform distribution and low cytotoxicity inside the NFC/GelMA matrix on 

the previous experiments, MSN-PEI-SUCC was selected as the model nanoparticle to 

assess the intracellular drug delivery. DiD was used as a model hydrophobic drug for 

assessment of the intracellular drug delivery ability of MSN-PEI-SUCC. 

 

TRITC-labelled MSN-PEI-SUCC incorporated cell-laden NFC/GelMA (0.9% w/v, 4.5% 

w/v) composite hydrogel was prepared with a nanoparticle concentration of 50 µg/ml. 

The live cells were then stained with calcein AM, and imaged as Z-stacks by using 

confocal microscopy. The fluorescence signals received from calcein AM, TRITC and 

DiD were depicted as neutral, blue and red respectively. However, during the imaging, 

the fluorescence signal received from TRITC-MSN-PEI-SUCC was weak. Therefore, the 

particles could be discerned only by means of the fluorescence emitted from DiD. Based 

on the confocal microscopy images, DiD-loaded TRITC-MSN-PEI-SUCC showed 

significant intracellular drug delivery ability starting from day 1, even before the onset of 

the cellular attachment. The intracellular drug delivery with the nanoparticles continued 

on day 3, and peaked on day 7 (Figure 4.8). On the other hand, TRITC-MSN-PEI-

SUCC/DiD localized inside the cells as clusters. 
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A 

B 

C 

D 

E 

F 

Figure 4.8) MSN-PEI-SUCC shows high intracellular drug delivery ability: 2D 

confocal microscopy images and rendered z-stacks of TRITC-labelled MSN-PEI-

SUCC (Blue) loaded with DiD (Red) by C2C12 (Neutral) in cell-laden NFC/GelMA 

(0.9 w/v, 4.5 w/v) composite matrix on day 1 (A,D), day 3 (B,E),  and day 7 ( C,F) 

following the printing, acquired with 100X objective (Scale bar: 6 µm). 
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5) DISCUSSION 
 

5.1) The Printability and the Mechanical Properties of the NFC/GelMA 

Composite Bioink 

 

NFC/GelMA (0.9% w/v, 4.5% w/v) composite bioink showed excellent printability with 

25G and 30G printing needles. In addition, encapsulation of cells at a high concentration 

(107 cells/ml) did not affect the printability significantly. In this regard, our results 

correlate with the previous studies, where concentrations as high as 9.6 million cells did 

not affect the mechanical properties of hydrogels (Hölzl et al., 2016). 

 

In contrast to the previous research, no phase separation was observed during extrusion, 

when GelMA:NFC ratio was adjusted to be 5:1 (Xu et al., 2019). In addition, the structure 

maintained its shape without an extra step of Ca+2 stabilization after UV photo-

crosslinking as suggested in the previous studies. However, the structural fidelity must be 

maintained not only after the photo-crosslinking, but also during the entire culture period. 

Following 60 seconds of photo-crosslinking with UV irradiation, the composite structures 

were incubated in cell media for 14 days. The decomposition immensely impacted the 

viability assays as staining of the dead cells with propidium iodide was not possible at 

thicknesses more than 0.8 mm, due to the diffusion limitations. The NFC/GelMA 

composite structures with 0.8 mm thickness started to decompose in the cell media 

already after 7 days. Even though 7 days of structural integrity of the printed scaffold was 

reported to be a success for regenerative medicine (Negrini et al., 2018), the observation 

of myoblast proliferation and myogenesis was impossible in such short period of time. 

Therefore, a different strategy to provide the 3D culture with nutritional compounds must 

be developed, rather than culturing it in liquid cell media, to prevent the matrix 

decomposition in the early stages of cell proliferation, and avail observation of 

myogenesis.  

 

During the compression test, the sample ruptured during its transfer, and adhered to the 

measuring probe. Therefore, the compressive test must be repeated for more reliable data. 

However, based on the current measurement, the stiffness of NFC/GelMA (0.9% w/v, 

4.5% w/v) after 60 seconds of UV irradiation was as high as 75 kPa, which is way too 

high than that of the native skeletal tissue (8-17 kPa) (Engler et al., 2006). Furthermore, 

the stiffness value cannot be tuned down to match such low value by decreasing the 
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photo-crosslinking, due to the aforementioned decomposition concerns at shorter 

durations of UV irradiation. Therefore, the developed NFC/GelMA might not be suitable 

for cultivation of myoblasts with the used concentrations in terms of the mechanical 

aspect of skeletal muscle niche. However, we suggest that NFC/GelMA (0.9% w/v, 4.5% 

w/v) can serve as a better bioink platform for stiffer tissues, such as cartilage and bone.  

 

5.2) Viability of C2C12 Cells Incorporated into the NFC/GelMA 

Composite Matrix 

 

The viability of the C2C12 cells inside the NFC/GelMA matrix was as low as 

18.041.29% and 14.481.84% on day 1 and day 7, respectively. However, no other 

comparable study was found in the literature, where such 3D viability quantization for 

cell-laden photo-crosslinkable NFC/GelMA bioink was employed. The most relevant 

study was conducted by Shin et al. (2017), where they used ammonium persulfate (APS) 

and tetramethylethylenediamine (TEMED) as thermal crosslinking agents to crosslink 

GelMA (5% w/v) inside NFC (1% w/v ), instead of a UV photo-crosslinking agent. Even 

though the authors stated that they achieved high viability with a concentration of NIH 

3T3 cells as low as 1.5x106 cells/ml, they did not perform any 3D quantization inside the 

gel matrix, and avoided giving a viability percentage. On another study conducted by Xu 

et al. (2019), the authors again seeded NIH 3T3 cells on top of an already UV-crosslinked 

NFC/GelMA (weight compositional ratio of 5:1). By conducting an MTT assay on 24th 

hour following the cell seeding, they estimated the cell survival to be higher than 90%. 

However, such quantization still omits the effects of the shear forces during the 3D-

printing and UV crosslinking, and does not answer the question of cell growth inside the 

composite matrix. In addition, it is already known that the cells behave differently in 2D 

and 3D cultures (Wong et al, 2015). 

 

The low viability can be attributed to the shear forces during the 3D-printing. Nair et al. 

(2009) reported that, the cell viability in alginate bioinks decreased almost 40%, when 

the printing pressure was increased from 5 psi to 40 psi with 25G needle. Another reason 

for the low viability, related to the shear forces, can be the possible morphological damage 

exerted on the cells during their incorporation to the gel. Therefore, the rheologic 

properties of NFC/GelMA should be further investigated to have a better understanding 

of the possible negative effects of shear forces on cell viability. 



Sami Şanlıdağ 

43 

 

UV irradiation might also be one of the factors affecting the viability. Yet, cytotoxicity 

caused by UVA (UV with wavelength 315-400 nm) is still controversial. Wong et al. 

(2015) reported that UVA exposure did not significantly affect the gene expression in 

human mesenchymal stem cells (hMSCs) growing in PEG hydrogel. However, they 

showed that the polymerization method, the change in the polymer network and free 

radicals had an important influence on gene expression. In addition, Kessler et al. (2017) 

reported that they achieved high viability with adipose-derived stem cells (ASCs) 

encapsulated in HyaMA (methacrylated hyaluronan)/GelMA composite hydrogels even 

after 5 minutes of UVA irradiation, where they used lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) as a photo-crosslinker. These studies suggest that the 

low viability in our study might be attributed to the NFC/GelMA network and the nature 

of the crosslinking or the photo-crosslinker. However, the viability might be improved by 

adding a free radical scavenger, such as ebselen (Miorelli et al., 2017), into the bioink to 

prevent hydroxylation of DNA caused by UV irradiation.  

In addition to the adverse effects of UV irradiation, the composite NFC/GelMA matrix 

itself might not be suitable for cell growth considering the viability decreased on day 7 

of the culture in comparison to that on day 1. Such results can be attributed to possible 

low porosity of the photo-crosslinked NFC/GelMA composite matrix and the dense fibre 

network. This hypothesis is also supported by the poor cellular attachment inside 

composite matrix even on day 7, as can be seen on Figure 4.5.2. Furthermore, a shorter 

photo-crosslinking time cannot be selected as the matrix decomposes inside the cell media 

with UV irradiation lower than 60 seconds.  

These results indicate that the possible cytotoxicity caused by UV exposure might 

immensely limit the tunability and potential use of photo-crosslinkable NFC/GelMA 

composite bioinks in tissue engineering applications, which were reported by Xu (2019). 

Ultimately, to have a better understanding of the fibre network, the cellular attachment 

and mobility inside the composite matrix must be further investigated by using (e.g.) 

scanned electron microscopy (SEM) to assess the suitability of the material for cell 

growth.  

  



Sami Şanlıdağ 

44 

 

5.3) MSN Cytotoxicity inside the Photo-crosslinked NFC/GelMA 

Composite Matrix 

 
The addition of MSNs with a concentration of 50µg/ml caused low viability in a time- 

dependent manner. On day 1, the viability observed in the NFC/GelMA composite matrix 

incorporated with MSN-PEI was comparable to that of the control. Whereas, the lowest 

viability was achieved with MSN-PEI-SUCC conflicts with the previous study; where 

MSN-PEI caused significant cytotoxicity, and MSN-PEI-SUCC was not significantly 

cytotoxic in the 2D model (Paatero et al., 2017).   However, contrarily on day 7, the lowest 

viability was observed with MSN-PEI, whereas higher viability was achieved with MSN-

PEI-SUCC. Also, the viability achieved with MSN-NH2, MSN-PEI-PEG, MSN-PEI-

ACA and MSN-PEI-SUCC were similar on day 7. On the other hand, the low viability 

caused by MSN-PEI on day 7 comply with the previous studies, where MSN-PEI caused 

significant cytotoxicity in the 2D model (Paatero et al., 2017; Prabhakar et al., 2016). One 

interesting note was that viability achieved with MSN-NH2 was significantly lower than 

that of the control on both day 1 and day 7 in contrast to the previous study, where MSN-

NH2 caused no significant toxicity in the 2D model (Prabhakar et al., 2016). Furthermore, 

the implement of MSNs in 3D cell cultures is a considerably new practice. Therefore, the 

MSN dosage in the NFC/GelMA matrix must be further optimized. 

 

These results suggest that MSN-material interactions heavily impact MSN behaviour, and 

2D viability assays for MSN cytotoxicity are not correlatable to 3D models. Therefore, 

the MSN-material interactions should be investigated thoroughly (e.g.) by using SEM to 

assess their potential use in tissue engineering applications.  Furthermore, considering the 

drastic change of the viability between the day 1 and day 7, in addition to the slow cellular 

attachment and growth inside the composite matrix, the samples should be followed up 

more than 7 days. However, the samples partially decomposed inside the cell media due 

to their low thickness after day 7 and could no longer be imaged. 
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5.4) Intracellular Drug Delivery Ability and Distribution of TRITC-MSN-

PEI-SUCC/DiD in the NFC/GelMA Composite Matrix 

 

TRITC-MSN-SUCC/DiD showed high indtracellular drug delivery ability starting from 

day 1. The drug delivery ability of TRITC-MSN-PEI-SUCC might also be correlated to 

our cellular viability experiment, where MSN-PEI-SUCC showed high toxicity on day 1, 

and its toxicity was balanced on day 7 in a range similar to that of the other nanoparticles 

except MSN-PEI. 

 

The results might be attributed to the higher availability and transport efficiency of MSN-

PEI-SUCC within the matrix compared to the other MSNs. This hypothesis is supported 

by previous findings where negatively charged nanoparticles showed significantly higher 

translocation and transport efficiency in monolayer Caco-2 colon carcinoma cells, 

compared to positively charged nanoparticles (Bannunah et al., 2014). The availability of 

TRITC-MSN-SUCC is also supported by its uniform distribution inside the composite 

matrix. Desai (2016) showed that MSN-PEI-SUCC (300 nm) underwent the least amount 

of protein coating compared to MSN-PEI and MSN-PEI-PEG in serum containing media. 

They also demonstrated that MSN-PEI-SUCC maintained its negative surface charge 

after the incubation of the nanoparticles in serum containing media, whereas the zeta 

potential of MSN-PEI and MSN-PEI-PEG drastically lost their positive surface charge 

and approached to the neutral range. Based on this information, TRITC-MSN-SUCC 

could have preserved its intact surface properties also inside the NFC/GelMA (0.9 w/v, 

4.5 w/v) matrix, suggesting that it is a promising drug delivery tool in 3D cell cultures.  

However, this hypothesis requires further justification. 

 

On the other hand, the clustering of the TRITC-MSN-PEI-SUCC/DiD might be attributed 

to lysosomal co-localization. Prabhakar (2017) suggest that observation of the clusters 

indicate the entrapment of the nanoparticles inside the endosomes. Such findings can be 

caused by the large negative surface charge of TRITC-MSN-PEI-SUCC/DiD. These 

results comply with the previous studies, which suggest that negatively charged 

nanoparticles co-localize within the lysosomes, whereas positive surface charge induces 

endosomal escape of the nanoparticles (Yue et al., 2011). However, the effect of DiD 

loading on the nanoparticle fate inside the cells should not be omitted. According to Desai 

(2016), the hydrophobicity of DiD changed the hydrophilic nature of MSN-PEI, and thus 

it caused lysosomal co-localization after 24 hours, whereas MSN-PEI without DiD 
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followed a different path inside the cell. Therefore, the cargo delivery capability of 

TRITC-MSN-PEI-SUCC should further be investigated as the therapeutic potential of 

MSNs is dependent not only on their cellular internalization, but also on their drug release 

potential inside the cell. 
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6) CONCLUSION 

 

The NFC/GelMA (0.9 w/v, 4.5 w/v) bioink has excellent printability and fidelity both 

before and after the photo-crosslinking. It shows sufficient structural integrity in cell 

media for at the least of 14 days, when printed at a thickness of 1.6 mm. However, at 

lower thickness values the gel decomposes inside the cell media starting from day 7. Such 

results suggest that better culture systems should be employed to maintain the structural 

integrity, rather than using conventional static culture methods in liquid cell media. In 

terms of biocompatibility, the NFC/GelMA composite bioink leaves room for 

improvement. After a culture period of 7 days, only a low viability (below 15%) was 

achieved when the C2C12 cells were incorporated with the composite matrix. In the light 

of the previous studies, such low viability and is hypothesized to be caused by the change 

in the fibre network and the cell environment after the photo-crosslinking. This 

hypothesis is also supported by the poor cellular attachment in the composite matrix. 

However, these results should be supported with SEM, both to investigate the porosity of 

the NFC/GelMA composite matrix and MSN- hydrogel interactions to assess its 

suitability as a potential scaffold material for tissue engineering. On the other hand, it 

shows way higher elastic moduli than that of skeletal muscle tissue. Therefore, it might 

be a better candidate as a bioink for cartilage or bone tissue engineering scaffold, rather 

than for skeletal muscle. Furthermore, MSN incorporation decreases the viability. 

Therefore, their dosage in 3D cultures must be further optimized. On the other hand, 

among the MSNs we used in our study, MSN-PEI-SUCC shows the most uniform 

distribution in the composite matrix. It also facilitates slightly higher viability compared 

to the other nanoparticles in the NFC/GelMA composite matrix, and shows rapid 

intracellular drug delivery ability. Such results are attributed to the high availability and 

transport efficiency of MSN-PEI-SUCC, possibly caused by the low level of surface 

interactions between the nanoparticles and the composite matrix. However, as suggested 

before, the interactions between the nanoparticles and the NFC/GelMA should be further 

investigated via SEM to support such a hypothesis. 
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9) APPENDICES 
 

Appendix I: User Manual Prepared for BIOBOTS Bioprinter 
 

Switching on the Instrument: 

 

-Switch on the computer 

-Switch on the pump by pushing the red knob 

-Switch on Biobots by clicking the button 

-Open "Command prompt" 

-Type the following command "cd Desktop/bioprint-devel-master/bioprint-devel-

master/bioprint" and press Enter 

-Type "python run" and press Enter, wait until the command works 

-Open the Chrome Browser 

-Navigate to "bioprint" page 

-Login with the saved credentials 

-Click "Connect" and wait until the printer is connected 

-Connect the syringe to the air hose, insert inside the extruder and tighten the extruder 

knob. 

 

Calibration: 

 

-Home all axes (The order does not matter) 

-Navigate to "Select Well Plate" and select your desired type of well plate 

-Then click Select Well Plate, the extruder will move onto the well plate 

-Adjust the Z plane by moving it upwards by 10 mm 2-3 times. Then switch to 1mm 

and keep elevating the plane until the needle tip approaches to the well plate surface. 

When in close proximity with the plate, switch to 0,1 mm and adjust the needle so as it 

almost touches the plate surface 

-Once done, navigate to the control panel (right side of the screen), click "Update" and 

then "Calibrate". The printer will switch to the second extruder. 

-If using both extruders or the second extruder, repeat the Z plane calibration for the 

second extruder as well. 

-Once calibrated, home the Z plane. 
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-Adjust the printing pressure. Start by decreasing the pressure all the way. Click 

"Extrude" and increase the pressure slowly until you see a droplet on the needle tip. 

Click "Stop". Repeat the same steps for the second extruder if necessary. 

-Check if the nozzle is calibrated properly by clicking "Go" on the control panel. 

-The printer is now ready for printing. 
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Appendix II: List of the fluorophores used in the study and their excitation-

emission maxima 
 

Name of the Fluorophore Excitation Max (nm) Emission Max (nm) 

TRITC 555 580 

DiD 644 665 

Propidium Iodide 493 636 

Calcein AM 494 517 

 

 


