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Abstract 
 
Osteoporosis and osteoporosis-associated fractures are one of the most prevalent 

global public health problems due to the rising population age. These diseases result in 

a large economic burden. The use of autologous mesenchymal stem cells (MSCs) is a 

potential therapeutic approach in in orthopaedics and dentistry as well in treatment of 

osteoporosis and osteoporotic fractures. However, both the number and the osteogenic 

potential of MSCs decrease with age. Recent research has suggested that osteogenic 

potential of MSCs can be positively affected by combining electrical stimulation (ES) and 

cultivation in 3D. Moreover, 3D cell culture has been shown to increase viability of MSCs 

and reduce cellular senescence. 

Adipose-derived stem cells (ASCs) are an easily accessible and readily available type of 

MSCs and represent promising candidates for cell-based therapies for bone 

regeneration. This thesis investigated how cultivation of MSCs in different 3D scaffolds 

in combination with ES affects proliferation, osteogenic potential, as well as the anti-

inflammatory potential of ASCs. To assess the optical properties of different scaffolds, 

absorbance spectra of different concentrations of anionic nanofibrillar cellulose (aNFC) 

were compared to other commonly used scaffolds, such as alginate and fibrin. 

Biocompatibility was studied by assessment of cellular viability using XTT and live/dead 

assays. Data analysis revealed that aNFC is highly biocompatible with ASCs whilst 

having low autofluorescence and light absorption allowing for easy monitoring of 

osteogenic differentiation using colorimetric and fluorescence-based methods. In 

subsequent experiments, the osteogenic potential of ASCs in aNFC was evaluated 

using RT-PCT, assessment of alkaline phosphatase (ALP) activity, analysis of 

calcification by Alizarin Red S staining and immunocytochemical staining against the 

osteogenic markers osteopontin (OPN) and osteocalcin (OCN). As an additional read-

out, osteogenic differentiation was assessed by analysing intracellular calcium oscillation 

patterns. Osteogenic differentiation of ASCs in 3D aNFC resulted in a robust induction of 

osteogenesis related transcripts and down-regulation of stem cell marker expression. 

Moreover, ASCs subjected to differentiation in 3D showed high levels of mineralisation 

and an increased expression of OPN and OCN at protein level.  

To study the impact of a combination of 3D cell culture and ES, ASCs in osteogenic and 
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standard media were exposed to electric fields for up to 21 days followed by analysis of 

osteogenic differentiation. When exposed to ES in 3D, ASCs showed high ALP activity 

and an increased calcium deposition evidenced by Alizarin Red S staining. Furthermore, 

exposure of ASCs to ES in 3D aNFC resulted in an increased expression of the 

osteogenic markers OPN and OCN and a rearrangement and alignment of the actin 

cytoskeleton.  

Since the regenerative potential of ASCs at least partly depends on paracrine factors, 

the impact of the combination of ES and 3D cell culture on the anti-inflammatory 

potential of ASC-secretomes was assessed. The anti-inflammatory potential of ASCs 

secretomes in 3D was investigated by analysing the nuclear translocation of p65 in 

human fibroblasts exposed to tumour necrosis factor (TNF-) using 

immunocytochemistry and confocal imaging. Additionally, luciferase reporter assays 

were performed to quantify TNF- induced NF-B activity in an established reporter cell 

line exposed to secretomes from 3D cultured ASCs with and without ES. 3D cell culture 

combined with ES resulted in an increase on the anti-inflammatory potential of ASCs 

secretomes from 3D aNFC. 

Taken together, this thesis suggests that cultivation of ASCs in 3D aNFC can increase 

their viability without interfering with their osteogenic potential. Moreover, levels of 

osteogenic differentiation can be increased if 3D cultivation is combined with ES. Finally, 

both cultivation of ASCs and ES has positive effects on the anti-inflammatory potential of 

the ASC-secretome. The results presented in this thesis could pave the way for 

developing improved MSC-based strategies for bone regeneration in multiple clinical 

scenarios including but not limited to osteoporosis, osteoporotic fractures, regenerative 

dentistry, and regenerative orthopaedics. Future studies should investigate optimal 

experimental parameters (e.g., ES prior or after differentiation, alternative hydrogels) 

and include in vivo experiments (e.g., critical size defects in rodents and large animal 

models) to validate the promising in vitro findings presented in this thesis.”  
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1.1. General Introduction 

 
As populations age across the world, osteoporosis and osteoporosis-related fractures 

are becoming the most prevalent degenerative bone diseases (Loeser et al., 2012). 

More than 75 million patients suffer from osteoporosis in the US, the EU and Japan 

(Iandolo et al., 2020). Furthermore, it is anticipated that the number of patients affected 

by osteoporosis will increase by a third by 2050 (Iandolo et al., 2020). Bone 

regeneration is a desired clinical outcome in patients with skeletal abnormalities 

(Einhorn, 1998, Cho et al., 2002). Bone regeneration is also important in orthopaedic 

surgery and in oral and maxillafacial surgery, as well as in skeletal reconstruction of 

large bone defects created by trauma, infection and tumour resection. In addition, 

efficient strategies for bone regeneration are required in conditions where fracture 

healing and regenerative processes are compromised, such as avascular necrosis, 

atrophic non-unions, and osteoporosis (Dimitriou et al., 2011a).  

 

Although conventional therapies including calcitonin and oestrogen-like drugs can be 

used to treat bone degenerative diseases, they can be associated with some side-

effects including the development of oesophageal cancer, ocular inflammation and 

severe musculoskeletal pain (Kennel and Drake, 2009). As an alternative therapeutic 

agent, parathyroid hormone therapy (PTH) and bisphosphonates have recently been 

developed to increase bone mineral density and to reduce the risk of bone fracture. 

Despite their positive effects on the osteoblast-mediated bone formation, PTH therapy 

leads to drawbacks including headaches, injection-site tenderness and nausea (Lou et 

al., 2019), and bisphosphonates also cause the osteonecrosis of the jaw (Kennel and 

Drake, 2009).  However, these side effects are not very common and can be avoided.   

 

Stem-cell therapy is a cell-based therapy option for bone defects because stem cells 

have abilities to different into multiple lineages including bone cells (McClelland 

Descalzo et al., 2014). As of July 2020, more than 1100 clinical trials utilising MSCs 

have been registered on ClinicalTrials.gov with a wide indication profile including 

cardiovascular diseases, diabetes and musculoskeletal symptoms. However, of these, 

only three clinical trials have been registered with the indication 'osteoporosis'. Notably, 

as one Phase 2 clinical trial is recruiting, one trial terminated and only one Phase 1 trial 
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completed, there are not enough data available to evaluate the efficacy and safety of 

MSCs in this clinical scenario.  

 

In addition to autologous bone grafts, stem cell therapy can equally be involved in other 

surgical approaches including allograft implantations and free fibula vascularised grafts 

(Spin-Neto et al., 2011). Even though the use of autologous stem cells is currently seen 

as a promising technique, there are still some drawbacks including an intervention-

induced inflammation and a high risk of morbidity (Pape et al., 2010). Another alternative 

approach is to mobilize endogenous stem cells for enhancing tissue regeneration. A 

rapidly mobilization of endogenous stem cells is an effective strategy for delivery of stem 

cells to home to the site of injury for bone fracture healing (Toupadakis et al., 2013). 

Notably, osteoporosis can cause a decrease in the numbers of MSCs and lower their 

osteogenic differentiation potential (Saito et al., 2018, Tan et al., 2015, Wang et al., 

2014c). To overcome this problem, stem cells have recently been combined with 

biomaterials to improve their viability and to boost their osteogenic potential. In this 

context, a variety of substrates have been developed including natural, synthetic, metal 

and nanoparticle-based materials (Fernandez-Yague et al., 2015, Hussey et al., 2018). 

In this opening chapter, the current 3D cell culture techniques used to expand and 

differentiate MSCs and assess how 3D cultivation affects their osteogenic differentiation 

potential will be discussed. 

 

1.2. Overview of bone remodelling 

 
1.2.1. Bone degeneration 

Bone remodelling is a continuous cycle of degeneration and regeneration involving 

osteoblasts (bone-forming cells) and osteoclasts (cells which absorb bone tissue) 

(Figure 1.1) (Chang et al., 2019). If the balance between bone formation and bone 

resorption is lost, the bone becomes vulnerable to osteoporosis (Jimi et al., 2012).  
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Figure 1.1. Bone remodelling and degeneration. The dynamic relationship between 

osteoblasts and osteoclasts is primarily regulated by a fine balance between bone 

formation and bone resorption. With increasing age, the balance shifts towards higher 

levels of osteoclast activation with reduced osteoblast differentiation, thereby impairing 

the regenerative potential of the bone resulting in structural deterioration of the bone 

tissue and reduced bone strength.  

 

Osteopenia is a condition involving low bone mass and it is strongly associated with 

increased bone resorption combined with reduced bone regeneration (Li et al., 2016a) 

and mostly affects postmenopausal women (Johnell and Kanis, 2006). A T-score based 

on bone density levels is recommended by the World Health Organization. Differences 

between a bone mineral density and that of the healthy norm are measured. A T-score 

between -1 and -2.5 SD indicates low bone mass. A T-score of -2.5 SD or lower 

indicated an increased risk of osteoporosis. Osteoporosis does not only affect 

postmenopausal women, but also other patient groups. Factors that increase the risk of 

developing osteoporosis in both female and male include cigarette smoking, excessive 

alcohol and caffeine consumption, lack of exercise, vitamin D deficiency and long-term 

use of corticosteroids (Ross, 1996).  
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The modulation of oestrogen/hormone therapy is an intriguing method for suppressing 

apoptosis of osteoblasts as oestrogen plays an active role in the osteoblast-osteoclast 

coupling. Specifically, oestrogen regulates osteoblast survival and suppresses cellular 

apoptosis (Bradford et al., 2010). The onset and development of osteoporosis are 

related to the life span of osteoblasts. Oestrogen plays a role in the reduction of 

apoptotic gene expression in osteoblasts (Bradford et al., 2010). In conjunction with the 

direct effects of oestrogens on bone-forming osteoblast, oestrogen contributes to the 

acute inhibition of caspase-3 activity via intrinsic and extrinsic pathways (Boehning et al., 

2004). Oestrogen can also suppress apoptosis-related genes, including the type 1 

inositol-1,4,5-trisphosphate receptor (InsP3R) (Li et al., 2007, Orrenius et al., 2003). 

Nuclear oestrogen receptors (ERα and ERβ) and androgen receptors (AR) are likely to 

be directly related to the process of bone remodelling, as well as indirectly via 

modulating the levels of interleukin-6 (IL-6) (Galien and Garcia, 1997). Interestingly, in 

women with post-menopausal osteoporosis, osteoblasts express higher levels of the 

inflammatory receptor Fas, which can induce Fas ligand-induced cell death (Xing and 

Boyce, 2005). 

 

Within the bone remodelling cycle, osteoclasts are regulated by several hormones and 

by local factors (Demontiero et al., 2012). For example, in secondary 

hyperparathyroidism, calcium and vitamin D deficiency can trigger bone loss 

(Demontiero et al., 2012). Vitamin D plays an essential role for calcium absorption in 

bone mineralisation. Vitamin D binds to vitamin D receptors thereby increasing 

expression levels of the receptor activator for nuclear factor kappa-B ligand (RANKL) in 

the plasma membrane. This in turn increases uptake of calcium into the cells and 

improves its absorption (Holick, 2006, Khosla, 2001). RANKL is also a critical mediator 

in bone homeostasis, which is involved in both bone formation and bone resorption. 

RANKL is released by osteoblasts and plays important role to stimulate RANK on the 

surface of stem cells and thus, promote bone resorption by releasing osteoclasts (Ray, 

2018). The decrease in calcium absorption promotes a high level of parathyroid 

hormone (PTH) secretion, which is responsible for osteoclastic activity with cortical bone 

loss (Lips, 2001). Moreover, oestrogen deficiency and low levels of gonadal sex steroid 

result in an increasing PTH level in aging people (Khosla et al., 2001). Oestrogen has 

two potential roles in regulating osteoclasts. Briefly, it decreases osteoclast cell 
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differentiation by suppressing the receptor activator of nuclear factor kappa-Β 

ligand/macrophage colony-stimulating factor (RANKL/M-CSF) signalling (Mitnick et al., 

2001) and indirectly blocks the production of the bone-resorbing cytokines IL-1β, IL-6, 

tumour necrosis factor- (TNF-), M-CSF and prostaglandins (PG) 

(Charatcharoenwitthaya et al., 2007).  

A number of studies have shown that growth factors, including transforming growth 

factor (TGF-β), Wnt3a and Indian hedgehog (Ihh), and signalling molecules such as 

Smad3, β-catenin and Hypoxia-inducible factor (HIF)-2α play important roles in cartilage 

degeneration in osteodegenerative diseases (Yang et al., 2001, Zhu et al., 2009, Lin et 

al., 2009, Saito et al., 2010). The loss of TGF-β signalling correlated with Smad3 

promotes increased bone defects in osteoarthrosis patients (Valdes et al., 2010). β-

catenin is a significant molecule supported by the canonical Wnt signalling pathway and 

the loss of β-catenin from preosteoblasts also leads to decreased bone mass induced by 

the wnt/ β-catenin signalling pathway (Assis-Ribas et al., 2018). Consistent with Smad3 

and β-catenin, HIF-2α expression encourages the upregulation of nuclear factor kappa-

light-chain-enhancer of activated B cells (NFB) signalling for bone destruction (Yang et 

al., 2010). Ihh signalling is associated with induced cartilage degradation and Ihh 

inhibitor can be used a therapeutic agent to prevent this (Lin et al., 2009). Ihh signalling 

is essential in endochondral ossification and osteoblast differentiation in the 

perichondrium. The interaction between Ihh and Wnt signalling promotes endochondral 

bone formation and synovial joint formation. When Ihh signalling is disrupted, bone 

diseases such as progressive osseous heteroplasia can occur (Yang et al., 2015).  

Amyloid  peptide (A) is another pathological hallmark in osteoporotic bone fracture, 

correlating with osteoclast activation (Li et al., 2014a). RANKL activates NFB and 

promotes calcium oscillations for osteoclast activation (Asagiri and Takayanagi, 2007). 

NFB activation is an early signalling step in osteoclastogenesis (Abu-Amer, 2013) 

whereas calcium oscillations induce bone resorption by stimulating osteoclast 

differentiation (Kajiya, 2012). The extracellular signal-regulated protein kinases (ERKs) 

are both isoforms, ERK1 and ERK2, and are implicated in the activation of osteoblast-

lineage (Kim et al., 2019). A induces osteoclast differentiation through NFB, ERK 
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signalling and calcium oscillation (Li et al., 2016a). Given the complex nature of 

osteoporosis, therapeutic interventions represent a major clinical need. 

 

1.2.2. Current therapeutic options and their limitations 

The prevention of osteoporosis is supported by maximising bone health. 

Nonpharmacological management of disease includes adequate calcium and vitamin D 

intake, smoking cessation, weight-bearing exercise, limitation of alcohol and caffeine 

consumption (Office of the Surgeon, 2004, Tosteson et al., 2008, Das and Crockett, 

2013). In recent years, alternative approaches to treating bone degeneration have been 

developed. These techniques range from systemic pharmacological approaches to 

surgical procedures.  

 

The main aim of pharmacological therapy is to reduce the risk of bone fractures (Office 

of the Surgeon, 2004). Bisphosphonates (BPs) are recommended as a first-line option 

for the treatment of osteoporosis in postmenopausal women and men (Camacho et al., 

2016, Watts et al., 2012). BPs are commonly used for the treatment of osteoporosis as 

they have the potential to suppress osteoclast formation (Kwak et al., 2009, Nishikawa 

et al., 1996), which can disrupt osteoblast/osteoclast coupling. The action of BPs 

promotes apoptosis of osteoclastic cells that induce bone resorption. BPs can bind to 

hydroxyapatite (HA) binding sites to restrain the osteoclast accumulation and inhibit the 

breakdown of HA, and thus suppressing bone resorption (Drake et al., 2008). However, 

a negative effect of BPs is that they rarely cause osteonecrosis of the jaw (ONJ) 

(Florencio-Silva et al., 2015, Sims and Martin, 2015).  

 

Prior to 2002, one of the most common therapies prescribed for osteoporosis was 

hormone replacement therapy (HRT). In 2002, however, it was reported that HRT 

increases the risk of breast cancer and heart disease and as a result fewer people have 

been prescribed HRT (Isaksson et al., 2002). In addition to prescribing HRT for female 

patients with osteoporosis, post-menopausal women were advised to take oestrogen to 

prevent the loss of bone density (Demontiero et al., 2012).  
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Currently, the main therapeutic agents for treating osteoporosis include anti-resorptives 

such as HRT, selective oestrogen-receptor modulators (SERMs) and RANKL antibodies 

(Table 1.1). An ideal pharmacological intervention for treating bone loss should 

suppress osteoclastic activity and enhance osteoblast-mediated bone formation 

(Demontiero et al., 2012). A humanised monoclonal antibody (denosumab) has recently 

been developed to inhibit osteoclastic differentiation by preventing RANKL from binding 

to its receptor (Demontiero et al., 2012). Long-term administration of denosumab has 

been shown to have a positive effect not only on the prevention of fragility fracture, but 

also on the amelioration of joint damage in osteoporotic patients (Cummings et al., 

2009). However, denosumab is also linked to a risk of hypocalcaemia and a risk of ONJ 

(de Sales Lima et al., 2018). 

 

Table 1.1. Current pharmacological approaches to treating osteoporosis  

Compound Advantages Adverse effects Osteogenic 

differentiation 

Reference 

Bisphosphonates Decrease fractures Gastrointestinal tract symptoms 

(nausea, esophagitis) 

↑ (Cosman et al., 

2014) 

Selective oestrogen-

receptor modulators 

(SERMs) 

Decrease fractures, 

Increase bone mineral 

density (BMD) 

Urogenital symptoms,  

Deep vein thrombosis, 

Cardiovascular diseases 

No effect (MacLean et al., 

2008) 

Parathyroid 

hormone (PTH) 

Decreases fractures Injection donor reaction, leg 

cramps, dizziness, nausea 

↑ (Cosman et al., 

2014) 

Calcitonin Decreases fractures, 

Prevents BMD loss 

Epistaxis, Rhinitis No effect  (Muñoz-Torres et 

al., 2004) 

Oestrogen/Hormone 

therapy 

Decreases BMD loss, 

Decreases fractures 

Increases the risk of venous 

thromboembolism and 

cardiovascular disease after 

menopause 

↑ (Cosman et al., 

2014) 

Vitamin D 

supplementation 

Decreases bone turnover, 

Decreases fractures, 

Increases BMD 

 

Increases the risk of 

cardiovascular disease 

↑ (Lips and van 

Schoor, 2011) 

Denosumab Reduces the risk of fracture, 

Increases BMD at the 

lumbar spine 

Gastrointestinal tract symptoms, 

Dermatitis, Back and Limb pain, 

Hypercholesterolemia, Rash, 

Headache, Hypocalcaemia, 

No effect  (Cummings et 

al., 2009) 

Cathepsin K inhibitor Increases bone mass, bone 

microarchitecture, strength 

Increases the number of cells of 

osteoclast lineage 

No effect  (Duong le et al., 

2016) 

Sclerostin (SOST) 

antibody 

Bone density and strength, 

Fracture risk reduction 

- ↑ (Ominsky et al., 

2017) 

Interferon γ Increases bone mass,  

Bone strength 

Gastrointestinal tract symptoms  ↑ (Duque et al., 

2011) 
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As an alternative pharmacological treatment option, PTH has been explored for treating 

severe osteoporosis in post-menopausal women and men with osteoporosis. A 

systematic review of PTH for the treatment of osteoporosis showed that PTH increases 

bone mineral density and reduces the risk of fractures by decreasing osteoblast 

apoptosis and enhancing the differentiation of osteoblasts from pre-osteoblasts thereby 

inducing new bone deposition (Cranney et al., 2006). Despite this, the disadvantages of 

PTH therapy include headaches, injection-site tenderness and nausea in osteoporotic 

patients (Lou et al., 2019). 

 

A sclerostin (SOST) antibody and interferon  (IFN) also have potential therapeutic 

uses to promote osteoblastic differentiation (Demontiero et al., 2012). SOST antibody 

plays a pivotal role in modulating osteoblastic activity and bone formation by inhibiting 

Wnt/β-catenin signalling (McClung, 2017). Currently, SOST is being evaluated multiple 

preclinical studies and multiple published clinical trials for management of osteoporosis 

(MacNabb et al., 2016). At present, SOST-binding monoclonal antibody 

(Romosozumab) is in clinical use in four countries such as Japan, South Korea, 

Australia and Canada. In Europe, the approval of Evenity that is the registered trade 

name of romosozumab, is still pending the final decision of the European Medicines 

Agency (Kerschan-Schindl, 2020). IFN can be used as an effective anabolic treatment 

for osteoporosis, as IFN is secreted in the bone microenvironment by MSCs to promote 

osteogenic differentiation (Duque et al., 2011). However, there are some risks and 

disadvantages of local interferon therapy for bone loss, such as gastrointestinal tract 

symptoms (Duque et al., 2011).  

 

In addition to these pharmacological options, surgical procedures are recommended to 

be used in the clinical management of osteoporosis (e.g., treatment of bone fracture). 

These surgical techniques include autologous bone grafts, allograft implantations and 

free fibula vascularised grafts (Spin-Neto et al., 2011). In surgical practice, the different 

types of autologous bone grafting including cancellous bone graft, cortical bone graft, 

autologous bone marrow aspirates and vascularized cortical bone graft, are used in the 

management of certain bone defects and non-unions. Although the biologic properties of 

bone grafting are essential for new bone formation, there are still concerns about the 
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donor-site morbidity, technical difficulties of implantation, increased surgical time and 

length of hospital stay. As a result of its excellent combination of biological and 

mechanical properties, autologous bone graft may be a superior treatment in the future, 

as a graft source in terms of osteogenic, osteoinductive and osteoconductive potential 

(Spin-Neto et al., 2011). Artificial bone materials such as HA, are a well-established 

method for treating osteo-degenerative diseases (Jimi et al., 2012). HA, a calcium 

phosphate material, promotes autogenous bone regeneration and supports guided bone 

regeneration and platelet-rich plasma (PRP) (Sanchez et al., 2003).  

 

1.2.3. Emerging therapies based on natural products 

Natural products are a therapeutic option under development. It has been suggested 

that natural compounds can avoid the side effects of anti-osteoclast BPs (Ihn et al., 

2017). Among various herbal medicines, diphlerothohydroxycarmalol (DPHC) is an 

important component for inhibiting osteoclast differentiation (Ihn et al., 2017). As shown 

in Figure 1.2, the activation of NFB pathways is stimulated by RANKL promoting 

osteoclast differentiation. DPHC-mediated suppression of osteoclast differentiation is 

suggested to play a major role in the inhibition of these signalling pathways, including 

the p38, ERK1/2, c-Jun N-terminal kinase (JNK), AKT and NFB pathways (Ihn et al., 

2017). Ihn et al. (2017) reported that DPHC extracted from marine brown algae inhibits 

osteoclast differentiation for bone resorption by suppressing the NFB signalling 

pathways. 

 

 

Figure 1.2. Diphlerothohydroxycarmalol (DPHC)-mediated suppression of 

osteoclast differentiation. DPHC extracted from Ishige okamurao (marine brown 
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algae) inhibits the activation of NFB pathways to promote osteoclast differentiation 

through p38, ERK1/2, c-Jun N-terminal kinase (JNK) and NFB pathways. The 

transcription factor NFATc1 is activated by p38, ERK1/2, JNK and NFB pathways to 

promote bone resorption. 

 

Importantly, pharmacological treatment options remain first line therapies for 

osteoporosis. However, there are some side effects of pharmacological agents, thus 

autologous bone grafts can also be preferred as a surgica technique that would need to 

be performed when a patient has an insufficient amount of healthy natural bone.  

Autologous bone grafting has long been considered a gold standard therapy among 

graft materials. Compared to other augmentation techniques, autologous bone grafting 

has several advantages including suitable bone quality, low costs, short healing time, a 

lack of disease transmission and the repair of larger defects (Misch, 2010). Even though 

autologous bone grafting is currently seen as a gold standard therapy, this technique still 

has drawbacks in terms of a high risk of morbidity (Pape et al., 2010) and intervention-

induced inflammation (Rosetti et al., 2009). Thus, safe and predictable therapies for 

osteoporosis are an unmet clinical need.    

 

1.3. Regenerative engineering: stem cell therapy as a new direction to treating 

bone degeneration 

 
In the light of the limitations of conventional therapies discussed above, the use of stem 

cells has been explored in the context of bone healing. Because of their wide availability, 

the minimally invasive isolation procedures required to obtain them and their high 

osteogenic differentiation capability, MSCs are considered the most feasible stem cell 

type to be used in osteoporosis treatment (Simão et al., 2010). Stem cell therapies also 

offer benefits including an effective cure, faster healing and returning to mobility. 

Importantly, MSCs have been shown to contribute to bone regeneration in vitro and in 

vivo (Singh et al., 2015, Tortelli et al., 2010). Tortelli et al. (2010) demonstrated the 

impact of tissue-engineered bone in porous ceramic scaffolds embedded into murine 

MSC and detected the formation of bone via the activation of endochondral ossification 

performed by the implanted cells into scaffolds in immunocompromised mice (Tortelli et 

al., 2010). They also observed the high level of vascularization in MSC implants (Tortelli 
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et al., 2010). Some researchers have reported that bone formation at sites of bone 

defects has been stimulated through the implantation of BM-MSCs (An et al., 2012, 

Vulcano et al., 2013). In 2015, the potential of MSCs to mediate the regeneration of oral 

bone was investigated in a randomised clinical trial (Padial-Molina et al., 2015) in which 

a total of 190 records were evaluated for quality and 51 articles were determined as 

relevant by means of full-text assessment. Among these, only 28 articles met the 

inclusion criteria: nine case series, ten case reports and nine randomized controlled 

clinical trials. Padial-Molina et al. (2015) reported the paper selection process including 

the application of MSCs in 290 patients in 342 interventions. A meta-analysis was not 

consistent because of the high viability in different variables (Padial-Molina et al., 2015). 

In addition to oral bone regeneration, safety and efficacy of MSC transplantation has 

been assessed in clinical trials. Although Phase 1 studies showed that MSC 

transplantation is safe and indicated that stem cell therapies could also potentially have 

added benefits including an effective cure, faster healing and returning to mobility, data 

from Phase 2 and 3 clinical trials for the use of MSCs in osteoporosis are not yet 

available. 

 

In addition to differentiation and functional integration, MSCs are widely believed to 

contribute to regeneration via paracrine factors. As bystander cells, MSCs  modulate 

endogenous regeneration which includes soluble factors such as cytokines and growth 

factors, and extracellular vesicles carrying miRNAs affecting the molecular signalling 

pathways involved in bone regeneration (Chaparro and Linero, 2016). Growth factors 

and cytokines secreted by MSCs have numerous effects on healing bone tissue defects 

in terms of immunomodulation, anti-apoptosis, angiogenesis, supporting the growth and 

differentiation of stem cells and chemo-attraction, as shown in Table 1.2. The 

immunomodulatory effects of MSCs involve suppression of the proliferation of CD8+ and 

CD4+ lymphocytes, natural killer (NK) cells, dendritic cells (DCs), regulatory T cells and 

immunoglobulin production by plasma cells (Meirelles Lda et al., 2009). In addition, 

MSCs possess immunomodulatory capabilities affecting the majority of immune cells 

(Kyurkchiev et al., 2014). In respect to bone healing, this intrinsic property of MSCs has 

been suggested to contribute to bone regeneration (Medhat et al., 2019). Despite this 

high clinical potential, MSC-based approaches to tackling osteoporosis are limited by 

the fact that osteoporosis has a negative impact on the number and osteogenic 
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differentiation potential of MSCs (Saito et al., 2018, Tan et al., 2015, Wang et al., 

2014c). So, increasing the viability, proliferation rate and osteogenic differentiation 

capacity of MSCs are still essential steps, which need to be optimized in order to deliver 

a successful and reliable stem cell-based therapy for osteoporosis.  

 

Table 1.2. Paracrine effects of the MSC secretome on bone regeneration 

Target                            Paracrine factors                                                      References  

Immunomodulation prostaglandin E2, human leukocyte antigen-G 

molecules, hepatocyte growth factor, inducible 

nitric oxide synthase, transforming growth factor - 

and interleukin-10 

(Di Nicola et al., 2002, Krampera 

et al., 2003, da Silva Meirelles et 

al., 2009, Meirelles Lda et al., 

2009) 

Anti-apoptosis vascular endothelial growth factor, hepatocyte 

growth factor, insulin-like growth factor-1, 

stanniocalcin-1, macrophage colony-stimulating 

factor and transforming growth factor - 

(Di Nicola et al., 2002, Krampera 

et al., 2003, da Silva Meirelles et 

al., 2009, Meirelles Lda et al., 

2009) 

Angiogenesis vascular endothelial growth factor, insulin-like 

growth factor-1, placental growth factor, monocyte 

chemoattractant protein-1, fibroblast growth factor 

and interleukin-6 

(Kinnaird et al., 2004, Hung et al., 

2007, Meirelles Lda et al., 2009) 

Support of growth and 

differentiation of stem 

cells 

macrophage colony-stimulating factor, leukemia 

inhibitory factor, macrophage colony-stimulating 

factor, stromal cell-derived factor -1 and 

angiopoietin-1 

(Haynesworth et al., 1996, 

Majumdar et al., 1998, Ohab et al., 

2006, Meirelles Lda et al., 2009) 

Chemoattraction chemokine (C-C motif) ligands 2,3,4,5,6,20,26 and 

chemokine (C-X-C motif) ligand 5,11,1,2,8,10,12 

(da Silva Meirelles et al., 2008, 

Meirelles Lda et al., 2009) 

Anti-fibrosis hepatocyte growth factor, fibroblast growth factor 

and adrenomedullin 

(Suga et al., 2009, Li et al., 2009) 

 

1.3.1. Biochemical factors affecting osteogenic differentiation of MSCs 

Several physical, chemical and biological factors have been reported to stimulate 

osteogenic differentiation. Among the biological factors, the effects of fibroblast growth 

factors (FGFs), BMPs, platelet-derived growth factors (PDGFs) and insulin-like growth 

factors (IGFs) have been widely reported (Kempen et al., 2010). BMP2 and BMP7 

induce osteogenic differentiation, followed by up-regulating alkaline phosphatase (ALP) 

and osteocalcin (Rutherford et al., 2002). FGFs are another stimulator of bone healing 

(Behr et al., 2010); FGF-2 treatment of MSCs stimulates osteogenic differentiation (Behr 

et al., 2010). There are five known signalling pathways for osteogenic differentiation: the 
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TGF-β, BMP, Wnt, Nell-1 and Ihh signalling pathways (Liu et al., 2018). The Ihh pathway 

induces anti-adipogenic differentiation by reinforcing BMP signalling with Smad lineage 

(Caplan, 2010).   

 

Studies have also shown the importance of lamin A/C regulators in the osteogenic 

differentiation of MSCs (Pajerowski et al., 2007). Lamins are intermediate filament 

proteins located in nuclear lamina and matrices (Li et al., 2011). A decrease in the level 

of lamin A expression is related to the decrease of bone mass seen in patients suffering 

from osteoporosis, osteolysis and bone fracture (Rodrigues et al., 2002). Serum leptin is 

another mediator regulating fat mass and bone mass and can inhibit adipogenic 

differentiation (Thomas et al., 1999). Serotonin also has a curative effect on bone 

fracture in humans (Modder et al., 2010). Nam et al. (2016) reported the positive impact 

of serotonin on osteoblast differentiation and subsequent bone regeneration using both 

rat calvarial cell cultures in vitro and a rat critical‐sized calvarial defect model in vivo 

(Nam et al., 2016). Increasing levels of reactive oxygen species (ROS) and oxidative 

stress in ageing are also correlated to age-related bone loss through transcription 

factors such as forkhead homeobox type O (FOXO), Wnt and peroxisome proliferator-

activated receptor gamma (PPAR) (Almeida et al., 2009). Kim et al. (2018) found that 

the function of FoxOs in cells of osteoblast lineage is to promote bone formation by 

inhibiting Wnt signalling (Kim et al., 2018). FoxOs also tend to decrease bone resorption 

by means of the effect of antioxidants on osteoclast. However, the FoxOs’ action in 

osteoclast lineage effects bone resorption (Kim et al., 2018). 

 

In addition to growth factors, MSC differentiation is promoted by physical and chemical 

factors (Chen et al., 2016). ECM components such as osteopontin (OPN) and fibronectin 

stimulate the adipo-osteogenic differentiation of MSCs by binding to integrin receptors 

(Chen et al., 2014). OPN-integrin interaction shifts MSCs to an osteogenic differentiation 

pathway (Chen et al., 2014).  
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1.3.2. Biophysical factors and osteogenic differentiation of MSCs  

Physical factors such as mechanical force, electrical and electromagnetic stimulation 

and nanotopology also promote osteogenic differentiation and subsequent fracture 

healing on bone regeneration (Huang et al., 2018).  

Favourable mechanical forces such as cyclic strain and fluid shear stress are significant 

for bone homeostasis of ASCs (Bodle et al., 2011). For instance, the magnitude of 

tensile strain was reportedly associated with the suppression of adipogenic 

differentiation to promote osteogenic differentiation (Hanson et al., 2009). Electrical 

stimulation (ES) has been proven to effect cell proliferation and migration, as well as 

bone regeneration both in vitro and in vivo (Itoh et al., 2006, Nakamura et al., 2010). Itoh 

et al. (2006) reported the effect of polarized HA ceramics with ES after implantation into 

the right or left femoral condyle of rabbits. Their findings demonstrated increased 

osteogenic differentiation after three weeks (Itoh et al., 2006). ES also modulated the 

expression of adenosine A2a receptor and integrin β molecules to improve anti-

inflammatory effects and osteogenic differentiation potential (Adey, 1993). Furthermore, 

pulsed electromagnetic fields (PEMFs) can have an effective role in lumbar vertebral 

osteoporosis by regulating Wnt3a/LRP5/β-catenin and OPG/RANKL/RANK signalling 

pathways in order to alleviate bone resorption (Lei et al., 2018). Ehnert et al. reported 

that low-frequency PEMFs (10-90.6 Hz) induced osteogenic differentiation in an 

ERK1/2-dependent manner (Ehnert et al., 2017, Ehnert et al., 2015). Ultrasound (US), a 

well-established physical stimulus, has been reported to improve bone repair when 

combined with growth factors (for example calcium-regulating hormones, BMP2 and 

BMP7) (Ito et al., 2000, Kim et al., 2012, Lee et al., 2013). Some studies have shown 

that low-intensity pulsed US stimulation accelerates rat femoral fracture healing by 

means of various cellular reactions such as inflammation, angiogenesis and early 

osteogenesis (Azuma et al., 2001). Shock wave treatment also stimulated osteogenic 

differentiation and was associated with the induction of TGF-β1 expression (Hofmann et 

al., 2008). Hofmann et al. (2008) also evaluated changes in the proliferation and 

differentiation of human osteoblasts after shock wave treatment (500 impulses of energy 

flux densities of 0.06 mJ/mm, 0.18 mJ/mm, 0.36 mJ/mm and 0.5 mJ/mm). According to 

their findings, shock wave treatment on human osteoblasts between 0.18 mJ/mm and 

0.5 mJ/mm showed an increase in ALP activity (Hofmann et al., 2008). 
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Another biophysical factor is the effect of nanotopography on the osteogenic 

differentiation of human stem cells. Recent studies have reported that nanopores of 30 

nm induced the osteogenic differentiation of human stem cells on the surface of collagen 

type I fibres but also other topological factors (Greiner et al., 2019b). It was found that 

scaffolds coated with SiO2 nanoparticles with 30 nm pores showed a high performance 

for bone reconstruction at damaged site (Greiner et al., 2019b). Hwang et al. (2017) 

investigated nanotopological pillars with a size gradient through the activation of a 

transcriptional coactivator with a PDZ binding motif (TAZ) (Hwang et al., 2017). A 

nanotopological plate 70 nm in diameter showed the highest regulation of osteogenic 

differentiation of MSCs by regulating TAZ to mediate actin reorganization (Hwang et al., 

2017). A polycaprolactone growth surface engineered with 120 nm diameter dots 

(NSQ50) was evaluated using human MSCs. By controlling the stiffness and nanoscale 

topography, the surface increased the osteogenic differentiation potential of human 

MSCs and pushed them towards chondrogenic, osteogenic and adipogenic lineages 

(Wang et al., 2014a). Moreover, Song et al. (2013) reported the effect of MSCs cultured 

on nanoporous alumina to investigate the interaction gap between the nanoscale 

topography of the scaffolds (20 nm and 100 nm) and the cellular response in regard to 

cellular proliferation and osteogenic differentiation (Song et al., 2013). Cell viability 

measured by an MTT assay showed a decrease on scaffolds with 100 nm pore size and 

enhanced the osteogenic potential for bone mineralisation (Song et al., 2013). Gauthier 

et al. (1998) evaluated microporous biphasic calcium phosphate (MBCP) ceramics and 

the macroporosity percentage on bone ingrowth. A total of 60 spherical MBCP ceramics 

were transplanted into a femoral site of 30 rabbits. Analysis of the implanted surface with 

MBCP ceramics with 565 μm pore size was performed by backscattered electron 

imaging and the ceramics showed an increased bone formation in deep and peripheral 

pores compared with ones with 300 μm (Gauthier et al., 1998). Taken together, these 

results show that cellular behaviour showed variations on MSCs grown on the 

engineered scaffold with different topological factors.  
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1.3.3. The importance of physical signals to promote osteogenic differentiation in 

bone health 

Previous studies have reported that physical exercise or sports can effectively increase 

the level of bone mass and prevent bone resorption without pharmacological 

intervention by the use of steroids (Wohl et al., 2000). In such cases, WHO recommends 

weight-bearing exercise as a physical therapy to treat osteoporosis and osteoporotic-

fractures with no side effects (Kohrt et al., 2004). Physical signals promote osteogenic 

differentiation via different mechanisms including mechanical loading, cell signalling 

pathways and noncoding RNAs as well as hormones and cytokines. Some studies have 

showed that mechanical loading (e.g., compression, strain and fluid shear) promotes 

osteoblast differentiation and mineralization, which results in the increased level of bone 

density (Klein-Nulend et al., 2012). In contrast, a report by Lang et al. also showed that 

due to lack of mechanical stimuli, astronauts in space have a 2% lower bone mass than 

age-matched controls (Lang et al., 2004). Several studies have reported that physical 

exercise plays a role in improving bone remodelling through the multiple signalling 

pathways including Wnt/-catenin, BMP and OPG/RANKL/RANK signal pathways and 

promote osteoblast differentiation and suppress osteoclast activity (Yuan et al., 2016, 

Yuan et al., 2017). Recent studies have reported that noncoding RNAs induced by 

exercise promote bone formation. Noncoding RNAs (e.g., siRNA, microRNAs, IncRNA 

and circRNA) could be an efficient agent to promote osteoblast differentiation as well as 

cell proliferation in the bone metabolism (Yuan et al., 2017). Further, in vitro findings by 

Yehya and Shyu et al demonstrated that mechanical stress regulates the expression of 

microRNAs (e.g., miR208a, miR-32, miR-466c, miR-466b, miR-375, miR-378, miR-347, 

miR-15b and miR-154) which could be potential therapeutic candidates for the treatment 

of bone disorders (Yehya et al., 2012, Shyu et al., 2013). Another key mechanism in 

bone remodelling aree hormones and cytokines including estrogen, parathyroid 

hormone and glucocorticoids, all of which are induced by exercise (Krum, 2011, 

Gardinier et al., 2015). Bentz et al. indicated that physical exercise increases the 

secretion of estrogen (estradiol) in premenopausal women and is accompanied by the 

increase of bone mass (Bentz et al., 2005). 
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1.4. Impact of 3D cell culture on the osteogenic differentiation of MSCs 

 

Recent advances in biomedical research have improved cell-based treatments to 

provide a simple, cost-effective and fast approach. Most cell-based assays currently use 

the traditional two-dimensional (2D) cell culture, but this monolayer cell culture approach 

has some drawbacks, including phenotypic changes and a low level of compatibility in 

living organisms (McKee and Chaudhry, 2017), and 3D techniques have been 

developed to address some of the monolayer cell culture problems. As shown in Table 

1.3, the advantages of 3D construction take precedence over the 2D culture system in 

spite of the drawbacks of 3D cell culture, such as the limitation of diffusional transport 

and alterations in gene expression (Edmondson et al., 2014). 

 

Table 1.3. The benefits and drawbacks of 2D and 3D cell culture systems (Katt et 

al., 2016, Edmondson et al., 2014). 

 

 2D CELL CULTURES 3D CELL CULTURES 

BENEFITS + less expensive and easier to maintain 

+ well-established 

+ easier environmental control 

+ plenty of literature available 

+ easier observation and measurement for analysis 

+ more reflective of in vivo response 

+ more similar to in vivo behaviour 

+ reduce the involvement of animals  

+ more physiologically relevant 

+more accurately copy the actual microenvironment 

DRAWBACKS - misleading and non-predictive data for in vivo 

responses 

- low level of compatibility in living organisms 

- lack of clinical efficacy and unacceptable toxicity 

- challenges in microscopy and measurement due to 

larger size 

- not suitable for drug development and research 

- limited diffusional transport 

- alteration in gene expression 

 

1.4.1. Physical properties needed in a bone graft/scaffold for bone regeneration 

In order to improve the differentiation of stem cells, 3D scaffolds for stem cell-based 

bone regeneration need to mimic the structure of bone ECM, thereby stimulating cell 

proliferation and differentiation. Moreover, they need to be biodegradable, 

biocompatible, bioactive, non-cytotoxic, printable and osteo-conductive-inductive in vivo 

(Qu et al., 2019). An ideal biomaterial for this purpose should also be designed taking 

stiffness and surface topography into consideration. Mechano-physical cues are efficient 

factors for the fate of stem cells, which is including surface stiffness, presence of micro-
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and nanoscale pores, pillars and pit-like structures at microscale and nanoscale 

(Moghaddam et al., 2019). It is important to note that substrate stiffness can influence 

the osteogenic potential of MSCs in 2D and 3D (Engler et al., 2006). It has been 

reported that 2D micropores of 60 and 550 m provide a positive effect on osteogenic 

differentiation (Gauthier et al., 1998). Interestingly, nanopores with a diameter of 30 nm 

within elastic with collagen (Greiner et al., 2019b) and rigid with titanium (Schürmann et 

al., 2014) have been suggested as a strong cue to improve osteogenic potential. 

Notably, nano- and micro- and macropore profiles of scaffolds could contribute to the 

increased osteogenic potential of MSCs in 3D. Moreover, physical properties of 

substrates with an elasticity of 20kPa showed an increase in the expression of anti-

inflammatory potential of stem cells, compared to scaffolds with an elasticity of 2 kPa 

(Seib et al., 2009). 

 

Designing these scaffolds helps us to understand how to deliver the seeded cells in the 

body (Langer and Tirrell, 2004) and their anti-inflammatory and cytotoxicity abilities in 

vivo (Langer and Tirrell, 2004).  

 

1.4.2. 3D scaffolds supporting 3D differentiation of MSCs 

Four different generations of biomaterials for 3D scaffolds have been developed, as 

shown in Figure 1.3 (Yu et al., 2015). The first generation of biomaterials was developed 

in the 1960s (Ratner et al., 2013) and comprised metals (titanium), synthetic polymers 

(PMMA and PEEK) and ceramics (alumina and zirconia). Second generation 

biomaterials had biodegradability in vivo and included synthetic and natural polymers 

(for example, collagen, calcium phosphate, calcium carbonate, calcium sulphate and 

bioactive glasses). The third generation of biomaterials were created to promote 

beneficial biological responses (Jandt, 2007, Murugan and Ramakrishna, 2005). Finally, 

the fourth-generation biomaterials are also referred as biomimetic biomaterials and 

include tissue-engineered scaffolds (Jandt, 2007, Murugan and Ramakrishna, 2005).  
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Figure 1.3. The evolution of biomaterials in bone regeneration. 

In 2001, the first successful implantation of a cell-seeded porous biomaterial was 

reported in the context of bone regeneration (Quarto et al. 2001). The implantation 

repaired a large bone defect (4-8 cm) using a custom-made porous hydroxyapatite 

scaffold seeded with autologous bone marrow-derived MSCs (BM-MSCs) (Quarto et al. 

2001). Allogenic cells combined with specific biomaterials are accepted as more 

favourable materials among the commercial products (Mason and Dunnill, 2009). In 

2004, in vivo osteogenic differentiation of adult stem cell-seeded apatite-coated PLGA 

scaffolds in critical-size defects was reported in mice (Cowan et al. 2004). The results of 

implanting apatite-coated PLGA scaffolds demonstrated new bone formation at the 

damaged site of 25%, 80%, 70% and 85% after two, four, eight and twelve weeks of 

bone reconstruction respectively. 

 

The first clinical use of hASC-fibrin glue was reported by Lendeckel et al. (2004), who 

described how extensive craniofacial injury in a seven-year-old girl was treated using 

hASC-fibrin glue (Lendeckel et al., 2004). After two years, the initial injuries at the 

calvarial defects were repaired by using autologous stem cells in fibrin glue. Some 

researchers have evaluated magnesium scaffolds coated with ß-tricalcium phosphate for 

bone tissue engineering (Chen et al., 2014) and found that these scaffolds are capable 

of stimulating the osteogenic differentiation of MSCs, being supported with an anti-

inflammatory M2 macrophage phenotype (Zhang et al., 2017).  
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1.4.3. The advantages and disadvantages of stem cells to support in vitro and in 

vivo osteogenic differentiation potential 

Stem cells are categorised into pluripotent stem cells and adult stem cells. Pluripotent 

stem cells include embryonic stem cells (ESCs) and induced pluripotent stem cells 

(iPSCs). Although the advantages of iPSCs is their ability to differentiate into all cell 

types in bone, there are still drawbacks including ethical and safety concerns and a risk 

of teratoma formation when transplanted in vivo. As an adult stem cell type, MSCs are 

particularly promising due to their higher osteogenic potential for bone repair and 

regeneration. Moreover, adipose-derived stromal vascular fraction (SVF) has been also 

determined as an efficient source for regenerating vascularized bone tissue (Yousefi et 

al., 2016). The advantages and disadvantages of various stem cell sources are listed in 

Table 1.4 (Mizuno, 2009, Coutu et al., 2012). Jiang et al., have reported that designing 

scaffolds with nanoscale topographical features and micro and macro scale gradient 

structures have been incorporated into living cells and/or growth factors (Jiang et al., 

2015). Some of the recent studies making use of MSC-seeded 3D scaffolds have been 

suggested to improve cell proliferation and osteogenic differentiation potential as well as 

cell adhesion (Grayson et al., 2011). 

 

Table 1.4. The advantages and disadvantages of stem cell sources for bone tissue 

engineering (Mizuno, 2009, Coutu et al., 2012). 

Stem cell sources Advantages Disadvantages 

Embryonic stem cells 

(ESCs) 

- Pluripotency for differentiating into all 

cell types in bone 

- Ethical and regulatory issues 

- Risk of teratoma formation when 

transplanted in vivo 

Induced pluripotent stem 

cells (iPSCs) 

- Pluripotency for differentiating into all 

cell types in bone 

- Reprogramming efficiency is low 

- Safety concerns due to limited 

clinical applications 

Bone marrow-derived 

mesenchymal stem cells 

(BM-MSCs) 

- Higher osteogenic potential  

- Studied extensively 

- Limited expansion ability in vitro 

Adipose-derived 

mesenchymal stem cells 

(ASCs) 

- Osteogenic characteristics similar to 

that of BM-MSCs 

- Easy to surgically obtain large 

numbers of multipotent stem cell 

- No widely used protocol in vitro 

- More studies are required to test 

in bone regeneration 

Umbilical cord blood MSC - High availability, proliferation and - More difficult to be isolate 
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(hUCMSC) differentiation potential 

- Higher in vivo safety than ESCs due 

to genomic stability 

- More studies are required to test 

bone regeneration potential 

Adipose-derived stromal 

vascular fraction (SVF) 

- Easily harvesting by liposuction 

-Availability for the formation of 

vascularized bone 

- Cell population varies among 

donors 

- Multistep isolation process 

including 2-3-hour 

 

Bone tissue engineering also includes the use of MSC-seeded 3D scaffolds to generate 

new bone by osteoinductive cues (Grayson et al., 2011). An important requirement for 

tissue-engineered bone graft is the integration capacity with the host tissue. The design 

of 3D scaffolds including scaffold composition and surface properties play a fundamental 

role in MSC proliferation and differentiation (Taboas et al., 2003). Extensive research 

has been devoted to different stem cell sources in combination with appropriate 3D 

scaffolds. Day et al. (2018) assessed the osteogenic potential of hUCMSC seeded on 

coralline hydroxyapatite/calcium carbonate (CHACC) microparticles. They evaluated 

osteogenic differentiation potential in human MSCs isolated from bone marrow and 

umbilical cord matrix when seeded onto 200-300 μm CHACC granules. Their findings 

showed that MSCs derived from bone marrow exhibited more potential for osteogenic 

differentiation compared with cells from the umbilical cord matrix (Day et al., 2018). The 

developments in bone regeneration have been assessed using different stem cell types 

seeded into calcium phosphate cements (CPCs) (Wang et al., 2014b). These stem cell 

types include hUCMSC, BM-MSC, human ESCs and iPSC. Wang et al. (2014b) 

concluded that hUCMSCs, ESC-MSCs and iPSC-MSCs seeded onto CPC blood 

vessels were similar to those of BM-MSCs, whereas ESC-MSCs and iPSC-MSCs 

cultured onto CPC had greater two- to three-fold osteogenic differentiation potential than 

those of the CPC control (Wang et al., 2014b). 

 

A recent study reported the impact of co-delivering autologous PRP and autologous BM-

MSCs embedded into macroporous CPC for bone healing in minipigs (Gengtao et al., 

2017). The report showed that a CPC scaffold with autologous BM-MSC-PRP provided 

a two-fold increase in osteogenic potential for bone regeneration in minipigs compared 

with a CPC control (Gengtao et al., 2017). Mohammed et al. (2019) compared the 

regenerative potential of amniotic fluid-derived mesenchymal stem cells (AF-MSCs) and 



 Chapter 1: Introduction
    

 47 

BM-MSCs in vivo and found that AF-MSCs seeded into gel-foam scaffolds showed a 

higher level of bone recovery than BM-MSCs in vivo (Mohammed et al., 2019). In 

addition, ASCs loaded onto bioactive glass or -TCP scaffolds supplemented with BMP-

2 promoted bone healing in ten out of thirteen cases of cranio-maxillofacial hard-tissue 

damage (Sandor et al., 2014). In another study using bioglass-based scaffolds, the 

osteogenic differentiation of ASCs seeded onto bioglass-based scaffolds exhibited 

higher potential compared with a control (Rath et al., 2016). Furthermore, BM-MSCs 

embedded onto nanocomposite bioactive glass/gelatin scaffolds led to higher levels of 

osteogenic differentiation compared with ASCs seeded onto bioglass-based scaffolds 

both in vitro and in vivo (Kargozar et al., 2018).  

 

1.4.4. The advance of 3D cell culture on osteogenic differentiation of human MSCs                          

When preparing 3D scaffolds for cells, it is worth noting that cells should be embedded 

within a biocompatible microenvironment, i.e., 3D scaffolds should resemble their native 

extracellular matrix (ECM). A variety of scaffolds and their potential fabrications are 

activated to promote osteogenic differentiation of human MSCs, as listed in Table 1.5. 

Microfibre polymer scaffolds modified by either jet-spraying or electrospinning have been 

evaluated for cell viability and osteogenic differentiation of human BM-MSCs in vitro 

(Brennan et al., 2015). That study reported that MSCs distributed on jet-sprayed 

scaffolds displayed a more intense actin filament staining and osteogenic potential 

compared with cells on scaffolds modified by electrospinning (Brennan et al., 2015).  

A fibre-based scaffold designed with 3D weaving from poly (lactic acid) PLA represented 

a good platform for the osteogenic differentiation of BM-MSCs in vitro (Persson et al., 

2018). Another study has reported that the culture of BM-MSCs in 3D dynamic spinner 

flasks enhanced the osteogenic differentiation and cell proliferation on porous Poly (D, L-

lactic-co-glycolic acid) (PLGA) scaffolds compared with cells cultured under static 

conditions (Stiehler et al., 2009). A recently developed bioactive glass enriched with 

strontium and magnesium was produced in the form of granules and results showed that 

the bioactive granules induced the osteogenic differentiation of BM-MSC (Bellucci et al., 

2019). 
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Recently, Haussling et al. (2019) developed poly (2-hydroxyethyl methacrylate) cryogels 

containing composite HA to mimic the inorganic bone matrix and examined the 

osteogenic differentiation potential. These cryogels were supplemented with a variety of 

proteins, including PRP, immune cells-conditioned media, collagen and RGDSP (Arg-

Gly-Asp-Ser-Pro) peptides. ASCs cultured in collagen and PRP cryogels showed a 

higher potential for osteogenic differentiation for cultivation at 14 days, compared with 

those with RGDSP peptides (Haussling et al., 2019). Furthermore, Heo et al. (2019) 

investigated encapsulated spheroids of human MSCs in collagen/fibrin hydrogel and 

found that the incorporation of human umbilical vein endothelial cells (HUVECs) into 

MSC spheroids exhibited increased osteogenic potential and bone mineral deposition 

compared with a control (Heo et al., 2019). 

 

Hydrogel scaffolds are designed to provide a fine 3D network in terms of their 

mechanical, biological and physio-chemical features (El-Sherbiny and Yacoub, 2013). 

Pore size and porosity are additional criteria considered in the design of scaffolds since 

an inadequate pore size might hinder neo-vascularisation, inhibit osteogenic 

differentiation and potentially drive MSCs in an undesired direction (El-Sherbiny and 

Yacoub, 2013). Hydrogel-based scaffolds have a natural adhesive capacity as well as 

biocompatibility and are likely to promote high cell viability and cell differentiation 

(Langhans, 2018). On the other hand, cellulose and chitosan are the most common 

sources of natural polymers for osteogenic differentiation (del Valle et al., 2017). 

Generally, cellulose-based scaffolds in a 3D network present strong support for in situ 

implantation for bone repair due to their mechanical properties and high porosity, which 

allow them to be used in tissue engineering approaches (Abeer et al., 2014). Aggarwal 

and Pittenger (2005) reported that MSCs seeded in hydrogel scaffolds showed 

increased cell viability compared with MSCs encapsulated in non-degradable PEG 

hydrogels or conjugated with the adhesive ligand RGDSP peptides.  

 

The optimisation of 3D scaffolds has shown variations in MSC differentiation (McKee 

and Chaudhry, 2017). For instance, 3D scaffolds containing chitosan and mechanically 

strong polysaccharides are likely to induce MSC osteogenic differentiation, whilst those 

containing HA more readily promote differentiation to a chondrogenic lineage (Kim et al., 

2013a). In addition, stiffer substrates promote osteogenic differentiation by binding 
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integrin (Huebsch et al., 2010). Young's modulus of cortical bone is 6-23 GPa and its 

tensile strength is 80-150 MPa (Rho et al., 1998, Reilly and Burstein, 1975). Natural 

biomaterials demonstrate lower values of strength and toughness than natural bone, but 

composite biomaterials have excellent toughness compared with single-natural polymers 

(Wegst et al., 2015). In order for nanocomposites or biodegradable polymers to be 

effective, their mechanical properties should be arranged to match those of natural 

bone. Figure 1.4 shows the mechanical properties of a range of biomaterials (Wegst et 

al., 2015).  
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Table 1.5. The categorization of 3D scaffoldings with their proliferation and osteogenic differentiation potential  

 

3D scaffold type Cell type Species  Impact of 3D on the 
viability/proliferation of MSCs 

Impact of 3D on the osteogenic 
potential of MSCs 

Reference 

Micro-fibre polycaprolactone (PCL) 
scaffold 

Bone-marrow MSCs Human positive positive (Brennan et al., 2015) 

Poly (D, L, -lactic-co-glycolic acid) (PLGA) Bone-marrow MSCs Human positive positive (Stiehler et al., 2009) 

Poly (lactic acid) & hydroxyapatite (PLA/HA) Bone-marrow MSCs Human  positive positive (Persson et al., 2018) 

Poly (D, L, -lactic-co-glycolic acid) (PLGA) Stem cells of apical papilla and 
periodontal ligament stem cells  

Human positive positive (Jafar et al., 2019) 

Apatite-wollastonite glass ceramic (A-W) 3D 
scaffolds 

heterogeneous plastic adherence 
MSCs and CD271-enriched MSC 

Human positive positive (Muller et al., 2019) 

Gelatin-methacryloyl (GelMA) hydrogels  Adipose-derived MSCs (ASCs) Human positive positive (Kirsch et al., 2019) 

Poly-e-caprolactonetri-calcium-phosphate 
(PCL-TCP) scaffolds 

Fetal MSCs Human positive positive (Goh et al., 2013) 

Photocrosslinked  
methacrylated gelatin 

MSCs Human positive positive (Romero-López et al., 
2020) 

PLGA–PEG–PLGA triblock copolymers 
(Thermosensitive hydrogel) 

Stem cells from apical papilla 
(SCAPs) 

Human positive positive (Deng et al., 2020) 

Nanohydroxyapatite/chitosan (HA/C) scaffolds Amniotic MSCs (AF-MSCs) Human positive positive (Mohammed et al., 2019) 

Strontium-Enriched Bioactive Glass 
(BGMS10) 

Bone-marrow MSCs Human - positive (Bellucci et al., 2019) 

Poly (2-hydroxyethyl methacrylate) cryogels Adipose-derived MSCs (ASCs) Human constant positive (Haussling et al., 2019) 

HA/β-TCP scaffolds Bone-marrow MSCs Human constant positive (Zheng et al., 2019) 

Biodegradable light polycaprolactone 
microcarriers (LPCL) (MCs)* 

MSCs Human - positive (Lam et al., 2019) 

Collagen/fibrin hydrogels MSCs, Human Umbilical Vein 
Endothelial Cells (HUVEC) 

Human positive positive (Heo et al., 2019) 

Injectable double-network (DN) hydrogel 
based on glycol chitosan (GC) and calcium 
alginate (Alg) 

Bone-marrow MSCs,  
Vascular Endothelial cells 

Human positive positive (Yang et al., 2018) 

Poly(urea-urethane) (PUU) nanohybrid 
scaffolds 

Bone-marrow MSCs Human positive positive (Wu et al., 2018) 

3D printed polycaprolactone/β-tricalcium 
phosphate scaffold ((PCL/TCP) 

Adipose-derived MSCs (ASCs) 
Bone-marrow MSCs 

Human - positive (Park et al., 2018) 

Devitalized ECM from human osteoblast 
differentiated MSCs 

Bone-marrow MSCs Human positive positive (Baroncelli et al., 2018) 

3D printed porous poly-ε-
caprolactone/hydroxyapatite (PCL/HA) 
scaffolds 

MSCs Human positive positive (Zheng et al., 2017) 

Methacrylated hyaluronic acid (MeHA) 
hydrogel 

Bone-marrow MSCs Human negative positive (Poldervaart et al., 2017) 

PCL scaffolds enriched with 5% tricalcium 
phosphate (TCP) 

Adipose-derived MSCs (ASCs) Human positive positive (Ruminski et al., 2018) 
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Continuation of Table 1.5. The categorization of 3D scaffoldings with their proliferation and osteogenic 

differentiation potential  

Performing 3D scaffolds Cell type Species Impact of 3D on the 
viability/proliferation of MSCs 

Impact of 3D on the osteogenic 
potential of MSCs 

Reference 

Calcium phosphate ceramic (CaP) Adipose-derived MSCs (ASCs) Human positive positive (Urquia Edreira et al., 
2016b) 

3D scaffolds including spherical spatial 
boundary conditions 

MSCs Human positive positive (Lo et al., 2016) 

Poly (Ethylene Glycol)– Poly 
(Dimethylsiloxane) Hybrid Hydrogels  

MSCs  Mouse  - positive (Munoz-Pinto et al., 2012) 

Matrigel  Adipose-derived MSCs (ASCs) Canine  positive  positive  (Kang et al., 2012a) 

Synthetic polymer poly (propylene fumarate) 
(PPF) 

Bone-marrow MSCs Human constant positive (Ferlin et al., 2016) 

Polyethylene glycol (PEG)-alginate 3T3 fibroblasts, D1 cells,  
clonally derived bone-marrow MSCs 

Human, 
Mouse 

positive  positive (Chaudhuri et al., 2016) 

Cytodex 3 gelatin-coated dextran 
microcarriers 

Fetal MSCs Human positive  positive (Shekaran et al., 2015) 

3D porous poly (epsiloncaprolactone) 
scaffolds 

Bone-marrow MSCs Human - positive (Mehr et al., 2015) 

Coralline hydroxyapatite/calcium carbonate 
(CHACC) 

Bone-marrow MSCs Human  positive positive (Day et al., 2018) 

Poly (ethylene glycol)-Poly (L -alanine- co - 
L -phenyl alanine) (PEG-PAF) Thermogel 

Tonsil-tissue-derived mesenchymal 
stem cells (TMSCs) 

Human - No effect (Park et al., 2014) 

3D porous chitosan scaffolds MSCs Human positive  positive (Teixeira et al., 2014) 

Collagen hydrogels Bone-marrow MSCs Mouse - positive (Klumpers et al., 2013) 

Collagen hydrogels MSCs Rat positive  positive (Han et al., 2012b) 

Poly (e-caprolactone) (PCL) nanofibre 
scaffold 

Bone-marrow MSCs Pig positive  positive (Rampichová et al., 2013) 

Collagen hydrogels Bone-marrow MSCs Rat positive positive (Oh et al., 2011) 

3D porous scaffolds (degradable 
polyurethane foam (EF PU foam)) 

Chorion mesenchymal cells (CMCs) Human - positive (Bertoldi et al., 2010) 

Biodegradable electrospun 
poly(εcaprolactone) (PCL) scaffolds* 

MSCs Rat - positive (Mountziaris et al., 2010) 

3D thixotropic gel (PEG-silica gel) Bone-marrow MSCs Human negative positive (Pek et al., 2010) 

Novel Melt-Based Chitosan/Polyester 3D 
Porous Scaffolds 

Mesenchymal stem cell line (BMC9) Mouse positive positive (Costa-Pinto et al., 2008) 

3D fibrin matrices Bone marrow MSCs Human positive positive (Martino et al., 2009) 

Electrospun Poly (D, L-lactide-co-glycolide) 
(PLGA) nanofibre scaffold 

Bone marrow MSCs Human positive positive (Xin et al., 2007) 
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In order to combine the advantages of both types of scaffold, blends of hydrogels and 

stiff biomaterials have been explored in combination with different cell types. In this 

context, a blend of PEDOT:PSS and collagen type I has recently been reported to 

support the osteogenic differentiation of human neural crest-derived stem cells 

(Iandolo et al., 2020). In future studies, a similar approach should be explored in 

combination with MSCs. Several studies have reported that MSCs can be affected by 

substrate properties such as stiffness, surface roughness, chemistry and energy to 

commence the differentiation for specific lineages (Seib et al., 2009, Xue et al., 2013, 

Her et al., 2013) and the stiffness of the substrate can contribute to stem cell 

differentiation (Zhang et al., 2018b, Viswanathan et al., 2015). Many reports have 

shown that metal and polymer substrates are correlated to the higher or the lower 

moduli for bone regeneration compared with the natural moduli of bone ((Wegst et 

al., 2015, Hench and Polak, 2002, Rezwan et al., 2006).  

 

Figure 1.4. Young's modulus and specific strengths of natural and synthetic 

materials: (a) the mechanical properties of biodegradable polymers, bioactive 

ceramics and composite scaffolds with high porosity and pore structure; (b) an Ashby 

chart of stiffness and strength for natural and synthetic polymers; (c) the calculation 

for natural and synthetic polymers (Wegst et al., 2015, Hench and Polak, 2002, 

Rezwan et al., 2006). 

 

Few studies, however, have found that osteogenic differentiation is sensitive to or 

dependent on stiffness and chemistry (Olivares-Navarrete et al., 2017).  Surface 

properties affect the expression of particular integrins (such as 51 and 21) on 

titanium and this in turn affects differentiation and proliferation (Keselowsky et al., 

2007, Olivares-Navarrete et al., 2008). Olivares-Navarrete et al. (2017) developed a 

series of polymer substrates with a variety of stiffnesses and found that a high 

stiffness (850 MPa) promoted osteogenic differentiation for osteoblast-like MG63 

cells (Olivares-Navarrete et al., 2017). Their results showed that the organisation of 
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cytoskeletal filaments was affected by substrate stiffness and that MSCs embedded 

in a MA-MMA copolymer surface were more viable on the less elastic modulus with 

40MA stiff surface (Olivares-Navarrete et al., 2017).  

 

Improving the performance of biomaterials will be the next step in the interaction 

between substrate stiffness and bone tissue engineering.  

 

1.5. The focus of the current research 

 

The evidence from the literature indicates the need for further assessment of 3D cell 

culture platforms supporting the mechanisms of MSCs differentiation in vitro. This 

current study explored different approaches to MSC-based, bioactive molecules and 

various scaffolds in bone regeneration. It is clear that the impact of 3D cell culture on 

osteogenic differentiation ensures innovation in the regenerative, anti-inflammatory 

and immunomodulatory potential of human MSCs and their secretome. This 

modulatory potential has an integral role in the treatment of bone defects. Effective 

bone healing depends on determining the best approach for triggering osteogenic 

differentiation. There are a variety of 3D scaffolds that show great promise for 

treating bone defects in disease conditions ranging from osteoporosis to skeletal 

disorders. Furthermore, composite biomaterials in particular have received a great 

deal of attention for the generation of biomedical materials as their strength and 

toughness are similar to those of natural bone. All these biomaterials, in part or 

together, are likely contribute to the osteogenic differentiation of stem cells directly or 

provide a more appropriate environment for bone healing indirectly. A better 

understanding of stem cell therapies combined with biomaterials will offer the best 

therapeutic applications to reinforce bone repair. Further studies of the combination 

of stem cell therapies and appropriate 3D scaffold materials will be of considerable 

benefit for patients suffering from osteoporosis and osteoporosis-associated bone 

fracture. 

 

A better understanding of the mechanisms of cell signalling in in vitro 3D cell culture 

systems could be a guide for performing in the in vivo environment (Tibbitt and 

Anseth, 2009, Merryweather and Roach, 2017). Previous studies using 3D 

biomaterials have shown that a variety of scaffolds can be fabricated to promote the 

osteogenic differentiation of human MSCs. Micro-fibre polymer scaffolds modified by 
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either jet-spraying or electrospinning have been evaluated for cell viability and the 

osteogenic differentiation of human BM-MSCs in vitro (Brennan et al., 2015). That 

study reported that MSCs distributed on jet-sprayed scaffolds displayed a more 

intense actin filament staining and osteogenic potential compared with cells on 

scaffolds modified by electrospinning (Brennan et al., 2015). ES has promoted cell 

proliferation and differentiation both in vitro and in vivo to treat damaged bone (Itoh et 

al., 2006, Nakamura et al., 2010). Some researchers have reported that ES showed 

positive effects on the left and right femoral condyle of rabbits when implanted with 

polarized hydroxyapatite ceramics (Itoh et al., 2006). Their findings demonstrated an 

increased osteogenic differentiation after three weeks.  

 

The primary goal of this PhD study was to generate a novel 3D platform using aNFC 

hydrogels to investigate the impact of 3D cell culture methods on bone regeneration 

mediated by ASCs and, in particular, optimization using electric fields. The 

development of the 3D platform was intended to overcome the limitations of 2D 

systems by introducing a stem cell-derived source into the novel 3D platform. In the 

current project, ASCs were incorporated into 3D hydrogels to promote osteogenic 

differentiation through biophysical factors such as mechanical force, electrical and 

electromagnetic stimulation and nanotopology. The ability to introduce stem cells into 

the scaffold was a significant characteristic of the 3D platform since the cells 

embedded into 3D biomaterials constituted a more versatile 3D platform, which could 

be adjusted for further experiments. 

 

1.5.1. Objectives of the experimental chapters 

- Chapter 3: ‘Assessment of the optical properties of anionic nanofibrillar cellulose for 

3D imaging, biocompatibility and viability with human adipose-derived mesenchymal 

stem cells’ outlines different 3D biomaterials with a particular focus on the 

biocompatibility of the scaffolds for ASCs. The work addresses two different aspects: 

the best performing hydrogel and the best solid substrate for ASC culture. 

 

- Chapter 4: ‘Evaluation of the osteogenic differentiation of human adipose-derived 

mesenchymal stem cells within 3D anionic nanofibrillar cellulose’ presents an 

analysis of osteogenic differentiation of ASCs in 3D. Among the analysed 3D models, 

aNFC hydrogel was evaluated to understand its effects on the osteogenic 

differentiation of ASCs.  



  Chapter 1: Introduction
    

 55

- Chapter 5: ‘Performing electrical stimulation of adipose-derived mesenchymal stem 

cells in anionic nanofibrillar cellulose to promote their osteogenic potential’ describes 

the development of an in vitro protocol, which optimized ES treatment to promote cell 

mineralization in 3D aNFC. The impact of ES treatment in 3D was evaluated in 

regard to the osteogenic potential of ASCs.  

 

- Chapter 6: ‘The impact of 3D cell culture combined with electrical stimulation on the 

anti-inflammatory and immunomodulatory potential of human adipose-derived 

mesenchymal stem cells and their secretome’ explores the effects of different 3D cell 

culture systems on the immunomodulatory and anti-inflammatory potential of ASCs.  
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2.1. Materials 

 

All reagents, histochemical stains and general laboratory chemicals were obtained 

from Sigma-Aldrich (Dorset, UK) unless otherwise stated. All tissue culture media 

and reagents were obtained from Invitrogen (GIBCO; Paisley, UK) and Thermo-

Fisher, unless otherwise stated. Antibodies used in the specification of cell 

differentiation are listed in Supplement 2.1, in Appendix I and those used for other 

applications are remarked within relevant sections. Primers used for gene expression 

analysis (Supplement 2.2, Appendix I) were commercially synthesised by Invitrogen 

(Paisley, UK) or Sigma-Aldrich. The source of all other materials is indicated in the 

relevant sections.  

Cell culture plastics such as a non-adherent 96 well plates (Sarstedt-83.3992), tissue 

culture treated plates (Sarstedt-83.3924), 6-well tissue culture treated non-pyrogenic 

polystyrene plates (Corning Incorporated Costar REF 3516) and TC cell culture 

inserts (24 well format, 3.0M, Sarstedt, 83.3932.300) were purchased from 

Sarstedt and Corning Incorporated.                                                                           

 

2.2. Hydrogels and Cellulase solutions 

 

2.2.1. Anionic Nanofibrillar Cellulose (aNFC) 

aNFC hydrogel (GrowDexT, GDxT) and NFC hydrogel (GrowDex, GDx) were 

kindly provided by UPM Biochemicals, Helsinki, Finland.  

 

2.2.2. 100 mM CaCl2/10 mM HEPES buffer 

CaCl2 (final concentration 100 mM, Sigma-Aldrich, C1016) and 1 M HEPES buffer 

(final concentration 10 mM, Sigma-Aldrich, H3375) were added to DPBS without 

calcium and magnesium (Thermo-Fisher, Cat. No. 12037539) to prepare the cross-

linking solution. The resulting solution was then filtered with a 0.2 m filter Luer lock 

(Sarstedt, 83.1826.001). 

 

2.2.3. 0.9% (w/v) Alginate, 0.1% (w/v) Gelatin Solution 

Alginic acid sodium salt from brown algae (1 g, Sigma-Aldrich, Cat. No. 71238-250G) 

or Alginic acid, sodium salt (1 g, Acros Organics, code 17775000)) (Two molecular 

weights of alginate: low molecular weight, low viscosity alginate (100 Pa) and high 
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molecular weight, high viscosity alginate (500 Pa)) was dissolved in DPBS without 

calcium and magnesium (Thermo-Fisher, Cat. No. 12037539) or DMEM (as 

appropriate) to prepare 1% (w/v) alginate.  

Gelatin (1 g, Sigma-Aldrich, Cat. No. G1393) was mixed in 100 mL sterile water 

(tissue culture grade, BioReagent, suitable for cell culture) to prepare 1% (w/v) 

Gelatin beads. 

To prepare the 0.9% (w/v) Alginate, 0.1% (w/v) Gelatin bead solution, 1% (w/v) 

Alginate (900 L) was mixed with 1% (w/v) Gelatin solution (100 L). ASCs were 

then seeded in the 0.9% (w/v) Alginate and 0.1% (w/v) Gelatin beads to generate a 

cell-alginate paste, which was then extruded through a 21G needle into a bath of 100 

mM CaCl2/10 mM HEPES buffer to allow cross-linking. 

 

2.2.4. TrueGel3D Polymer  

TrueGel3D Polymer modified for fast gelling (FAST-DEXTRAN) (Sigma Aldrich, Cat. 

No. TRUEDEXF) is a natural degradable polymer functionalized with maleimide thiol-

reactive groups, which react rapidly with crosslinkers (PEG or CD cell-degradable 

crosslinker) to form biomimetic hydrogels. The chemically defined hydrogel formed 

from FAST-DEXTRA polymers allows complete control over gel stiffness. The 

polymers are transparent and mimic the natural ECM environment. FAST-DEXTRAN 

polymers are used when cells need to obtain appropriate media within a few minutes, 

or when the application requires fast gelatin, as in the case of bioprinting. A 

TrueGel3D polymer working solution was prepared by mixing FAST DEXTRAN (170 

L, Sigma Aldrich, Cat. No. TRU-FDE), water (175 L, Sigma Aldrich, Cat. No. 

TRUWA) and TrueGel3D buffer (34.5 L, Sigma Aldrich, Cat. No. TRUBUF-55PH).  

 

2.2.5. Blood plasma 

Blood from a healthy volunteer was collected in an autologous blood bag and stored 

on ice. To prepare a plasma, the blood (50 mL) was gently poured into a 50 mL tube 

and centrifuged (3000 g, room temperature, 20 min, no decelerating brake). The 

upper clear yellow layer of plasma was then carefully removed using a 20 mL 

syringe. Plasma was stored at -20C until required for experimentation.  
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2.2.6. Cellulase solution (GrowDase) 

Cellulase solution (GrowDase, GDase) was provided by UPM Biochemicals, 

Helsinki, Finland. A working solution was prepared according to the manufacturer's 

instructions. The volume of GDase required for the number of seeded cells was 

calculated as follows:  

1) well volume (L) x [% aNFC or NFC] / 100 = mg GDxT/well 

2) [mg aNFC or NFC/well] x 600 g/mg = g GDase enzyme 

3) g GDase/GDase stock (10 g/l) = L of GDase stock 

 

2.2.7. Collagenase and Dispase I protease solution  

The retrieval of cells from NFC and aNFC was performed by enzymatic digestion with 

collagenase and dispase I solution including 200 U/mL of dispase I protease (10 L, 

10 U/mg, Cat. No. D4818-2MG, Sigma-Aldrich), type1 collagenase 125 CDU 

(collagen digestion units) (100 L, 5 U/mL, Cat. No. C0130-1G, Sigma-Aldrich) and 

DPBS with CaCl2, MgCl2 (Gibco, Thermo Fisher Scientific 31966-021) (890 L) for 

4 h at 37C. In order to obtain collagenase 125 CDU/mg working solution, 

collagenase 5 U/mL (Sigma C0130-1G) was diluted in 10 mL DPBS with CaCl2, 

MgCl2 (Gibco, Thermo Fisher Scientific 31966-021). In order to obtain dispase I 

protease 10 U/mg, dispase I 200U/mL (Sigma D4818-2MG) was diluted in 200 L 

DPBS with CaCl2, MgCl2 (Gibco, Thermo Fisher Scientific 31966-021). 

 

2.3. Kits and Solutions 

 

2.3.1. Freezing media 

90% FBS (Gibco, Thermo Fisher Scientific 10270-106) and 10% Dimethyl 

sulphoxide (DMSO) (BDH Chemicals 103234L). 

 

2.3.2. Collagenase digestion solution 

Collagenase 5 U/mL (Sigma C0130-1G) was diluted in 10 mL DPBS with CaCl2, 

MgCl2 (Gibco, Thermo Fisher Scientific 31966-021) to obtain collagenase 125 CDU 

(collagen digestion units)/mg solid working solution. 
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2.3.3. Dispase I solution 

Dispase I 200 U/mL (Sigma D4818-2MG) was diluted in 200 L DPBS with CaCl2, 

MgCl2 (Gibco, Thermo Fisher Scientific 31966-021) to obtain dispase I 10 U/mg 

activity (Gibco, Thermo Fisher Scientific 31966-021). 

 

2.3.4. Fixation solution (4% Paraformaldehyde, PFA) 

4% PFA (w/v) (Sigma Aldrich P6148) in 1 x DPBS solution was prepared by adding 

80 mL of DPBS 1x into a glass beaker in a ventilated hood and heated to 60C. 

PFA powder (4 g) was added to the heated solution and the pH adjusted to 6.9 by 

adding 1 N NaOH with a Pasteur pipette. DPBS 1x was added to complete 100 mL 

of DPBS 1x. The solution was aliquoted and stored at -20C. 

 

2.3.5. DEPC-treated water  

1 mL of DEPC (diethyl pyrocarbonate) were mixed with 1000 mL of sterile water in 

a screw-cap glass bottle. The mixture was incubated for 2 h at room temperature in 

a fume hood with occasional swirling and autoclaved to store at room temperature 

for up to 12 months. 

 

2.3.6. Cell proliferation Kit II 

Cell proliferation Kit II (Sigma-Aldrich) was prepared according to the 

manufacturer’s guidelines. 

 

2.3.7. LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells 

4 M EthD-1 working solution comprises of 20 L of the supplied 2 mM EthD-1 

stock solution to 10 mL of sterile, tissue culture-grade DPBS. 2 M calcein AM 

working solution consists of 5 L aliquot of the supplied 4 mM calcein AM stock 

solution to the 10 mL of 4 M EthD-1 solution. Subsequently, 5 L of 2 M calcein 

AM working solution and 20 L of 4 M EthD-1 working solution were added in 10 

mL DMEM. 

 

2.3.8. Oil Red O stock solution 

300 mg Oil Red O powder in 100 mL 99% isopropanol. 
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2.3.9. Oil Red O working solution 

4 parts water to 6 parts oil red O stock solution, incubated for 10 min at room 

temperature and filtered through a 0.2 m filter Luer lock (Sarstedt, 83.1826.001). 

Stable for 2 h. 

 

2.3.10. Alizarin Red S working solution 

1 mg/mL Alizarin Red S stain (Sigma-Aldrich A5533) made up in sterile water, 

adjusted to pH 5.5 with ammonium hydroxide (Sigma-Aldrich 320145), and filtered 

through a 0.2 m filter Luer lock (Sarstedt, 83.1826.001). 

 

2.3.11. Alkaline phosphatase, Diethanolamine Detection Kit 

The kit contains sufficient reagents for 100 assays (1 mL volume each) (Sigma-

Aldrich AP0100). The reaction buffer (500 mL, Catalogue number A5987) is provided 

as a ready-to-use solution. 0.67 M pNPP solution: 247 mg/mL of pNPP (Catalogue 

number P4744) was prepared in ultrapure water. Alkaline phosphatase solution 

(enzyme control): the alkaline phosphatase (Catalogue number P6774) was diluted 

to ~0.15 units/mL in cold reaction buffer. The calculation of the units/mL solution was 

followed as shown in the below. df=Dilution Factor, VF=Volume (in mL) of assay, 

18.5=Millimolar extinction coefficient of pNPP at 405 nm, VE=Volume (in mL) of 

sample solution used. 

[(A405nm/min Test-A405nm/min Blank) (df) (VF)] / (18.5) (VE) 

 

2.3.12. Crystal violet staining solution 

The different amount of crystal violet (0.5%, 0.01% and 0.05% v/v) in sterile water for 

20 min, 5 min and 2 h, respectively. (50 g crystal violet powder in 10 mL sterile 

water to prepare 0.5% working solution) 

 

2.3.13. DAPI (4′,6-Diamidino-2-phenylindole dihydrochloride) working solution 

DAPI working solution (0.5 g/mL) was prepared from a stock (1 mg/mL) (Sigma-

Aldrich, D9542) by diluting it 1:2000 in sterile DPBS.  

 

2.3.14. Phalloidin staining solution 

Phalloidin working solution (0.2 nM) from a stock (10 nM) by diluting the stock with 

the DAPI working solution.  
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2.3.15. Permeability buffer 

DPBS containing 0.02% Triton X100 (Sigma-Aldrich) and %5 normal goat serum 

(Stratech Scientific Unit, Suffolk, UK). 

 

2.3.16. TNFα treatment 

10 ng/mL human recombinant TNFα (PeproTech EC Ltd., London, UK) was diluted in 

0.1% BSA (cell culture grade, Sigma-Aldrich) in DPBS (Sigma-Aldrich). 

 

2.3.17. Fluorescein Isothiocyanate Isomer I (FITC/dextran) 

The stock solution of 1 mg/mL FITC/dextran was diluted in DMSO to a final 

concentration of 6 μg/mL. 

 

2.3.18. Mowiol 

Mowiol (Mowiol 4.88, Carbiochem catalogue number 475904) was prepared by 

dissolving Mowiol (2.4 g) in glycerol (6 g) and distilled water (6 mL) for 2 h at room 

temperature. 2 M Tris/HCl (12 mL, pH 8.5) was then added into the mixture, followed 

by sodium azide (0.02%). The solution was incubated in hot water (50-60C) for 10 

min to dissolve the Mowiol and centrifuged at 5000 g for 15 min to remove any 

undissolved solids and then stored in 1 mL aliquots at -20C. 

 

2.3.19. 0.1% p-phenylenediamine (1,4-Benzenediamine hydrochloride) (PPD) 

(w/v) aqueous solution 

0.1 g PPD (Sigma-Aldrich, P1519) was dissolved in 100 mL distilled water to prepare 

0.1% PPD aqueous solution. The solution was aliquoted in 1 mL microcentrifuge 

tubes, wrapped in aluminium foil and stored at -20C. 

 

2.3.20. Fluorescent mounting media 

Mounting media was prepared by mixing the Mowiol and 0.1% PPD (w/v) aqueous 

solution at a 9:1 ratio. 
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2.4. Cells  

 

2.4.1. Cell Isolation 

2.4.1.1. Human adipose-derived mesenchymal cells (ASCs) 

ASCs were purchased from Lonza, Slough, United Kingdom. Fully characterised 

human ASCs were obtained from five non-diabetic adult donors lipoaspirates in 

Lonza (ASCs 34331, ASCs 28183, ASCs 30039, ASCs 29738; Slough, United 

Kingdom). StemPro® Human Adipose-Derived Stem Cells (Life Technologies 

510070), lot number 2117 obtained from a 49-year-old female donor. All ASCs 

were characterised immunocytochemically and by tri-lineage differentiation assay as 

detailed by the manufacturer and as recommended by The International Society for 

Cellular Therapy (Dominici et al., 2006b). All cell lines were stored in cryovials in 

liquid nitrogen.   

2.4.1.2. Fibroblasts 

Fibroblasts were purchased from Lonza (Slough, United Kingdom). Fibroblast used in 

this study is normal human dermal fibroblast adult skin (NHDF 29750). The cell line 

was derived were obtained from five non-diabetic adult donors by Lonza. 

2.4.1.3. U251-NFB-GFP-Luc cells 

The U251-NFB-GFP-Luc cells were generated previously in this laboratory by 

transducing U251 cells (Cell Line Service, Eppelheim, Germany) with lentivirus 

produced using the pGreenFire-NFB-Puro plasmid (System Biosciences, Palo Alto, 

CA, USA). NFB-dependent firefly luciferase activity and NFB-independent Renilla 

luciferase activity were assessed using Dual-Luciferase Reporter Assay system 

(Promega Corporation) (Zeuner et al., 2017). Luciferase activity of U251-NFB-GFP-

Luc cells was analysed using firefly luciferase assay system (Promega Corporation) 

(Zeuner et al., 2017).  

 

2.4.2. Cell Culture 

2.4.2.1. Cultivation of cells in 2D monolayers 

ASCs and fibroblasts were cultured in DMEM high glucose (Sigma Aldrich, lot: 

RNBH5598) containing 2 mM L-glutamine, 1% penicillin/streptomycin (100U penicillin 

with 100 μg/mL streptomycin (all from Sigma-Aldrich)), 20% heat-inactivated FBS 

(Sigma Aldrich, lot: 8204188981) and 1 ng/mL basic fibroblast growth factor (bFGF) 

(Peprotech, UK) All cells were used between passages 2-15. 
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U251-NFB-GFP-Luc cells were cultivated in DMEM high glucose (Sigma Aldrich, 

lot: RNBH5598), 10% heat inactivated FBS (Sigma Aldrich, lot: 8204188981), 2 mM 

L-glutamine solution (Sigma Aldrich, lot: RNBH7479), 1% 100U penicillin with 100 

μg/mL streptomycin (all from Sigma-Aldrich) and puromycin (5 μg/mL).  

All cells were grown in a humidified incubator at 37C with 10% CO2 and the media 

was changed every 2-3 days. Although other studies use low glucose DMEM, high 

glucose DMEM was preferred in this study due to a greater potential for cell 

proliferation and cell attachment. 

 

2.4.2.2. Cultivation of cells in aNFC 3D matrix 

In order to cultivate ASCs in 3D, cell suspensions were mixed with 1.0% aNFC 

hydrogel to obtain a desired hydrogel concentration of 0.1%, 0.2%, 0.4% and 0.5% 

(w/v) aNFC with cell densities of 1x105 cells/100 μL. After incubation (30 min, 37C), 

standard culture media was added to a final volume of 150 μL on top of the 

hydrogel/cell mixture.  

 

2.4.3. Revival of cells from liquid nitrogen storage 

All cell culture protocols including the preparation culture media prior to the thawing 

of cells were carried out under in a Class 2 laminar flow hood. In order to revive cells 

from liquid nitrogen storage, cells were quickly thawed by placing in a water bath at 

37C. As soon as the cells were thawed, they were carefully transferred into a sterile 

collection tube (15 mL) containing pre-warmed culture media (5 mL). Cells were then 

centrifuged (300 g, 10 min), the supernatant discarded, and the pelleted cells re-

suspended in culture media (1 mL). Cells were then counted using a 

haemocytometer and seeded into T75 tissue culture-treated flasks (5x103 cells/cm2) 

in a final volume of 10 mL of fresh media. After seeding, cells were cultured in a 

humidified incubator (37C, 90% air, 10% CO2). Any non-adherent cells were 

removed by replacing the media the next day. The media was exchanged every 3 

days and cells were grown to approximately 80% confluency before sub-culturing.  

 

2.4.4. Sub-culturing of cells 

At approximately 80% confluency, cells were passaged and re-seeded or prepared 

for storage in liquid nitrogen. Briefly, the adherent monolayer was washed with DPBS 

(calcium- and magnesium-free), incubated with trypsin-EDTA solution (4 mL, Sigma-
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Aldrich, T3924) for 10 min at 37°C. The trypsin was inactivated with a standard 

cultivation media (containing FBS) and the cell suspension was then centrifuged (300 

g, 10 min). After centrifugation, supernatant was removed, and the cell pellet was 

resuspended in fresh media (1 mL) and counted using a haemocytometer and 

seeded at 5x103 cells/cm2.  

 

2.4.5. Counting cells using a haemocytometer 

Cell suspensions obtained from cell passaging (1 mL) were diluted in standard 

cultivation media (1:100) in a microcentrifuge tube. After cleaning the 

haemocytometer with 70% of ethanol, 10 L of the diluted cell suspension was added 

under the coverslip. A 4x objective (EVOS XL Cell Imaging System, Thermo Fisher) 

was used to find the grids on the haemocytometer, then switched to 10x objective to 

count the cells in each of the four corners. The number of cells was then averaged 

and the number of cells in 1 mL of stock cell suspension was calculated using the 

following calculation: the number of cells in 1 mL of stock cell suspension = the 

corner average x 104 x 1 mL). 

 

2.4.6. Preparation of cells for long-term storage in liquid nitrogen 

Dissociated cells were counted, centrifuged (300 g, 10 min) and then re-suspended 

(1x106 cells/mL) in FBS containing 10 % v/v dimethyl sulphoxide (BD Biosciences) 

for long-term storage in liquid nitrogen. The cells were pipetted into 1.8 mL cryovials 

and cooled at a rate of 1C per minute using a Mr Frosty™ freezing container 

(Thermo Fisher Scientific 5100-0001) at -80C overnight. Cryovials were then 

transferred from -80C to a liquid nitrogen dewar for long-term storage. 

 

2.4.7. Preparation of nitric acid-treated coverslips for cell culture 

Coverslips were treated with 65% (v/v) nitric acid overnight with gentle agitation. 

Coverslips were then washed three times with sterile water for 30 min each with 

gentle agitation and washed a further time in 70% ethanol in a new glass beaker. 

Under aseptic conditions, coverslips were carefully laid out on a layer of clean 

tissue under a laminar flow hood. Coverslips were autoclaved after drying.  
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2.4.8. Absorbance Assay 

Alginate, NFC and aNFC were diluted to 0.9%, 0.2% and 0.2% using DPBS. In order 

to perform the absorbance assay, dilutions of aNFC and NFC were made using 

Dulbecco's Phosphate Buffered Saline (DPBS) (Sigma-Aldrich. Irvine, UK). The 

samples were transferred into a 96-well plate in triplicate. Total light absorbance was 

measured between 240-800 nm using the Spectra Max ID3 plate reader (Molecular 

Devices, Wokingham, United Kingdom). All readings were corrected by subtracting 

the average from DPBS control values. 

 

2.4.9. Liberation Assay 

Liberation Assay was performed to liberate and visualise ASCs from aNFC with 

GDase (stock concentration 10 mg/mL). ASCs (1x105) embedded in 0.2% aNFC or 

0.2% NFC (100 L) were placed into non-adherent 96 well plates (Sarstedt, 

83.3992). After 72 h incubation, the volume of GDase for the seeded cells was 

calculated and added to each well to incubate at overnight (12-18 h). The 

dispase/collagenase mixture was prepared and added to 100 L for each well to 

incubate for 4 h. After taking images from an inverted microscope (EVOS XL Cell 

Imaging System, Thermo Fisher), all contents together with the retrieved cells were 

transferred into microcentrifuge tubes, one well corresponding to one tube. 50 L of 

trypsin was added into the wells for 30 m and then transferred to microcentrifuge 

tubes. All contents in the microcentrifuge tubes were then centrifuged (400 g, 10 

min). The pellet was then re-suspended in DPBS (100 L) and cells were counted 

using a CountessTM cell counting chamber slide and a Countess Automated Cell 

Counter. The number of cells retrieved was expressed as a percentage relative to 

the number of cells seeded. 

 

2.4.10. Cell Viability Assay (XTT) 

An XTT viability assay was performed to examine the viability of ASCs when seeded 

within aNFC. 1x105 of ASCs seeded into 0.2% aNFC hydrogels per well were 

cultivated in a non-tissue culture treated 96 well plate (Sarstedt, 83.3924.500) as 

triplicate for each condition and controls. ASCs were also seeded into a tissue culture 

treated plate (Sarstedt, 83.3924) and cells with and without aNFC were incubated for 

72 h at 37C with 10% CO2. After placing XTT labelling reagent (1 mL) into a 

microcentrifuge tube, electron coupling reagent (20 L) was added and mixed 
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thoroughly. XTT solution (100 L) was transferred to each well. Absorbance of the 

XTT metabolite was measured using an excitation wavelength of 490 nm and a 

reference wavelength of 650 nm on a Spectra Max ID3 plate reader (Molecular 

Devices, Wokingham, United Kingdom). Measurements were taken after 30 min, 1 h, 

2 h, 3 h and 4 h. Values were corrected using the reference value (650 nm). 

 

2.5. Media for Generation of Conditioned Media from Cells  

 

2.5.1. Media for human ASCs 

The media was prepared with DMEM high glucose (Sigma Aldrich, lot: RNBH5598) 

containing 20% heat inactivated FBS (Sigma Aldrich, lot: 8204188981), 2 mM L-

Glutamine solution (Sigma Aldrich, lot: RNBH7479), 1% of 100U penicillin with 100 

μg/mL streptomycin (all from Sigma-Aldrich) and 5 ng/mL bFGF (Peprotech, UK).  

 

2.5.2. Media for fibroblasts 

The media was prepared with DMEM high glucose (Sigma Aldrich, lot: RNBH5598) 

containing 20% heat inactivated FBS (Sigma Aldrich, lot: 8204188981), 2 mM L-

Glutamine solution (Sigma Aldrich, lot: RNBH7479), 1% 100U penicillin with 100 

μg/mL streptomycin (all from Sigma-Aldrich) and 5 ng/mL bFGF (Peprotech, UK).  

 

2.5.3. Media for U251-NFB-Luc-GFP cells 

A specific U251 complete media was prepared with DMEM high glucose (Sigma 

Aldrich, lot: RNBH5598) containing 10% heat inactivated FBS (Sigma Aldrich, lot: 

8204188981), 2 mM L-Glutamine solution (Sigma Aldrich, lot: RNBH7479), 1% 100U 

penicillin with 100 μg/mL streptomycin (all from Sigma-Aldrich) and 100 L of 

puromycin from 2.5 mg/mL stock ([Final] 5 μg/mL). 

 

2.5.4. Media for U251-NFB-Luc-GFP cells 

A specific U251 antibiotic free media was prepared with DMEM high glucose (Sigma 

Aldrich, lot: RNBH5598) containing 10% heat inactivated FBS (Sigma Aldrich, lot: 

8204188981) and 2 mM L-Glutamine solution (Sigma Aldrich, lot: RNBH7479). 
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2.5.5. Serum free media for U251-NFB-Luc-GFP cells 

A specific U251 serum free media was prepared with DMEM high glucose (Sigma 

Aldrich, lot: RNBH5598) containing 2 mM L-Glutamine solution (Sigma Aldrich, lot: 

RNBH7479). 

 

2.5.6. Differentiation of human ASCs to an adipogenic and osteogenic lineage 

using conditioned media 

Following standard cultivation, human ASCs were prepared for the adipogenic and 

osteogenic differentiation in a 6-well tissue culture treated non-pyrogenic 

polystyrene plate (cell growth area of 9.5 cm2 approximately) by seeding at density of 

1.5x105 cells per cm2 and cultured until 90% confluent. The standard media in the 

wells was replaced with StemPro® Adipogenesis basal media (Life Technologies 

A10410-01) and StemPro® Osteocyte/Chondrocyte basal media (Life 

Technologies, Thermo Fisher Scientific A10069-01) whereas a control group 

continued to be cultured in a standard media. StemPro® Adipogenesis Supplement 

(Life Technologies, Thermo Fisher Scientific A10065-01) and StemPro® 

Osteogenesis Supplement (Life Technologies, Thermo Fisher Scientific A10066-01) 

were prepared as the manufacturer’s instructions. Cells were cultured for 21 days 

with a differentiation media and the media was exchanged every 3 days. After 21 

days, cells were gently washed in DPBS to avoid disruption to a confluent cell layer. 

Cells were then fixed in 4% PFA (section '2.3. Kits and Solutions') for 30 min, washed 

three times with ultrapure deionised water (dH2O). For adipogenic differentiation, 

ASCs were washed with 60% (v/v) isopropanol for 5 min and then air-dried and 

incubated at room temperature in a working solution of Oil Red O stain (section '2.3. 

Kits and Solutions') for 30 min with gentle agitation. Following staining, excess dye 

was removed by four washes with dH2O (each for 5 min) and cells were allowed to 

air dry. Cells were visualized and imaged using a brightfield microscope at a high 

magnification (40x). A successful differentiation of ASCs towards an adipogenic 

lineage was identified by positive Oil Red O staining of oil droplets. For osteogenic 

differentiation, cells were incubated at room temperature in a working solution of 

Alizarin Red S stain for 30 min with gentle agitation. Following the staining, as 

per the osteogenic differentiation protocol, cells were washed with dH2O, air-

dried and imaged using a bright field microscope (for example, 10x or 20x 
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objectives). A successful differentiation of ASCs towards an osteogenic lineage 

was identified by positive Alizarin Red S staining of calcium deposits within cells. 

 

2.6. Differentiation of Cells 

 

2.6.1 Differentiation assays 

The monolayer cultures were grown to confluency in an appropriate media and were 

induced to the adipogenic and osteogenic lineages by an addition of specific 

differentiation cocktails as described in the relevant sections.  

 

2.6.1.1 Adipogenic and osteogenic differentiation  

After cells were grown to confluency, cells were cultured in an adipogenic 

differentiation media including StemPro® Adipogenesis basal media (Life 

Technologies A10410-01) supplemented with StemPro® Adipogenesis Supplement 

(Life Technologies, Thermo Fisher Scientific A10065-01). For osteogenic 

differentiation, cells were cultured in a StemPro® Osteocyte/Chondrocyte basal 

media (Life Technologies, Thermo Fisher Scientific A10069-01) and a StemPro® 

Osteogenesis Supplement (Life Technologies, Thermo Fisher Scientific A10066-

01). The cells were fed every 3 days with freshly prepared adipogenic and 

osteogenic differentiation medias for up to 21 days. 

  

2.6.2 Staining protocols for assessment of cultivation and differentiation  

2.6.2.1 Crystal Violet staining  

ASCs were cultivated in 0.2% aNFC at 1x105 cells/mL within TC cell culture inserts 

(24 well format, 3.0M, Sarstedt, 83.3932.300) for 72 h.  Following cell culture, the 

cells were fixed with 4% PFA for 5 min at room temperature. ASCs were stained with 

crystal violet (0.05% v/v) at 4C for 2 h. After incubation with the Crystal Violet dye, 

the cells were washed five times with DPBS. Images were collected using bright field 

microscopy on an inverted microscope (EVOS XL Cell Imaging System, Thermo 

Fisher). 

 

2.6.2.2 Oil Red O staining 

Oil Red O dye (Sigma Aldrich, Lot: SHBL 1039) was prepared with 300 mg Oil Red O 

in 100 mL 99% isopropanol (Sigma Aldrich). After allowing the crystals to dissolve for 
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1 h, a working solution was prepared in a distilled water and then filtered through a 

0.2 m filter Luer lock (Sarstedt, 83.1826.001). After 21 days of adipogenic 

differentiation, cells were carefully washed with DPBS and fixed in 4% PFA for 30 

min at room temperature. Cells were washed three times with DPBS, and Oil Red O 

staining solution was then added to the cells for 5 min. After staining the cells, the 

dye solution was removed and washed twice with DPBS to remove unbound dye. 

Under microscope, intense red droplets with no background were seen by using the 

EVOS imaging system. Stained cells were covered with DPBS and either stored at 

4°C or quantified for adipogenesis.  

For spectrophotometric determination, the absorbance was measured at 540 nm. 

After staining and washing, 100 L of 2-propanol was added and incubated for 10 

min to extract the stain from the cells. The extracted dye was then transferred into a 

96-well Greiner black and glass bottom plate. The optical density was measured at a 

wavelength of 540 nm using on a Spectra Max ID3 plate reader with SoftMax Pro7 

(Molecular Devices, Wokingham, United Kingdom). The amount of extracted dye was 

normalised to undifferentiated cells as a negative control and differentiated 

adipocytes as a positive one. Dye recovery was determined using a standard curve. 

Based on the calibrated OD540nm value of the Oil Red O standard, a standard curve 

was made by plotting absorbance (540 nm) as a function of Oil Red O concentration. 

The equation and R2 value of the trend line were determined. The Oil Red O 

concentration in the samples was calculated using the standard curve (Supplement 

5.2., Appendix III). 

For the quantification of adipogenic differentiation, lipid droplets stained with Oil Red 

O dye were visualised under 40x magnification of bright field microscopy on an 

inverted microscope (EVOS XL Cell Imaging System, Thermo Fisher), per three 

random fields of view per well. The number of adipocytes formed was expressed as 

an average of the three wells. 

 

2.6.2.3 Alkaline phosphatase (ALP) activity  

The osteogenic differentiation was assayed using an Alkaline Phosphatase 

Diethanolamine Detection Kit (Sigma Aldrich, Lot: SLCB6272) following the 

manufacturer’s protocol. For 2D culture, 5x105 of ASCs were assayed in 24-well 

formats in triplicate. For 3D culture, 1x105 of ASCs seeded into 0.2% aNFC were 

assayed into TC cell culture inserts (24 well format, 3.0M, Sarstedt, 83.3932.300) 
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in triplicate. At the end of 7 days, two different protocols were followed for 2D and 3D 

cell culture. For 2D culture samples, 30 µL of Lysis buffer including 50 mM Tris and 

0.1% Triton X-100 was added to each well which was then waited at 4C for 30 min. 

After pipetting into each well, 2 µL per sample was put in a 96-well plate, and then 

added reaction buffer supplemented with the pNPP substrate including 96 µL of 

reaction buffer and 2 µL of pNPP substrate. For 3D test samples, the growth media 

was taken off the insert and ASCs seeded into 0.2% aNFC were kept on the bottom. 

100 µL of reaction buffer was pipetted in the insert to mix ASCs embedded into 0.2% 

aNFC, and then all contents were transferred to a 96-well plate. Subsequently, the 

reaction buffer supplemented with the pNPP substrate including 98 µL of reaction 

buffer and 2 µL of pNPP substrate were added into the same 96-well plate. The 

enzyme control cuvette was prepared by mixing 2 µL of diluted Alkaline Phosphatase 

solution and reaction buffer supplemented with the pNPP substrate including 96 µL of 

reaction buffer and 2 µL of pNPP substrate. For blank cuvette, 98 µL of reaction 

buffer was pipetted to a 96-well plate, and then added 2 µL per sample. 

Subsequently, the wells were equilibrated to 37C for 5 min. The yellow colour 

developed from the phosphatase reaction was measured at 405 nm in triplicate. The 

increase in A405nm was recorded to obtain the maximum linear rate (A405nm/min) for 

the test, blank and control. The amount of ALP enzyme was deduced from the 

standard curve drawn from 1 mL each of six p-nitrophenol concentration, ranging 

from 30 g to 0.75 g. The absorbance in a spectrophotometer at 405 nm was 

measured at different intervals (from first minute until 30 min). Using pNPP 

calibration curve of concentration, the concentration of p-nitrophenol at each time 

period was calculated and the results was graphed with time on the x-axis and p-

nitrophenol on the y-axis (Supplement 5.3., Appendix III).  

 

2.6.2.4 Osteogenesis: Alizarin Red S staining  

After 21 days of osteogenic differentiation, calcium deposition was assessed by using 

2% w/v Alizarin Red S solution. 2 g Alizarin Red S was dissolved in 100 mL sterile 

water, and pH was adjusted to 4.1-4.3 with 0.1% NH4OH. The solution was filtered 

through a 0.2 m filter Luer lock (Sarstedt, 83.1826.001). The cell monolayers were 

carefully washed with DPBS with CaCl2, MgCl2 (Gibco, Thermo Fisher Scientific 

31966-021). The cell monolayer was subsequently fixed in 4% PFA for 30 min at 

room temperature, washed twice with sterile water and stained with Alizarin Red S 
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solution (pH 4.1-4.3) for 45 min at room temperature in the dark. Unincorporated dye 

was then aspirated, and cells washed three times with sterile water. The cells were 

counterstained with DAPI to visualise nuclei and incubated for 30 min at room 

temperature in the dark. After the staining procedure, cells were covered with DPBS 

with CaCl2, MgCl2 (Gibco, Thermo Fisher Scientific 31966-021) and observed using 

bright field microscopy on an inverted microscope ((EVOS XL Cell Imaging System, 

Thermo Fisher). Undifferentiated ASCs in the control group were slightly reddish, 

whereas the differentiated ASCs with extracellular calcium deposits were bright 

orange red.  

 

Alizarin Red S dye extraction was quantified using the EVOS imaging system. All 

images were analysed using GraphPad Prism software (GraphPad, La Jolla, CA, 

USA). Using the protocol adapted from (Gregory et al., 2004), the dye was recovered 

by acetic acid extraction. Briefly, 400 µL of 10 % v/v acetic acid (Thermo Fisher) was 

added to each well and incubated for 30 min while shaking at room temperature. 

Using a wide-mouthed pipette, the loosely attached cells were scraped and 

transferred to a 1.5 mL tube and vortexed for 30 s. The slurry obtained was covered 

with mineral oil and heated for 20 min at 85C. The tubes were then iced for 5 min 

and centrifuged (accuSpin™ Micro) at 20 000 rpm for 15 min. A volume of 500 µL of 

the supernatant was transferred to a fresh tube containing 100 µL of 10 % v/v 

ammonium hydroxide and the pH measured to ensure a range of between 4.2-4.3. 

Aliquots of 100 µL were read in triplicate in a 96-well Greiner black and glass bottom 

plate. The optical density was measured at a wavelength of 405 nm using ID3 

spectrophotometer with SoftMax Pro7. Dye recovery was determined using a 

standard curve. Based on the calibrated OD405nm value of the standard, a standard 

curve was made by plotting absorbance (405 nm) as a function of Alizarin Red S 

concentration. The equation and R2 value of the trend line were determined. 

According to the equation of the trend line, the Alizarin Red S concentration in the 

samples were calculated (Supplement 5.1., Appendix III). 

 

2.6.2.5 Fluorescent Dye staining  

Phalloidin Atto 555 (Sigma-Aldrich-19083) and AlexaFluor 647 (ThermoFisher-

A22287) were used to label the actin filaments of ASCs seeded in 0.2% aNFC at 

1x105 cells/mL within TC cell culture inserts (24 well format, 3.0M, Sarstedt, 
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83.3932.300) for 7 days at 37C with 10% CO2. Following cell culture, the cells were 

fixed with 8% PFA for 45 min at room temperature (section '2.3. Kits and Solutions'). 

ASCs were gently washed with DPBS (5 min) and then incubated with DPBS/0.1% 

Triton X-100 (100 L per well) for 30 min at room temperature. After the DPBS/0.1% 

Triton X-100 was carefully removed, cells were washed once DPBS for 5 min before 

100 µL of Phalloidin/DAPI staining solution (section '2.3. Kits and Solutions') was 

added to the cells and incubated overnight at 4C. Following an overnight incubation, 

the staining solutions were removed, and the cells were washed once with DPBS. 

Following the final wash, DPBS was replaced with DPBS/0.02% Sodium azide and 

the samples were imaged using the Nikon A1-R inverted confocal microscope.  

 

2.7. Immunocytochemistry 

 

2.7.1. Immunocytochemistry staining for 2D and 3D cell culture 

After 7, 14 and 21 days of an osteogenic differentiation, ASCs in 2D culture were 

washed gently with DPBS. Fixation stage with 4% PFA was carried out for 20 

min at room temperature, followed by further washing stages with DPBS. Cells 

were incubated with a PBS/0.02% Triton-X 100 including 5% horse serum for 30 

min. Osteocalcin antibody (G-5) (Santa Cruz Biotechnology, sc-365797) and 

osteopontin antibody (AKm2A1) (Santa Cruz Biotechnology, sc-21742) were used as 

primary antibodies. The primary antibody (pre-diluted in DPBS/0.02% Triton X-100 

with 5% horse serum at room temperature for 30 min) was added and incubated 

for 90 min at room temperature. The sample was washed three times in DPBS to 

remove any unbound primary antibody and the secondary antibody (pre-diluted in 

DPBS/0.02% Triton-X 100 with 5% horse serum at room temperature for 30 min in 

the dark) was added and incubated for 1 h at room temperature in the dark. The 

sample was washed three times in DPBS to remove any unbound secondary 

antibody. DAPI (1:2000 in DPBS) was then performed on the cells for 15 min, 

followed by further washing stages, three times with DPBS. Finally, cells were 

mounted onto a glass microscope slide and covered with a cover slip affixed with 

mounting media for analysis. Samples were imaged using a Zeiss Axiolmager A1 

fluorescent microscope and Axiovision software (v4.0). Immunofluorescence 

negative controls were fixed and stained under the same conditions. 
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ASCs embedded into 0.2% aNFC within TC cell culture inserts (24 well format, 

3.0M, Sarstedt, 83.3932.300) were cultured for 7, 14 and 21 days at 37C with 

10% CO2. Following the osteogenic differentiation of ASCs in 3D aNFC, the cells 

were washed with DPBS, followed by a fixation using 4% PFA for 20 min at room 

temperature (section '2.3. Kits and Solutions'). Following fixation, 4% PFA was 

removed and cells were gently washed twice with DPBS. The DPBS was replaced 

with 100 L DPBS/0.02% Triton-X 100 with 5% horse serum for 1 h at room 

temperature. The DPBS/0.02% Triton-X 100 with 5% horse serum was removed 

carefully without disturbing the scaffold of cells before washing with DPBS for 5 min. 

100 µL of primary antibodies (osteocalcin antibody (G-5) (Santa Cruz Biotechnology, 

sc-365797) and osteopontin antibody (AKm2A1) (Santa Cruz Biotechnology, sc-

21742)) staining solution (1:100) (as detailed in the Appendix II) was added to the 

inserts and incubated for 3 days at 4C. Following 3 days incubation, the staining 

solutions were gently removed, and the cells were washed once with DPBS. 

Following the final wash, the DPBS was replaced with secondary antibodies (1:300) 

(Donkey -mouse 555 Alexa Fluor) for 2 days at 4C. After washing with the DPBS, 

the cells were counterstained with DAPI in DPBS (1:2000 Sigma Aldrich) and 

incubated for overnight at 4C. Following the final washing, the DPBS was replaced 

with 0.02% DPBS-Sodium Azide and the samples were imaged using the Nikon A1-R 

inverted confocal microscope.  

 

2.8. Live/Dead Cytotoxicity Assay 

 

The LIVE/DEAD Viability/Cytotoxicity Assay Kit (Invitrogen, Molecular Probes) 

provides a two-colour fluorescence cell viability assay. It allows the simultaneous 

determination of live and dead cells with two probes to measure different parameters 

of cell viability such as intracellular esterase activity and plasma membrane integrity. 

Live cells are determined by the presence of ubiquitous intracellular esterase activity 

with the enzymatic conversion of the nonfluorescent cell-permeant calcein AM to the 

fluorescent calcein. The dye calcein produces an intense uniform green fluorescence 

in live cells (ex/em ~495 nm/515 nm). Ethidium homodimer-1 (EthD-1) affects the 

damaged cells by 40-fold improvement of fluorescence in dead cells (ex/em ~495 

nm/635 nm). ASCs were cultured in 0.2% aNFC at 5x104 cells/100 L for 21 days 

within TC cell culture inserts (24 well format, 3.0M, Sarstedt, 83.3932.300). The 
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dye was reconstituted according to the manufacturer’s protocol (Thermo Fisher) and 

the cells were stained with a Live/Dead viability/cytotoxicity kit for 45 min. Cells were 

then fixed in 4% PFA for 30 min and counterstained with DAPI (Sigma-Aldrich) for 15 

min. All images were taken using the Nikon A1-R inverted confocal microscope with 

the Nikon Plan Apo VC 20x DIC N2 optic lens, running NIS Elements AR. DAPI was 

imaged at an excitation/emission of 405/450 nm, calcein 494/517 nm and EthD-1 at 

528/617 nm. 3D reconstructions were created with z-stack depths of 200 m (z-

plane) for all the channels using the NIS Elements AR software (v4.0).  

 

2.9. Calcium Imaging 

 

ASCs were seeded in 0.2% aNFC at 1x107 cells/mL and plated within cell culture 

chambers (Sarstedt) and incubated for 72 h. ASCs were also seeded at density of 

1x105 cells per cm2 in a 6-well plate (Corning Incorporated Costar REF 3516). To 

induce osteogenic differentiation, cells were cultured in the osteogenic differentiation 

media for 7, 14 and 21 days with fresh differentiation media changes every 3 days. 

After 3, 7, 14 and 21 days, cells were gently washed with DPBS and incubated with 

1x HBSS supplemented with 2.5 M Fluo-4 (Molecular Probes, Eugene, OR USA) 

and 1x HBSS supplemented with 2.5 mM Probenecid (25 mM HEPES Buffer and 2.5 

mM Probenecid) for 45 min at 37C. Subsequently, the cells were rinsed twice in 

DPBS and incubated with HBSS supplemented with 2.5 mM Probenecid (25 mM 

HEPES Buffer, 2.5 mM Probenecid and pH 7.4) for 15 min at room temperature. 

For the quantification of calcium imaging of ASCs in 3D aNFC, the chamber was 

visualized on an inverted fluorescence microscope (EVOS FL, AMG, WA, USA). The 

images of cytosolic calcium (Ca2+) were obtained in real time through a 4x/0.13 

numerical aperture (NA) objective using a CCD camera (Sony ICX285AQ, Tokyo, 

Japan). Ca2+ oscillations were recorded every 10 s for 340 s and images were 

analysed using ImageJ software (Schneider et al., 2012). For the quantification of 

ASCs in 2D, cells were visualized on a 2-Photon microscopy. Average fluorescence 

quantification of calcium imaging for each condition was determined and analysed 

using an OriginLab software. All images used in current thesis were designed using 

ImageJ software. 
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2.10. Gene expression analysis  

 

2.10.1. Ribonucleic acid (RNA) extraction  

Total RNA was extracted using TRIzol reagent (1 mL, Invitrogen) according to the 

manufacturer’s guidelines. Briefly, TRIzol reagent was added to the cells followed by 

chloroform (200 µL). The tube was shaken to mix the contents and was centrifuged 

(12000 g, 15 min, 4C). The aqueous phase (top layer) was carefully transferred to a 

fresh tube. The RNA was precipitated by mixing with 2-propanol (500 µL), followed 

by incubation on ice for 10 min. RNA was collected by centrifugation (12000 g, 20 

min, 4C). DEPC-treated water was prepared (section '2.3. Kits and Solutions'). The 

supernatant was carefully removed, and the RNA pellet was washed with a 70% 

ethanol/ 30% DEPC-treated water (1 mL). The pellet was collected via a 

centrifugation (7500 g, 10 min, 4C). Finally, the RNA pellet allowed to air dry for 2 

min and then was suspended in DEPC-treated water (20 µL). The RNA was then 

quantified using a Nanodrop 2000 Spectrophotometer (Thermo Scientific) and stored 

at -80C. 

 

2.10.2. Removal of Genomic DNA  

RNA (0.5 µg) was diluted to a final volume of 8 µL using DEPC-treated water. 

Following then, 10x reaction buffer with MgCl2 (1 µL) and RNase-free DNase I () (IU) 

(1 µL) were added to a final volume of 10 µL. After a brief vortex, the reaction was 

collected by pulsing in a centrifuge. The reaction was then incubated in a thermal 

cycler (37C, 30 min). EDTA (1 µL, 50 mM) was added to the reaction and incubated 

at 65C (10 min). This product was used as a template for cDNA synthesis. 

 

2.10.3. cDNA synthesis  

For cDNA synthesis, a First Strand cDNA Synthesis Kit (Thermo Scientific) was used 

following the manufacturer’s protocol. Briefly, RNA (11 µL, after genomic DNA 

removal) was added to DEPC treated water (0.5 µL), and then random hexamer 

primer (1 µL, Thermo Scientific, SO142) was added into the mixture to incubate for 5 

min at 65C. Following this step, 10 mM dNTP mix (2 µL, Thermo Scientific), 

RevertAid H Minus M-MuLV reverse transcriptase (200 U/µL) (1 µL, Thermo 

Scientific, K1632), Ribolock RNase inhibitor (20 U/µL) (0.5 µL, Thermo Scientific) and 

5x reaction buffer (4 µL, Thermo Scientific) were added and incubated for 5 min at 
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25C. The first strand cDNA synthesis was carried out for 1 h at 42C, and the 

reaction was inactivated for 5 min at 70C. Subsequently, the reaction was stored at -

20C. 

 

2.10.4. Polymerase Chain Reaction (PCR) amplification 

PCR screens were executed using PCR Thermal Cycler. A typical 25 µL reaction 

was set up with a final concentration of reagents as follows: Dream Taq PCR 

mastermix (2x) (12.5 µL, Thermo Scientific, K1071), each primer (1 µL) and DEPC-

treated water (9.5 µL). DNase-free PCR tubes were placed on ice, and then cDNA (1 

µL) was added into the tubes. The respective mastermix (24 µL) was added into the 

tubes (including cDNA (1 µL)) to total product (25 µL), and then followed by flicking 

the tubes and centrifuge shortly. The PCR conditions used for gene screening were 

95C for 2 min, 35 cycles of (95C for 30 s, x for 30 s, 72C for 30 s), then 72C for 

10 min, where x refers to the annealing temperature used for specific primer pair. 

Information on the annealing temperatures and primer pairs used for each gene is 

listed in Supplement 2.2., Appendix I. 

 

2.10.5. Agarose gel electrophoresis  

PCR products were separated on 2% w/v agarose gels with 0.005% SYBR™ Safe 

DNA Gel Stain (Thermo Fisher Scientific S33102) for DNA visualisation. PCR 

samples were mixed with DNA loading buffer (6x stock concentration: Bromophenol 

Blue/Glycerol), electrophoresed for typically 1 h and visualised on Uvitec™ 

transilluminator imaging system. Agarose was dissolved in 1x Tris-acetate-EDTA 

(1xTAE, 100 mL) to make a 2% (mini) gel containing SYBR safe DNA gel stain 

(Thermo Fisher Scientific S33102), with care taken to avoid creating air bubbles. 

Once set, the gel was submerged in TAE buffer in the electrophoresis chamber, the 

combs were removed, and samples were loaded into wells along with loading buffer 

(Thermo Fisher Scientific R0631; for example, loading dye (2 µL) was added to PCR 

reaction product (18 µL)). The first well of each row, however, was loaded with 100 

bp DNA ladder (1 µL, Promega G2101) and following a 40-minute electrophoresis 

run at 80 V. The presence and sizes of bands were visualized and imaged using an 

ultraviolet (UV) transilluminator system, were used to determine the genotypes of 

differentiated ASCs for osteocalcin, osteopontin, osterix, BMP2 and RunX2, 

respectively. Primers were designed using the primer designing tool on the NCBI 
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Blast website and the primers listed in Supplement 2.2., Appendix I. All data were 

normalised to the housekeeping gene, GAPDH. 

 

2.11. Biological sample preparation for critical point drying and scanning 

electron microscopy (SEM) EMLAB (Electron Microscopy Laboratory) protocol 

 

aNFC (0.5%) with and without cells (1x106 cells/mL) were fixed with 2% 

formaldehyde and 2% glutaraldehyde in 0.05 M cacodylate buffer for 24 h. The 

aNFC was then washed twice with deionised water and placed on 10 mm  

melinex coverslips (mesh-side down). The samples were then frozen by 

submersion in liquid nitrogen-cooled ethane and freeze-dried overnight (EMITECH 

K775X liquid nitrogen-cooled freeze dryer, Quorum Technologies).  

Using silver-DAG (TAAB), the melinex coverslips were mounted on aluminium SEM 

stubs. In order to secure the sample on the coverslip and ensure conductivity, silver-

DAG around the bottom rim of the mesh/sample was performed. An EMITECH 

K575X sputter coater (Quorum Technologies) then coated samples with 35 nm gold 

and 15 nm iridium particles. The samples were imaged with a FEI Verios 460 

scanning electron microscope, which includes a probe current of 50 pA and an 

accelerating voltage of 2 keV. SEM imaging was carried out secondary electron 

mode via an Everhart-Thornley detector (ETD) or immersion mode through a 

Through-Lens detector (TLD). ImageJ Fiji was performed to measure the fibre 

diameter and pore sizes on the SEM imaging (Schindelin et al., 2012). The more 

than 280 fibres and pores were measured for data analysis. 

 

2.12. Statistical analysis 

 

Using GraphPad Prism software (GraphPad version 8.4.3), statistical analysis was 

performed (GraphPad, La Jolla, CA, USA). Data were compared using one-way 

analysis of variance (ANOVA) with Bonferroni correction (confidence interval 95%) or 

Student's t-test (two-tailed, confidence interval 95%), where appropriate. Standard 

error of the mean (SEM) was represented with error bars to indicate the results and 

values were shown as meansSEM. At least three independent experiments were 

performed in triplicate. ***P<0.0001, **P<0.01 and *P<0.05 were considered to be 

statistically significant.  
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3.1. Introduction 

 

Stem cells are important in various fields including tissue engineering and 

regenerative medicine due to their capacity to self-renew and differentiate into 

specialized cell types. A requirement for efficient clinical approaches to stem cell 

treatment is large-scale expansion and homogenous differentiation. Generally, there 

are two methods used for the maintenance and expansion of cells: 1) traditional 

methods including 2D culturing techniques on plastic culture plates and 2) modern 

three-dimensional 3D cell culture which mimics the in vivo environment (McKee and 

Chaudhry, 2017). The generation of stem cells in 2D culture as a monolayer might 

necessitate xenogeneic materials including cytokines, growth factors and serum. 

However, xenogeneic media might be a risk for transmitting pathogens and might 

limit reproducibility (McKee and Chaudhry, 2017). Furthermore, MSC cultivation and 

cellular transformation in 2D culture might lead to an increased risk of chromosomal 

aberrations, loss of multipotency and cellular senescence. MSC expansion in 2D 

culture can also give rise to phenotypic changes such as converting from a spindle 

shape to a broad, flattened morphology (McKee and Chaudhry, 2017). Due to these 

limitations of 2D culture methods, 3D techniques have been developed to address 

the drawbacks of the 2D culture system (McKee and Chaudhry, 2017). 

 

3D culture systems such as spheroids/organoids, multi-layered tissue-like models 

and scaffold models have recently been developed with a variety of biomaterials 

(Shamir and Ewald, 2014). 3D tissues are commonly built by means of hydrogel-

based biomaterials (for example Matrigel and PuraMatrix)  (Huerta et al., 2015, Li et 

al., 2014b). Although these biomaterials have a satisfactory degree of mechanical 

softness, the use of hydrogel-based biomaterials can be hindered by drawbacks 

related to the cost and heterogeneity of the biomaterials (Hughes et al., 2010). Multi-

layer models can be used for biomedical applications including skin toxicology 

measurement, but multi-layer models are not favoured for complex tissues such as 

those related to vasculature (Rozman et al., 2009). Notwithstanding the putative 

benefits of 2D monolayer culture, 3D culture systems have paid great attention to the 

biocompatibility of scaffold materials which integrate microfabrication techniques 

(Shin et al., 2012).  

 



  Chapter 3: Experimental Results 

81  

The need for biomedical treatments has driven the development of tissue 

engineering techniques that support expansion and differentiation (del Valle et al., 

2017). For example, Baraniak and McDevitt (2012) developed 3D culture methods 

supporting the formation of multicellular spheroids (Baraniak and McDevitt, 2012). 

They seeded tissue-specific cells into 3D scaffolds which mimic the natural 

extracellular matrix (ECM) of the targeted tissues (El-Sherbiny and Yacoub, 2013). 

The design of biomaterials seeks to promote the correct distribution of the seeded 

cells in the body, interaction between cells and biomaterials, improvement of cell 

proliferation-differentiation and increased anti-inflammatory and cytotoxicity 

properties in vivo (Langer and Tirrell, 2004). Some results are consistent with those 

of a previous study in which 3D interactions between cells and ECM without 

additional substrates have improved osteogenic differentiation and subsequently 

bone regeneration (Baraniak and McDevitt, 2012). As a scaffold model, the use of an 

artificial ECM for cellular therapy has actually been shown to improve the 

osteoconductive properties for bone formation (Egger et al., 2018). Takewaki et al. 

(2017) reported that ECM-MSC transplantation had been performed for periodontal 

bone regeneration in seven dogs. The ECM-MSC complex (without any artificial 

substrates) induced cellular functions in vitro and improved bone healing following 

transplantation into the damaged area. MSCs cultivated in ECM-scaffolds have 

shown a greater potential for bone recovery than cell therapy alone (Takewaki et al., 

2017).  

 

3.2. Objectives 

 

The objectives in this chapter are to examine different 3D biomaterials with a 

particular focus on the biocompatibility of the scaffolds for ASCs. The work focused 

on two different aspects: the best performing hydrogel and the best solid substrate 

for ASC culture. First, different hydrogel-based scaffolds were examined for their 

absorbance using a visible light spectrum. Next, the viability of ASCs in 3D scaffolds 

was compared with cells grown in conventional 2D culture. The hypothesis was that 

3D anionic nanofibrillar cellulose (aNFC) hydrogels would have superior 

biocompatibility and improve the viability and osteogenic differentiation potential of 

ASCs. The latter could then be explored for bone regeneration and tissue repair. 

 

The objectives therefore were 
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To assess the optical properties and biocompatibility of ASCs with different 

hydrogel scaffolds 

 The absorbance spectrums of different concentrations of alginate, dextran-

based scaffold and serum-free fibrin were compared with nanofibrillar 

cellulose (NFC) and aNFC hydrogels to assess their optical properties. 

 XTT assays and live/dead cytotoxicity tests were conducted to assess cell 

viability. 

 Liberation assays were conducted to retrieve cells from aNFC and NFC. 

 Calcium imaging in 3D culture was evaluated in ASCs to examine 

unsynchronized Ca2+ oscillations. 

 

To combine the best performing hydrogel with the best solid substrate 

 In order to increase stiffness, the biocompatibility of magnesium with the best 

performing hydrogel was evaluated using calcofluor white staining and 

epifluorescent microscopy. 

 

3.3. Results 

 

3.3.1. aNFC demonstrated a low level of absorbance over the whole light 

spectrum 

In order to determine the compatibility of aNFC with 3D imaging techniques, the 

optical properties of aNFC (0.2%, 0.4% and 1.0%) were evaluated using different 

wavelengths of light (240-800 nm) and compared with 0.9% alginate hydrogel (Figure 

3.1B). Compared with the 0.9% alginate hydrogel, all concentrations of aNFC 

exhibited a lower absorption over the whole spectrum. The absorption of all 

concentrations of aNFC was lower at wavelengths between 240-300 nm and 0.9% 

alginate and aNFC showed an increase with increasing concentrations. 

 

Next, the optical properties of 0.2% NFC, 0.9% alginate, TrueGel3D, 0.2% aNFC and 

10% blood plasma were compared (Figure 3.1C). 0.2% NFC, 0.9% alginate, 

TrueGel3D, 0.2% aNFC and 10% blood plasma exhibited similar optical properties 

between 500-800 nm, all demonstrating low absorbance. However, both 0.2% NFC 

and 0.2% aNFC showed superior optical properties (lower absorbance) in the lower 

wavelengths (240-400 nm), with TrueGel3D and 10% blood plasma displaying the 
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poorest optical properties (higher absorbance). Overall, aNFC demonstrated the 

lowest absorbance over the whole spectrum, with its highest absorbance between 

240-350nm (Figure 3.1B-C). 

 

To determine the distribution of cellulose fibres, aNFC was stained with calcofluor 

white in order to visualise the mesh-like cellulose content (Figure 3.2, left panel). 

Fluorescence imaging with calcofluor white showed that aNFC formed a mesh-like 

structure with high and low content of cellulose (Figure 3.2, left panel). Crystal violet 

staining showed ASCs embedded in 0.2% aNFC (Figure 3.2, right panel).  

 
 

Figure 3.1. Hydrogel-based scaffolds showed superior optical properties with 

light absorbance spectrum. (A) Macro images of the aNFC and other scaffolds.  

Macro images of aNFC hydrogel and other scaffolds are obtained from Widera Lab at 

the University of Reading. (B) A light absorbance spectrum of 0.2% aNFC was 

compared with 0.4% and 1% aNFC, and 0.9% alginate. 0.2% aNFC had the lowest 

absorbance in other scaffolds. (C) A light absorbance spectrum of 0.2% aNFC, 0.2% 

NFC, 0.9% alginate, TrueGel3D and 10% blood plasma showed that 0.2% aNFC had 

the lowest absorption between 240-800 nm.  
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Figure 3.2. The distribution of 3D aNFC hydrogel was visualised with calcofluor 

white staining. Fluorescence microscopy showed a mesh-like cellulose network 

(shown by the arrows). Bright field microscopy of crystal violet staining showed 

intensely stained, evenly distributed ASCs in an aNFC matrix (shown by the arrows). 

0.2% (w/v) aNFC with cell densities of 1x105 cells/100L. Scale bar: 100 μm. 

 

3.3.2. aNFC demonstrated a higher level of fluorescence emission spectra over 

the whole light spectrum 

In order to determine the compatibility of aNFC with fluorescence-based techniques 

(such as fluorescence microscopy), fluorescence emission was measured for each 

substrate (DAPI and FITC-dextran) with excitation wavelengths of 405 nm (DAPI) 

and 488 nm (FITC-dextran) and emission was recorded for 485-750 nm, as shown in 

Figure 3.3. The results showed a higher level of fluorescence emission in aNFC than 

in other scaffolds. aNFC was therefore proved to be compatible with the 

fluorescence-based techniques.  

 

 

Figure 3.3. Hydrogel-based scaffolds showed a high level of fluorescence 

emission by light microscopy. (A-B) The fluorescence spectra from different 
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substrates (aNFC, NFC, alginate and blood plasma) were measured with a spectral 

scanning plate reader, with excitation wavelengths at 405 and 488 nm in terms of 

DAPI and FITC-dextran respectively. The excitation wavelengths were selected to 

reflect usual biological imaging. The fluorescence spectra of aNFC showed higher 

emission at the excitation wavelength of commonly used molecular probes (405 and 

488 nm) compared with NFC and alginate. 

 

3.3.3. aNFC formed a dense mesh-like network with heterogeneous pore sizes 

To further analyse the structure of the aNFC hydrogel, scanning electron microscopy 

(SEM) was employed. Image analysis showed that aNFC was a dense mesh-like 

structure of cellulose that formed nano-scale fibres ranging from 10-70 nm with a 

mean fibre diameter of 28.8 ± 0.6 nm (Figure 3.4A-B). aNFC hydrogels also 

contained heterogeneous pores ranging from 1-100 μm2 with a mean size of 10.5 ± 

0.9 μm2 (Figure 3.4C-D). The images shown in the Figure 3.4A were acquired at the 

Cambridge Advanced Imaging Centre (CAIC) using scanning electron microscopy. 

 

 

 

Figure 3.4. Scanning Electron Microscopy showed the structural organization 

of the 3D aNFC. (A) A dense mesh-like structure of cellulose was visualized with 

SEM. Scale bar: 5 μm. (B) Analysis of SEM imaging showed a mean fibre diameter 

of 28.8 ± 0.6 nm. (C-D) A heterogeneous pore size of aNFC was shown ranging from 

1-100 μm and a mean size of 10.5 ± 0.9 μm2. 
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3.3.4. Magnesium substrate failed to adhere to aNFC 

In order to make hydrogels containing ASCs suitable for transplantation in vivo, the 

stiffness of the hydrogel must be increased by combining it with stiff materials, such 

as magnesium scaffolds. So, in order to examine and visualize the adhesion of aNFC 

hydrogel with magnesium scaffolds, 0.2% aNFC hydrogel was combined with 

magnesium substrate. After leaving the magnesium and aNFC together for 2, 24 and 

48 h, the samples were stained using calcofluor white and visualised using 

epifluorescent microscopy (Figure 3.5A-D). Image analysis showed that aNFC did 

not adhere to the magnesium substrate.  

 

 

 

Figure 3.5. aNFC hydrogels did not attach to magnesium scaffolds. (A) A 

magnesium scaffold combined with 0.2% aNFC hydrogel was stained with calcofluor 

white staining and visualized with epifluorescent microscopy to detect the 

compatibility of aNFC. (B-D) After leaving the magnesium and aNFC together for 2, 

24 and 48 h, the aNFC was visualised with calcofluor white. The images showed that 
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there was no adhesion of the magnesium scaffold with 0.2% aNFC compared with 

images stained with calcofluor in the middle. Scale bar: 200 μm. 

 

 

 

Figure 3.6. aNFC hydrogels did not attach to magnesium scaffolds in a 

standard culture media. (A) A magnesium scaffold cultivated in a standard media 

was stained with calcofluor white and visualized using epifluorescent microscopy to 

detect the compatibility of the standard media. Scale bar 200 μm. (B-D) After leaving 

the magnesium and standard media together for 2, 24 and 48 h, there was not 

enough adhesion. There was a lack of attachment of the standard media with 

magnesium compared with the images stained with calcofluor in the middle. Scale 

bar: 200μm.  
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Magnesium scaffolds were combined with aNFC in a standard growth media and 

stained with calcofluor white to visualise the aNFC. Even in the presence of a growth 

media, the aNFC did not attach to the magnesium scaffold (Figure 3.6A-D). After 

leaving the magnesium and standard media together for 2, 24 and 48 h, there was 

not enough adhesion or diffusion due to the lack of attachment of the standard media 

with calcofluor white staining (Figure 3.6B-D). Due to the poor adherence of 

magnesium to aNFC, it was decided to use aNFC alone combined with ASCs for 

future experimentation.  

 

3.3.5. ASCs were biocompatible with aNFC hydrogels in 3D 

The biocompatibility of ASCs cultivated in different concentrations of aNFC hydrogel 

was evaluated using bright field and SEM microscopy. The bright field microscopy 

images showed that ASCs embedded in 0.2% aNFC hydrogel exhibited a good 

adhesion and presented a typical, fibroblast-like morphology (Figure 3.7A). 

Furthermore, SEM revealed that ASCs seeded into 0.5% aNFC hydrogel formed 

direct interactions with the matrix, with multiple cell-matrix anchor points (Figure 

3.7B). Spinning disk imaging of ASCs in 0.2% aNFC hydrogel stained with PKH67 (a 

green fluorescent membrane dye) and calcofluor white showed an homogenous cell 

distribution at both low (Figure 3.7C) and high magnification (Figure 3.7D). ASCs 

demonstrated ‘nodule-like’ cell aggregates under high magnification (Figure 3.7D). 
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Figure 3.7. ASCs cultivated in different concentrations of aNFC hydrogels had 

an homogenous distribution. (A) ASCs were seeded into 0.2% aNFC hydrogel and 

imaged using bright field microscopy. ASCs in 0.2% aNFC hydrogel showed a 

typical, fibroblast-like morphology (shown by the arrows). 0.2% (w/v) aNFC with cell 

densities of 1x105 cells/100L. Scale bar: 100μm. (B) SEM imaging showed that 

ASCs (*) cultured in 0.5% aNFC hydrogel (#) showed multiple cell-matrix anchor 

points (shown by the arrows). 0.5% (w/v) aNFC with cell densities of 1x105 

cells/100L. Scale bar: 5 μm. (C-D) ASCs were stained with PKH67 (green) and 

cultivated in aNFC hydrogel labelled with calcofluor (cyan). Spinning disk imaging at 

low (2.6x) and high (40x) magnification revealed an homogenous distribution of cells. 

0.1% (w/v) aNFC with cell densities of 5x105 cells/mL. (C) Scale bar: 1500 µm. (D) 

Scale bar: 100 µm. 
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3.3.6. Interactions of ASCs with aNFC hydrogels in 3D were revealed by 

fluorescence microscopy 

ASCs embedded into 0.2% aNFC hydrogel were stained with primary antibodies 

against the cytoskeletal protein, -actin, intermediate filament protein and nestin 

filament and co-stained with calcofluor white (aNFC). Single section images and 3D 

reconstructions were performed to examine the location of human ASCs within aNFC 

(Figure 3.8A-B).  

 
 

Figure 3.8. Actin cytoskeleton in ASCs showed compatibility with 3D aNFC. In 

order to examine the regulation of the assembly of intermediate filaments and the 

function of the actin cytoskeleton, ASCs embedded into aNFC were stained with 

primary antibodies (nestin and actin) followed by counter-staining with calcofluor. (A) 

Single sections were imaged by showing -actin (magenta), nestin (yellow) and 

aNFC hydrogel (cyan) (B) A 3D reconstruction of single sections was visualised with 

the distribution of ASCs within aNFC. 0.2% (w/v) aNFC with cell densities of 1x105 

cells/mL. Scale bar: 200μm. No primary antibody controls for Alexa Fluor 488 and 

Alexa Fluor 555 are shown in the Appendix II, as supplement figure 3.1. 
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The regulation of the assembly of intermediate filaments and the function of the actin 

cytoskeleton of ASCs cultivated in 0.2% aNFC were evaluated using confocal 

microscopy. Cells combined with 0.2% aNFC hydrogel were fixed and stained with 

CellTrackerTM Green CMFDA dye and phalloidin and counterstained with calcofluor 

(Figure 3.9A). Confocal laser-scanning microscopy showed the interaction between 

intermediate filaments of ASCs and 3D aNFC. The actin filaments were also 

evaluated in ASCs embedded into 0.2% aNFC counterstained with calcofluor white 

(Figure 3.9B). 

 

 

Figure 3.9. The morphological appearance of ASCs in 3D aNFC visualised with 

3D reconstruction of multiple fluorescence microscopy-based assays. In order 

to examine the structure of the actin filament in live ASCs in 3D, cells seeded into 

0.2% aNFC were stained with cell tracker CMFDA (magenta) and phalloidin (yellow) 

and counterstained with calcofluor white (cyan). (A) ASCs in 0.2% aNFC were then 

visualised with a maximum intensity projection using confocal laser-scanning 

microscopy, which showed an homogenously morphological appearance of ASCs in 

aNFC. Scale bar: 200 μm. (B) 3D reconstruction of single section images was 

imaged with confocal laser-scanning microscopy to assess the compatibility of aNFC 

with ASCs. 0.2% (w/v) aNFC with cell densities of 1x105 cells/mL. Scale bar (left): 

200 μm and scale bar (right): 100 μm. 
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3.3.7. ASCs were viable in 0.2% aNFC hydrogel 

The viability of ASCs cultivated in 0.2% aNFC hydrogel was evaluated using 

live/dead cytotoxicity and XTT viability assays. For the live/dead viability assay, 

ASCs embedded into 0.2% aNFC were stained with calcein for living cells and 

ethidium homodimer-1 for dead cells and counterstained with DAPI (Figure 3.10A-B). 

The majority of the cells stained positive for calcein, indicating that ASCs were viable 

in the 0.2% aNFC hydrogel (Figure 3.10A-B). Only a few cells were ethidium 

homodimer 1-positive, again indicating a high viability of ASCs in the 0.2% aNFC 

hydrogel (Figure 3.10B). 

 

The viability of ASCs cultivated in different hydrogels (0.2% aNFC, 0.2% NFC and 

0.9% alginate hydrogel) and in a traditional 2D culture was assessed using an XTT 

viability assay. It was found that ASCs embedded in 0.2% aNFC showed greater 

viability than ASCs grown in 0.2% NFC, 0.9% alginate and in a traditional 2D culture. 

Moreover, the viability of cells in alginate was lower than in 2D culture.  

 

 

 

Figure 3.10. ASCs were viable in 0.2% aNFC hydrogel. (A) 3D reconstruction of 

ASCs showed an homogeneous distribution of live cells in all dimensions of the 
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aNFC hydrogel. Scale bar: 200 μm. (B) Using confocal laser-scanning microscopy, 

ASCs cultivated in 0.2% aNFC hydrogel were stained with calcein (living cells, 

green), ethidium homodimer-1 (dead cells, magenta) and counterstained with DAPI 

(nucleus). The majority of the cells were stained as positive for calcein (green), 

indicating viable cells. Only a few non-viable cells were found (top right panel, 

magenta, shown by the arrows). Scale bar: 200 μm. (C) Cell viability was determined 

using a XTT viability assay. ASCs embedded into different hydrogels including 0.9% 

alginate, 0.2% NFC and 0.2% aNFC were examined by XTT viability assay, 

normalised to 2D control. Values are shown as means  standard errors of three 

independent experiments using GraphPad Prism software (GraphPad, La Jolla, CA, 

USA). Data were compared using a one-way ANOVA with Bonferroni correction (Cl 

95%). At least three independent experiments were performed. The results are 

presented as mean ± SEM with n=3. **P<0.01 and *P<0.05 were considered to be 

statistically significant. 0.2% (w/v) aNFC with cell densities of 1x105 cells/100L. 
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Figure 3.11. ASCs were more viable in aNFC hydrogel compared with other 

scaffolds. (A) The viability of ASCs embedded into 0.9% alginate, 0.2% NFC and 

0.2% aNFC were compared with a 2D control. XTT reaction was allowed to proceed 

for 4 h in cells embedded into 0.2% aNFC compared with cells cultured onto other 

scaffolds for four different donors (ASCs 28183, ASCs 29738, ASCs 34331 and 

ASCs 30039). At least three independent experiments were performed. 0.2% (w/v) 

aNFC with cell densities of 1x105 cells/100L. (B) Different hydrogels including 0.9% 

alginate, 0.2% NFC and 0.2% aNFC were evaluated as a control without cells: no 

viability was seen in the scaffolds.  
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3.3.8. ASCs can be successfully retrieved from 3D aNFC hydrogels 

In order to determine whether viable cells could be retrieved from NFC and aNFC 

hydrogels, ASCs were cultured for 72 h in hydrogels and then enzymatically retrieved 

and counted (Figure 3.12). Bright field images showed that cells were successfully 

liberated from the 0.2% aNFC (Figure 3.12). Figure 3.12A shows that 0.2% aNFC 

were digested using GDase with an overnight incubation. ASCs were retrieved from 

0.2% aNFC hydrogel (Figure 3.12B). Using a collagenase and dispase I mixture for 4 

h, ASCs were retrieved from 0.2% aNFC hydrogel (Figure 3.12C). The numbers of 

retrieved ASCs from 0.2% aNFC and 0.2% NFC hydrogel were compared with the 

number of cells seeded. The number of retrieved viable ASCs from the 0.2% aNFC 

hydrogel was approximately 2x105 cells (Figure 3.12D). In comparison with the 

retrieved cells from 0.2% NFC hydrogel, 200% of viable ASCs were retrieved from 

the aNFC hydrogel relative to the number of cells seeded at 1x105 (Figure 3.12E). 

 

 

Figure 3.12. The retrieval of ASCs from the 0.2% aNFC was greater than from 

0.2% NFC hydrogels. (A) Bright field images of ASCs embedded in 0.2% aNFC 

hydrogel cultured for 72 h. Scale bar: 200μm. (B) Bright field images of ASCs 

embedded in 0.2% aNFC hydrogel after enzymatic digestion with GrowDase 

(overnight). ASCs were retrieved from 0.2% aNFC hydrogel. Scale bar: 200 μm. (C) 
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Bright field images of ASCs embedded in 0.2% aNFC hydrogel after enzymatic 

digestion with collagenase and dispase I mixture (4 h). This digestion resulted in a 

single cell suspension (shown by the arrows). Scale bar: 200 μm. (D) After enzymatic 

digestion with GrowDase and collagenase/dispase I, 2x105 cells were retrieved from 

0.2% aNFC hydrogel and compared with the retrieved nearly 1x105 cells into 0.2% 

NFC hydrogel. (E) The percentage of retrieved cells showed that 200% of cells were 

retrieved relative to the number of cells seeded. Values are shown as means  

standard errors of three independent experiments using GraphPad Prism software 

(GraphPad, La Jolla, CA, USA). Data were compared using a student t-test with 

unpairedt test Welch's correction. At least three independent experiments were 

performed. The results are presented as mean ± SEM with n=3. *P<0.05 were 

considered to be statistically significant. 0.2% (w/v) aNFC with cell densities of 1x105 

cells/100L. 

 

3.3.9. Fluorescence time-lapse imaging demonstrated cytosolic Ca2+ 

oscillations in ASCs in grown in 3D 

Ca2+ oscillations are a fundamental characteristic of undifferentiated ASCs 

undergoing osteogenic differentiation (Hanna et al., 2017, Sun et al., 2007). ASCs 

were grown for 3 days embedded in 0.2% aNFC (1x107 cells/ml), labelled with Fluo-4 

dye and spontaneous cytosolic Ca2+ oscillations were recorded using epifluorescent 

microscopy (Figure 3.13). The fluorescence intensity of ASCs embedded into 3D 

aNFC was quantified once every 10-second for a time period of 6 min (Figure 3.12B). 

The undifferentiated ASCs exhibited unsynchronized Ca2+ oscillations with increased 

Ca2+ spike patterns compared with the differentiated cells.  
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Figure 3.13. Calcium imaging of ASCs showed unsynchronized Ca2+ 

oscillations in 3D aNFC. (A) ASCs embedded into 0.2% aNFC were incubated with 

HBSS, 2.5 μM Fluo-4 and 2.5 mM Probenecid. Fluorescence time-lapse images were 

recorded for 340 s for spontaneous cytosolic calcium oscillation in cells in 3D. 

Unsynchronized Ca2+ spike patterns were observed in real time. Scale bar: 25 μm. 

(B) The fluorescence intensity of ASCs embedded into 3D aNFC was quantified once 

every 10-second for a time period of 6 min. The average fluorescence intensity for 

Ca2+ oscillations was analysed using Image J software. (C) Consecutive images of 

the cytosolic Ca2+ were recorded for a time period of 340 s (at 0, 40, 90, 140, 190, 

240, 290 and 340 s. 0.2% (w/v) aNFC with cell densities of 1x107 cells/mL. Scale bar: 

12.5 μm. 

 

3.4. Discussion 

 

In recent years, 3D cell culture scaffolds have been introduced in many fields of cell-

based research (Bhattacharya et al., 2012). Compared with standard 2D culture, 3D 

cell culture better resembles the ECM for the physiological microenvironment and 

more closely mimics in vivo tissue (Bowers et al., 2010, Dutta and Dutta, 2009). 
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Bone-graft substitutes include natural and synthetic biomaterials such as collagen, 

hydroxyapatite (HA), -tricalcium phosphate (-TCP), calcium phosphate cements 

and glass ceramics. These biomaterials promote the migration, proliferation and 

differentiation of bone-forming cells (Finkemeier, 2002). To ameliorate injured cells, 

cylindrical metallic or titanium scaffolds have also been used to bind to autologous-

allograft bone or another biomaterial (Dimitriou et al., 2011a). Calcium phosphate-

based scaffolds including HA and -TCP are used as the main materials for bone 

healing (Becker et al., 2012). HA, a commonly used ceramic material, has 

advantages in terms of osteoconductivity and is similar to bone structure (Becker et 

al., 2012). Moreover, -TCP, which is a synthetic calcium phosphate-based material, 

has been shown to increase cell growth, cell proliferation and bone formation 

(Tarafder et al., 2013). 

 

Hydrogels are emerging materials for 3D cell culture as the interconnected pores 

inside hydrogels have promising features including high water retention and the 

efficient transport of oxygen and nutrients (Drury and Mooney, 2003). In this chapter, 

various types of biomaterials were evaluated in terms of their absorbance and 

fluorescence emission. aNFC was found to be the best performing hydrogel in terms 

of its optical properties (Figure 3.1). However, as cell viability and biocompatibility are 

more important parameters for their clinical use, these were evaluated in chapter 3. 

Bhattacharya et al. (2012) determined the absorbance spectrum and fluorescence 

emission of NFC hydrogels and measured the UV-visible absorbance of 0.5% NFC in 

the range 300-550 nm (Bhattacharya et al., 2012). They also determined the 

fluorescence emission of NFC hydrogel using a spectral scanning-plate reader at 

different excitation wavelengths of 405, 488 and 560 nm. Their results showed that 

NFC hydrogels exhibited no autofluorescence and also did not absorb visible or UV 

light (420 to 700 nm) (Bhattacharya et al., 2012). These findings are in general 

accordance with those of the present study showing that autofluorescence was 

shown relatively low based on the data presented by the absorbance spectrum and 

quantified by GraphPad Prism software. A higher level of fluorescence emission was 

also detected using aNFC hydrogel with excitation wavelengths of 405 and 488 nm 

(DAPI and FITC respectively) (Figure 3.3). DAPI and FITC were embedded in the 

aNFC hydrogels and the fluorescence emission was measured. aNFC was found to 

be compatible with fluorescence-based techniques due to a greater signal of 
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fluorescence emission for DAPI and FITC in the aNFC hydrogel compared with 

others (Figure 3.3).  

 

The adhesion of aNFC was evaluated when loaded onto magnesium (Mg2+). 

However, there was not enough adhesion to the Mg2+ (Figure 3.5). Because of the 

poor adherence of Mg2+ to aNFC, it was decided to use aNFC alone combined with 

ASCs for all future experimentation (Figures 3.5 and 3.6). One potential explanation 

for the failure of aNFC to adhere to magnesium could be the fact that the magnesium 

used in the experiments was a modified resorbable form. As an alternative, non-

modified magnesium could be used. Alternatively, the failure of adhesion of aNFC 

could be addressed in future experiments by coating of the magnesium with poly D 

lysin. Moreover, titanium could be used with or without coating. Other alternative 

could be the use of poly (3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT: PSS). In a recent study, a blend of collagen hydrogels and stiff 

PEDOT:PSS scaffold has been successfully used for cultivation and differentiation of 

human neural crest-derived stem cells (Iandolo et al., 2020). By combining PEDOT: 

PSS with collagen components, the authors have developed a highly biomimetic, 

electroactive scaffold. Future work could also explore blending aNFC with 

PEDOT:PSS to generate a substrate with a stiffness closed to that of the bone. 

Schurmann et al. (2014) reported that neural crest-derived stem cells (NCSCs) were 

evaluated on titanium with different pore sizes in terms of the cell viability and 

osteogenic differentiation. Titanium with a flat version and 30 nm pores showed 

increased proliferation on the cultivated NCSCs for 4 days (Schürmann et al., 2014). 

Together with its proliferative ability, titanium with pores with a diameter of 30 nm 

also increased the osteogenic differentiation (Schürmann et al., 2014). These 

findings are in accordance with those of Park et al. (2017) showing the cultivation of 

MSCs on titanium nanotubes with lateral spacing of 15-30 nm for 4 days. They 

demonstrated increased mineralization and focal adhesion kinase (FAK) 

phosphorylation (Park et al., 2007). In an earlier study, Oh et al. (2009) had reported 

that MSC cultivation on titanium nanotubes (100 nm pores) promoted an increase in 

osteoinductive effects (Oh et al., 2009).  

 

The viability of cells was evaluated in 3D cell culture. ASC viability after cultivation in 

0.2% aNFC was assessed using a live/dead cytotoxicity assay. The vast majority of 

the cells stained positive for calcein, indicating that ASCs were viable in the 0.2% 
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aNFC hydrogel (Figure 3.10A-B). The viability of ASCs cultivated in different 

hydrogels was also evaluated using an XTT viability assay. The viability of ASCs 

cultivated in 0.2% aNFC, 0.2% NFC and 0.9% alginate hydrogel were compared with 

a 2D control to measure the number of viable cells (Figure 3.10C). Currently, there is 

no consensus regarding the effects of 3D cultures on viability and proliferation of 

MSCs. While some studies have reported that 3D culture promotes an increase in 

viability, others have observed the opposite effects (reviewed in (Edmondson et al., 

2014). This can be at least partly attributed to the nature of the 3D cell culture 

method. Our data showed that ASCs embedded in 0.2% aNFC showed greater 

viability than cells grown in 0.2% NFC, 0.9% alginate and in a traditional 2D culture. 

In contrast to aNFC, the viability of cells in alginate was lower than in the 2D culture 

(Figure 3.10C). In fact, 3D cell culture methods including MSC cultivation as scaffold-

free spheroids have a negative effect on cellular proliferation and viability, which 

have often been associated with a decrease in cellular viability (Tsai et al., 2015). 

Despite spheroid cultures, 3D hydrogels are able to represent an equal or superior 

performance compared with 2D cultures (reviewed in (Mirbagheri et al., 2019). In the 

light of the reports, the effect of 3D culture on scaffolds and in hydrogels seem to be 

much more complex.  

 

Aggarwal and Pittenger found that MSCs seeded in hydrogel scaffolds have an 

increased viability when encapsulated in non-degradable PEG hydrogels or 

conjugated with adhesive ligands RGDSP (Arg-Gly-Asp-Ser-Pro) (Aggarwal and 

Pittenger, 2005). A recent study from the Widera lab showed that low concentrations 

(0.2%) of NFC did not negatively affect the proliferation of bone-marrow MSCs (BM-

MSCs), ASCs or palatal MSCs, whereas a higher concentration (0.5%) significantly 

reduced cellular viability and proliferation compared with 2D controls (Azoidis et al., 

2017). Notwithstanding the putative benefits of NFC on cell viability and proliferation, 

a follow-up study showed that an anionic form of NFC significantly increased the 

viability of human ASCs (Sheard et al., 2019). Similarly, Yin et al. (2020) recently 

reported that 3D cultivation of ASCs in a nanofibrous polysaccharide hydrogel 

increased their proliferation and viability (Yin et al., 2020b).   

 

In contrast to these findings, 3D printed polycaprolactone/tricalcium phosphate did 

not affect the viability of human ASCs and BM-MSCs in a recent study (Park et al., 

2018). Interestingly, Brennan et al. (2015) had previously shown that sprayed micro-
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fibre polycaprolactone scaffolds increase human BM-MSC proliferation whilst 

electrospun variants of the same scaffold decreased proliferation compared with 2D 

controls (Brennan et al., 2015). In general accordance with this finding, woven 

biodegradable composite fibres from poly-L-lactic acid substituted with hydroxyapatite 

had an overall positive effect on BM-MSC viability, whereas growth from poly-L-lactic 

acid alone reduced viability (Persson et al., 2018). Conversely, Nguyen et al. (2012) 

reported that electrospun scaffolds significantly reduced the proliferation of human 

MSCs as early as 7 days after seeding on nanofibrous scaffolds composed of poly-L-

lactic acid and type I collagen (Nguyen et al., 2012). Some 3D scaffolds including 

gelatin, poly lactic-co-glycolic acid and chitosan showed no effect on the viability and 

the proliferation of MSCs (Lo et al., 2016). In contrast, collagen seems to have 

different effects depending on the preparation of the collagen and the source of 

MSCs. In this context, Lo et al. did not observe any significant changes in the cell 

viability or proliferation of collagen-embedded human MSCs (Lo et al., 2016), 

whereas rat BM-MSCs have been reported to increase their proliferation on collagen-

based scaffolds (Han et al., 2012a). Other reports have also suggested that small 

differences in the scaffold composition and even in the technique can be decisive for 

the outcome. Rampichová et al. (2013) suggested that 3D cultivation of mini pig 

MSCs in electrospun 3D polycaprolactone increases both their proliferation and their 

viability (Rampichova et al., 2013). 

 

Mg2+ is a fundamental mineral in the human body and positively affects MSC 

proliferation and inflammatory/immune responses (da Silva Lima et al., 2018). MSCs 

cultivated with different concentrations of Mg2+ (0-5 mM) were investigated to 

evaluate the effect of Mg2+ on cell viability and proliferation (da Silva Lima et al., 

2018). Cell viability was assessed using an MTT assay and the results showed that 

MSCs cultured in Mg2+ showed a higher cell viability compared with MSCs in a 

culture without Mg2+ (da Silva Lima et al., 2018). Gold nanoparticles (GNPs) have 

also been examined (Heo et al., 2014) who reported that photo-curable gelatine 

hydrogels (Gel) loaded with GNPs improved bone healing in male New Zealand 

rabbits with regard to the levels of proliferation and differentiation (Heo et al., 2014). 

In addition, their findings showed that ASCs embedded into Gel-GNPs hydrogels 

exhibited an increased osteogenic differentiation behaviour which was dependent on 

the p38 mitogen-activated protein kinase (MAPK) pathway (Heo et al., 2014). 
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3.5. Conclusion 

 

In this chapter, I have explored different scaffolds in terms of the optical and spectral 

properties of the hydrogels. The results obtained in this chapter have identified the 

most suitable hydrogel tested in terms of its optical properties, biocompatibility and 

similarity to native ECM. However, since only a limited range of hydrogels have been 

tested, future research should explore the use of other hydrogels and blends of 

hydrogels with stiff substrates. It is clear that there are a variety of 3D culture 

methods, which show great promise in bone healing in disease conditions ranging 

from osteoporosis to skeletal disorders. Among all the scaffolds, aNFC hydrogels 

have received special attention for the generation of biomedical materials due to their 

biocompatibility, biodegradability and structural similarities to natural ECM. 

Furthermore, these hydrogels based on cellulose have been shown to be the best 

options for use in physiological environments because of their bioactive properties, 

which enhance cell proliferation and bone healing. Understanding the interactions 

between ASCs and aNFC hydrogels will provide further insights into the best 

therapeutic applications to promote bone regeneration.  
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Chapter 4 

Evaluation of the osteogenic differentiation of human 
adipose-derived stem cells within 3D anionic nanofibrillar 

cellulose 
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4.1. Introduction 

 

Due to rising life expectancy and increasing numbers of injuries from trauma and 

disease in the elderly, there is an increasing worldwide demand for bone 

replacement (Li et al., 2020). Bone tissue engineering is an attractive option for 

treating bone damage without the side effects associated with current treatment 

strategies (Li et al., 2020). Human mesenchymal stem cells (MSCs) have huge 

potential in these approaches because of their self-renewing ability, osteogenic 

differentiation potential and the possibility to be used for autologous therapy 

(Leventhal et al., 2012). Adipose-derived stem cells (ASCs) are a readily available 

and abundant subtype of MSCs. Traditionally, two-dimensional (2D) cell culture on 

flat plastic or glass surfaces is still widely used in basic stem cell research. However, 

2D culture of MSCs and ASCs is known to result in a loss of multipotency and 

premature cellular senescence (Turinetto et al., 2016). Moreover, 2D cell culture 

conditions have been linked to the accumulation of chromosomal aberrations within 

the MSC genome (Ben-David et al., 2011, Bara et al., 2014). To overcome these 

drawbacks of 2D cell culture, MSCs have been exposed to a wide range of 3D cell 

culture methods and substrates including alginates (Ho et al., 2016), collagen (Lund 

et al., 2009), Matrigel (Yamaguchi et al., 2014) and different formulations of cellulose 

(Favi et al., 2013, Cochis et al., 2017, Azoidis et al., 2017, Sheard et al., 2019). The 

use of 3D hydrogels has often been associated with increases in cellular proliferation 

and viability compared with 2D cultures (reviewed in (Mirbagheri et al., 2019). In 

some cases, 3D cell cultures have resulted in reduced cellular proliferation and 

viability due to the prolonged culture time (Luca et al., 2013). 

 

In contrast to the controversial impact of 3D culture on MSC viability and MSC 

proliferation, there are multiple reports suggesting that 3D cultivation might increase 

osteogenic differentiation. Nguyen et al. (2012) used a blended scaffold composed of 

collagen and electrospun poly (L-lactic acid) to study the influence of 3D cell culture 

on the differentiation of human MSCs of undefined origin and found that 

differentiation in 3D significantly increases the expression of OCN and OPN and 

increases the levels of calcification compared with cells differentiated in 2D (Nguyen 

et al., 2012). A 2008 report provided evidence that 3D nanofibrillar scaffolds prepared 

from rat tail collagen increased the expression of osteogenic markers including type I 
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collagen, OPN and osteonectin in human ASCs compared with differentiation 

conducted in 2D. Although Alizarin Red S staining in that report suggested that 

calcification could also be increased, the significance of the data was not assessed 

(Sefcik et al., 2008). Similar effects on the expression levels of osteocalcin OCN and 

OPN in rat bone marrow MSCs (BM-MSCs) were observed when purified collagen 

was used to create a 3D scaffold (Han et al., 2012a). Notably, von Kossa staining 

revealed a statistically significant increase of calcification. On the other hand, the use 

of pure poly (L-lactic acid) scaffolds as a substrate showed similar increases in the 

expression of pro-osteogenic markers compared with human BM-MSCs differentiated 

in 2D (Persson et al., 2018). This was accompanied by a significant increase in Ca2+ 

deposition demonstrated by von Kossa and Alizarin Red S staining. In addition to 

collagen, Matrigel, a hydrogel mainly composed of type IV collagens, entactin, 

perlecan and laminin have been shown to increase the osteogenic differentiation 

potential compared with 2D cell culture. When differentiated within a Matrigel 

scaffold, human BM-MSCs showed higher activity alkaline phosphatase (ALP) (an 

early marker of osteogenesis) than the 2D counterparts (Yu et al., 2018). In addition, 

Alizarin Red S staining revealed higher Ca2+ deposition in cells differentiated in 3D.  

In this chapter, the effects of hydrogels on osteogenic differentiation of ASCs in 3D 

cultures were assessed using a multitude of assays including conventional PCR, 

immunocytochemical staining for OCN and OPN, Alizarin Red S staining to visualise 

calcium deposition.  

 

4.2. Objectives 

Despite progress in developing efficient strategies for osteogenic differentiation in 

traditional cell culture, little has been achieved in establishing optimal conditions for 

differentiating MSCs in 3D. Data indicating in Chapter 3 have examined that aNFC is 

biocompatible with ASCs and represents a promising scaffold for the differentiation of 

MSCs in 3D. 

Hence, the focus of this chapter is the analysis of the osteogenic differentiation of 

ASCs in 3D aNFC hydrogels. Among the analysed 3D models, aNFC hydrogel has 

been investigated to understand its effects on the osteogenic differentiation of ASCs. 

aNFC can represent a promising 3D scaffold for the osteogenic differentiation of 

ASCs as well as cell proliferation and cell morphology. By using different 
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approaches, the potential of osteogenic differentiation of ASCs was investigated in 

3D culture. 

As a proof of principle, osteogenic differentiation in 2D was first evaluated. The 

osteoblast-related gene expression of ASCs was determined using conventional 

PCR analysis in 2D and 3D. The reason for this is that when cells are differentiating, 

the first molecular event is a change of expression of osteogenic genes at RNA level. 

Briefly, PCR analysis was used to examine the expression of osteogenic genes at 

RNA level in 2D and 3D. The next step was the up-regulation of osteogenic markers 

at protein level. The ability of ASCs to differentiate into bone cells was also tested 

using immunocytochemical staining for OCN and OPN in 2D and 3D. In order to 

assess osteogenic differentiation at a functional level, ALP activity and then calcium 

deposition as an indicator of mineralisation were analysed using assessment of ALP 

activity and Alizarin Red S assay. The differentiated cells subjected to Alizarin Red S 

staining showed a significantly higher signal than cells in a standard media in both 

2D and 3D. This part of the project provided information about the best performing 

hydrogel for the osteogenic differentiation of ASCs in 3D. In addition, 2-Photon 

microscopy and calcium imaging of ASCs in 2D were used to examine oscillatory 

patterns such as spikes and waves. Finally, to visualize potential changes of the actin 

cytoskeleton structure, ASCs embedded in aNFC were stained with phalloidin after 

21 days of differentiation of cultivation in a standard media.  

 

4.3. Results  

 

4.3.1. Osteogenic induction of ASCs cultured in 2D results in the up-regulation 

of osteogenesis-related transcription 

ASCs were differentiated towards the osteogenic lineage in 2D. These cells were 

collected on days 3, 14 and 21 to analyse the expression of osteogenesis-related 

genes at RNA level using conventional PCR. PCR products were evaluated using 

electrophoresis. For quantification, the expression levels of osteogenic markers were 

normalised to the corresponding levels of the housekeeping gene GAPDH. Figure 

4.1A shows the order of activation of the analysed genes during osteogenic 

differentiation (Li et al., 2014c, Hauschka and Wians, 1989, Karsenty, 2001). 

Vimentin is a stem cell marker and BMP2, RunX2, osterix, OCN and OPN are 
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osteogenic genes that are expressed in the early, middle and late stages of 

osteogenic differentiation, respectively. 

 

 

 

Figure 4.1. Osteogenic induction of ASCs cultured in 2D resulted in up-

regulation of osteogenesis-related transcription. (A) Expression time frame of 

osteoblast-related genes during osteogenic differentiation; (B) Images of 

conventional PCR product bands were analysed using electrophoresis to determine 

the level of reverse-transcribed cDNA. The sizes of the PCR products (GAPDH, 

Vimentin, BMP2, RUNX2, Osterix, OCN and OPN) were 113 bp, 236 bp, 193 bp, 170 

bp, 187 bp, 143 bp and 199 bp, respectively. GAPDH was used for normalization of 

the quantitative analysis of the gel images. The no template controls did not amplify 

any products as shown in panel B. 
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Figure 4.2. Expressions of osteogenesis-related genes on ASCs cultured in 2D 

for 3, 14 and 21 days. (A-E) The expression level of BMP2, RunX2, OCN, OPN and 

Vimentin were quantified by employing an image acquisition and analysis system in 

ImageJ software; (A-B) The expression level of BMP2 and RunX2 showed increased 

upregulation in ASCs in a differentiation media at day 14; (C-D) The expression level 

of OCN and OPN in the differentiated cells was significantly higher than in the control 

groups when cultured in 2D for 21 days; (E) The expression level of Vimentin in 
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ASCs in a standard media was significantly higher than that of the differentiation 

groups when cultured in 2D for 14 and 21 days. GAPDH was used to normalize the 

relative expression for each gene. Values are shown as means  standard errors of 

three independent experiments using GraphPad Prism software (GraphPad, La Jolla, 

CA, USA). Data were compared using one-way analysis of variance (ANOVA) with 

Bonferroni correction (Cl 95%). At least three independent experiments were 

performed. The results are presented as mean ± SEM with n=3. ***P<0.0001, **P<0.01 

and *P<0.05 were considered to be statistically significant. 

 

Semi-quantitative PCR was performed, and the image analysis of gene expression of 

ASCs cultured in 2D for 3, 14 and 21 days was quantified using GAPDH expression 

for normalization. As demonstrated in Figure 4.2, the expression levels of BMP2 and 

RunX2 were higher in ASCs under osteogenic differentiation conditions at 14 days 

compared with cells in a standard media. The expression levels of OCN and OPN 

showed that the increased upregulation in ASCs in the differentiation media was 

significantly higher than in the control groups when cultured in 2D for 21 days. In 

addition, the expression level of Vimentin in ASCs in a standard media was 

significantly higher than in the differentiation groups when cultured in 2D for 14 and 

21 days. GAPDH was used to normalize the relative expression for each gene. 

Notably, quantitative RT-PCR would provide a more accurate picture of the potential 

changes of the expression levels compared to semi-quantitative PCR and should be 

used in future experiments. 

 

4.3.2. Osteogenic differentiation in 2D results in the increased expression of 

selected osteogenic markers 

Osteogenic differentiation of ASCs was visualized using a Zeiss Axiolmager A1 

fluorescence microscope. As Figures 4.3A-B show, the expression of OCN and OPN 

protein in ASCs was higher in the osteogenic differentiation media compared with 

cells in a standard cultivation media. Figure 4.3C shows that the fluorescence 

intensity was quantified and the increased expression of OCN was significantly 

increased in the cells undergoing osteogenic differentiation compared with the control 

group (*P<0.005). Figure 4.3D shows that the fluorescence intensity of OPN was 

examined to detect the effect of chemical stimulation on the osteogenic potential of 

ASCs cultured in differentiation media. The results showed no significant differences 
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in protein expression between differentiated and undifferentiated cells. The late 

osteogenic proteins were only expressed in differentiated ASCs.  
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Figure 4.3. The expression of late osteogenic proteins of ASCs in 2D was 

higher in osteogenic differentiation media at 21 days. A and B: 

Immunocytochemical staining of differentiated and undifferentiated cells performed 

using monoclonal antibodies against OCN and OPN at 21-days: scale bar: 100μm. C 

and D: Quantification of fluorescence intensity. The fluorescence intensity for mature 

osteoblast markers (OCN and OPN) was analysed using ImageJ software. The 

expression of OCN was significantly higher in the cells in the osteogenic 

differentiation media compared with the control group. The fluorescence intensity of 

OPN showed no significant differences in ASCs in osteogenic and standard medias. 

Data were compared using student t-test with unpaired t test Welch’s correction. At 

least three independent experiments were performed. *P<0.05 was considered to be 

statistically significant. 

 

4.3.3. Osteogenic differentiation of ASCs in 2D results in increased 

mineralisation  

Osteogenic and adipogenic differentiation in a 2D cell culture were evaluated. As 

shown in Figure 4.4A, calcium deposition in ASCs after 21 days of exposure to 

chemical stimulation with an osteogenic differentiation media resulted in a higher 

Alizarin Red S signal compared with cells cultivated in a standard media. After 

differentiation, cells subjected to Alizarin Red S showed a significantly higher signal 

compared with cells in the control group. Figure 4.4B shows that the quantification of 

Ca2+-depositions was performed using Alizarin Red S dye and subsequent confocal 

laser scanning microscopy. Statistical analysis showed that the chemical stimulation 

increased the Alizarin Red S signal in the differentiated cells in the osteogenic media. 

The differentiated cells in the osteogenic lineage were proof of multipotency. 
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Figure 4.4. Alizarin Red S staining revealed a higher level of calcium deposition 

in the differentiated cells. (A) ASCs exposed to chemical stimulation in the 

osteogenic differentiation media at 21 days were compared with cells cultivated in a 

growth media. Confocal laser scanning microscopy clearly revealed the presence of 

nuclei in close proximity to the Alizarin Red S signal. Scale bar: 200μm. (B) 

Quantification of Ca2+-depositions was performed using Alizarin Red S dye in 

confocal laser scanning microscopy. Alizarin Red S activity was measured using 

ImageJ software. Higher Alizarin Red S values suggest a higher level of calcium 

deposition in cells cultivated in the osteogenic differentiation media compared with 

the control. Statistical evaluation was performed using student t-test with unpaired t 

test Welch’s correction. At least three independent experiments were performed. 

***P<0.0001 was considered to be statistically significant. 

                                                                         

4.3.4. Osteogenic differentiation of ASCs in 2D decreases the frequency of 

calcium oscillations 

In this section, the calcium (Ca2+) oscillation profiles in ASCs were characterized with 

and without subjecting the cells to the osteoinductive factors. To evaluate the 

different Ca2+ oscillation characteristics in the undifferentiated ASCs, the Ca2+ 

dynamics were recorded in ASCs for 30 min at 10-second intervals and the averaged 

FLUO-4 fluorescence intensities were plotted as a function of time. In contrast to the 

undifferentiated cells, the differentiated ASCs demonstrated an irregular Ca2+ spike 

pattern and a decreased number of Ca2+ spikes at 7, 14 and 21 days (Figure 4.5B-D-
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F). The results showed that the calcium spikes decreased rapidly with osteogenic 

differentiation (Figure 4.5B-D-F).   

   

 
 
 
 
 
 
 
 

                 
 
 
  
 
 
 

 
 
 
 
 
 
 
 

                  
 
 
 
 
 
 
 

 
 
 
 
 
 
 

                 
 
 

 

Figure 4.5. Images of spontaneous Ca2+ oscillations in ASCs in 2D cultivated 

in standard and osteogenic media. (A-F) Osteogenic differentiation showed a 
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decrease of calcium spikes in ASCs in 2D under osteogenic differentiation media, 

compared with cells in standard media for 7, 14 and 21 days. ASCs cultivated in the 

standard media displayed more intense Ca2+ spikes compared with cells in an 

osteogenic differentiation media.  

 

Figure 4.6(A-C) shows that regular and multiple Ca2+ spikes were observed in the 

undifferentiated ASCs cultured in 2D for 7, 14 and 21 days. Treatment of ASCs with 

osteogenic differentiation supplementation is likely to not only alter the calcium 

oscillations but also serve the differentiation potential. 

 

 

 

Figure 4.6. Comparison of oscillation patterns of ASCs treated with osteogenic 

media for 7, 14 and 21 days. (A-C) Frequency of Ca2+ spikes decreased rapidly with 

osteogenic differentiation in terminally differentiated human osteoblasts, compared 

with undifferentiated cells after 7, 14 and 21 days. 
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4.3.5. Osteoblast-related gene expressions of ASCs in 3D increases under 

osteogenic differentiation conditions 

After performing proof-of-principle experiments in 2D, the effects of osteogenic 

differentiation were assessed on the expression of osteogenic genes at RNA level in 

human ASCs embedded in 3D aNFC (Figure 4.7). The osteogenic treatment was 

applied to ASCs cultured in 3D. These cells were collected on days 3, 14 and 21 to 

analyse their osteogenesis-related genes using conventional PCR. Expression of 

osteogenesis-related gene products was evaluated using electrophoresis and 

normalised to the corresponding levels of the housekeeping gene GAPDH. Vimentin 

is known as a stem cell marker whilst BMP2, RunX2, osterix, OCN and OPN are the 

osteogenic genes which mainly express in the early, middle and late stages. Notably, 

additional markers of mineralisation could also have been used to monitor osteogenic 

differentiation. These could include bone sialoprotein (BSP), collagen type I and 

osteonectin. A more complete analysis of osteogenic markers would allow a more 

complete view of the osteogenic differentiation in future research. 

 

The image analysis of gene expressions of ASCs cultured in 3D for 3, 14 and 21 

days was quantified as shown in Figure 4.8. The expression levels of OCN and OPN 

in ASCs in the osteogenic differentiation media were higher than those of cells in the 

standard media when cultured in 3D aNFC for 21 days. The expression level of 

BMP2 in the differentiated cells was higher than in the control groups when cultured 

in 3D for 14 days. The expression level of RunX2 in the differentiated cells for 21 

days was higher when differentiated in 3D for 21 days. The expression level of 

Vimentin showed a decrease in the differentiated groups. GAPDH was used to 

normalize for each gene.  
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Figure 4.7. Osteogenic induction of ASCs cultured into 3D resulted in up-

regulation of osteogenesis-related transcripts. Images of conventional PCR 

product bands were analysed using electrophoresis to determine the level of reverse-

transcribed cDNA. The size of the PCR products (GAPDH, Vimentin, BMP2, RUNX2, 

Osterix, OCN and OPN) in the Figure was 113 bp, 236 bp, 193 bp, 170 bp, 187 bp, 

143 bp and 199 bp respectively. GAPDH was applied for normalization to adjust the 

concentrations of cDNA before the electrophoresis analysis. The no template 

controls did not amplify any products as shown in the panel. 
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Figure 4.8. Expressions of osteogenesis-related genes normalised to GAPDH 

in ASCs cultured in 0.2% aNFC for 3, 14 and 21 days. (A-E) The expression levels 

of BMP2, RunX2, OCN, OPN and Vimentin were quantified and normalised to 

GAPDH. (A) ASCs in 3D aNFC showed an increase in the expression level of BMP2 

in an osteogenic differentiation media compared with cells in 3D in a standard media 

for 14 days. (B) The expression level of RunX2 was higher in ASCs in 3D aNFC 

under the osteogenic media for 21 days compared with cells in the standard media. 

(C-D) The expression levels of OCN and OPN in ASCs in the osteogenic 

differentiation media were higher than those of cells in the standard media when 

cultured in 3D aNFC for 21 days. (E) The expression level of Vimentin showed a 
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decrease in ASCs in the osteogenic differentiation media.  GAPDH was used to 

normalize the relative expression for each gene. The results are presented as mean 

± SEM. At least three independent experiments were performed. Data were 

compared using one-way ANOVA with Bonferroni correction (Cl 95%). **P<0.01 was 

considered to be statistically significant. 

 

4.3.6. Osteogenic differentiation in 3D aNFC results in the increased 

expression of selected osteogenic markers 

Using confocal laser scanning microscopy, the expression levels of OCN and OPN 

were detected. The expression of OCN significantly increased in ASCs embedded 

into 0.2% aNFC with exposure to chemical stimulation in an osteogenic differentiation 

media compared with cells in a standard media for 21 days. Furthermore, ASCs 

embedded into 0.2% aNFC hydrogel showed an increased expression of OPN in the 

osteogenic differentiation media after 21 days compared with cells in the standard 

media. 

 

Figure 4.9 shows that image-based confocal microscopy revealed a higher level of 

OCN expression in ASCs cultivated in 3D aNFC under osteogenic conditions 

compared with cells in ASCs in 3D NFC in a standard media for 21 days. The 

fluorescence intensity of the late osteogenic marker OCN was significantly higher in 

ASCs seeded into 3D aNFC cultured in the osteogenic differentiation media for 21 

days compared with cells in the standard media (Figure 4.9C). Confocal laser 

scanning microscopy was also used to visualise late osteogenic markers (such as 

OPN) in ASCs embedded in 3D aNFC in an osteogenic differentiation media (Figure 

4.10). The fluorescence intensity of the late osteogenic marker OPN was significantly 

higher in ASCs embedded into 3D aNFC cultured in the osteogenic differentiation 

media for 21 days (Figure 4.10C) compared with the OCN expression of the 

differentiated cells in 3D aNFC (Figure 4.9C). These results show that aNFC works 

obviously much better in differentiated cells in terms of the late osteogenic markers 

(such as OCN and OPN).  

 

In these experiments, more pronounced differences were observed in the expression 

levels of OPN compared to OCN. This could be explained by different temporal 

expression pattern of these two markers. As a late osteogenic differentiation marker, 

OCN leads to the downregulation of early osteoblast markers including ALP and 
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RUNX2 and the expression of transcription factors for osteoblstic bone formation. 

Thus, high OCN levels can only be detected at late stages of differentiation. In 

contrast, OPN is an early marker of differentiation and changes in its expression 

levels can be detected already early in the process of osteogenic differentiation. 

 

 

 

Figure 4.9. Image-based analysis revealed a higher level of OCN expression in 

ASCs in 3D under osteogenic conditions. (A-B) Confocal microscopy was used to 

visualise and quantify the OCN in the differentiated ASCs embedded in 0.2% aNFC 

compared with the undifferentiated cells. (C) The fluorescence intensity of the late 

osteogenic marker OCN was significantly higher in ASCs embedded into 3D aNFC in 

the osteogenic differentiation media for 21 days compared with cells in the standard 

media. No primary antibody control for Alexa Fluor 555 was shown in the Appendix II, 

as supplement figure 3.1. 
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Figure 4.10. Image-based analysis revealed a higher level of OPN expression in 

ASCs in 3D under osteogenic conditions. (A-B) Confocal microscopy was used to 

visualise and quantify the OPN in the differentiated ASCs embedded in 0.2% aNFC 

compared with the undifferentiated cells. (C) The fluorescence intensity of the late 

osteogenic marker OPN was significantly higher in ASCs embedded into 3D aNFC in 

the osteogenic differentiation media for 21 days compared with cells in the standard 

media. Compared with the results shown in Figure 4.9C, OPN works obviously better 

in the differentiated cells cultivated into 3D aNFC in terms of the higher level of 

fluorescence intensity of OPN under confocal microscopy. The reason is that OPN 

and OCN are osteoblast markers, but only OCN is suggested as an osteogenic 

differentiation marker. No primary antibody control for Alexa Fluor 555 was shown in 

the Appendix II, as supplement figure 3.1. 

 

4.3.7. Osteogenic induction increases calcium deposition in 3D aNFC   

To determine the effects of 3D cell culture on calcium deposition, ASCs embedded 

into 3D aNFC were evaluated by Alizarin Red S staining after 21 days. ASCs 

embedded into 0.2% aNFC were cultivated in the osteogenic differentiation media for 
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21 days and then assessed by Alizarin Red S staining. Using confocal microscopy, 

image-based analysis was used to examine and quantify calcium deposition.  

 

As shown in Figure 4.11, ASCs cultivated in 3D aNFC showed an intense mineral 

deposition in an osteogenic differentiation media at 21 days compared with cells in a 

standard media. The fluorescence intensity of Alizarin Red S was evaluated by 

ImageJ software. ASCs in 3D aNFC showed the increased fluorescence intensity of 

Alizarin Red S under osteogenic differentiation conditions compared with cells in 3D 

in a standard media after 21 days (Figure 4.11D). Statistical analysis revealed a 

higher expression of calcium deposits in differentiated cells embedded into 3D 

compared with cells in a standard cultivation media.  

 

 

 

Figure 4.11. ASCs can undergo osteogenic differentiation in 3D aNFC 

hydrogels. (A) ASCs in 0.2% aNFC were subjected to osteogenic differentiation for 

21 days and subsequently stained with Alizarin Red S to examine calcium deposition; 

(B-D) ASCs in 3D aNFC showed a higher level of mineralisation when subjected to 

osteogenic differentiation media for 21 days compared with cells in a standard media. 

A significant difference was observed between cells subjected to osteogenic 

differentiation and a standard media.  
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4.3.8. A denser actin cytoskeleton was observed in ASCs in 3D aNFC under 

osteogenic differentiation conditions  

The alignment of actin fibres in the cell periphery and increased actin polymerization 

with perinuclear actin bundles are notable criteria of osteogenic differentiation 

(Titushkin and Cho, 2007), reviewed in (Khan et al., 2020). To visualise the actin 

cytoskeleton, ASCs embedded in 0.2% aNFC under standard and osteogenic 

differentiation medias were fixed and stained with phalloidin at day 21. Using 

confocal microscopy, image-based analysis demonstrated a denser F-actin texture 

subjected to osteogenic differentiation conditions in 3D aNFC (Figure 4.12A).  

 

On this point, osteogenic differentiation can affect morphological changes in the cell 

cytoskeleton when cultured into aNFC. The arrangement of dense actin bundles was 

related to the increased osteogenic differentiation (Treiser et al., 2010). 

 

 

 

Figure 4.12. ASCs exposed to osteogenic differentiation displayed a highly 

arranged actin cytoskeleton and formation of cell-free pores within the 3D 

hydrogels. Confocal microscopy was used to visualise actin filaments in ASCs in 

0.2% aNFC exposed to osteogenic treatment for 21 days. Magnification=20x. Image 

analysis showed that the actin cytoskeleton is more aligned in ASCs in 3D aNFC 

subjected to osteogenic differentiation. F-actin filament showed increased actin 

polymerization in ASCs in 3D aNFC.   
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4.4. Discussion 

 

The first study to assess the osteogenic differentiation of rat MSCs was published 

almost fifty years ago (Friedenstein et al., 1974). Following that discovery, MSCs 

from numerous species and tissue origins have been demonstrated to undergo 

differentiation into osteogenic cells. Notably, in a key position statement, the 

International Society for Cellular Therapy defined the ability to give rise to bone cells 

in vitro as one of the minimal criteria for defining MSCs (Dominici et al., 2006a). In 

addition to in vitro differentiation, even more stringent evidence for the osteogenic 

potential of MSCs has been provided by several in vitro studies in different small and 

large animal models including rats (Kotobuki et al., 2008), sheep (Shang et al., 2001) 

and pigs (Stockmann et al., 2012). Furthermore, these promising in vitro and in vivo 

results motivated several clinical trials designed to assess the feasibility, safety and 

efficacy of MSCs in oral bone regeneration (Rickert et al., 2011, Kaigler et al., 2013, 

Sauerbier et al., 2010). Although several individual trials suggested that the 

transplantation of MSCs is safe and is associated with improved oral bone 

regeneration, a more recent meta-analysis did not reveal a significant increase in 

vital bone mass (Padial-Molina et al., 2015).   

 

In this chapter, the osteogenesis-related gene expressions of ASCs cultured in 2D 

have been analysed. Osteogenic induction resulted in up-regulation of osteogenesis-

related transcripts (such as OCN and OPN) (Figures 4.1 and 4.2). Castrén et al. 

(2015) reported that OCN mRNA level in 2D increases until day 21, which is in 

general accordance with the findings of the current study. I have also shown that the 

osteogenic differentiation of ASCs in 2D cell culture resulted in a higher expression of 

OCN and OPN at protein level. In contrast, although I found an increased up-

regulation of Runx2 until day 14, Castrén et al. demonstrated a lower level of Runx2 

mRNA at day 14. Compared with the differences between 2D and 3D cultures, 

Runx2 levels showed an increase at day 14 in MSCs cultivated in FCS in 2D cultures 

but were found to be low in PLP (human platelet lysate and plasma) cultures in 2D 

under osteogenic differentiation potential (Castrén et al., 2015).  However, the mRNA 

profiles in 3D cultures showed differences from those obtained in 2D cultures since 

the highest level of Runx2 mRNA in PLP and FCS-differentiated cultures was found 

on day 14 (Castrén et al., 2015). Moreover, the differentiation potential of ASCs in 2D 

was evaluated by analysing calcium deposition as proof of mineralization by using 
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Alizarin Red S staining. ASCs subjected to osteogenic differentiation showed a 

significantly higher Alizarin Red S signal compared with cells in a control media 

(Figure 4.4). These findings are in general accordance with the study by Castrén et 

al. (2015), which showed that calcium deposition is higher in cells in an osteogenic 

differentiation media.   

 

Spontaneous calcium oscillation of the undifferentiated ASCs was compared with 

cells treated with osteogenic differentiation for 7, 14 and 21 days. Osteogenic 

differentiation resulted in a decrease in the frequency of calcium oscillations with 

Ca2+ spikes compared with cells in the standard media for 7, 14 and 21 days. Sun et 

al. (2007) reported changes of Ca2+ oscillation in undifferentiated bone marrow MSC 

and exhibited unsynchronized Ca2+ oscillations in undifferentiated human MSCs (Sun 

et al., 2007). These findings are in general accordance with those of the current 

study showing that regular and multiple Ca2+ spikes were observed in ASCs cultured 

in a standard media in 2D for 7, 14 and 21 days (Figures 4.5 and 4.6).  Sun et al. 

(2007) also evaluated the effect of intracellular Ca2+ dynamics on differentiated 

human osteoblasts in response to osteoinductive factors and found that the 

frequency of Ca2+ spikes decreased in response to osteoinductive factors present in 

the osteogenic differentiation media (Sun et al., 2007).  

 

NFC is a highly promising hydrogel for bone regeneration since it is generally 

biocompatible with MSCs. I examined the expression of osteogenic genes associated 

with early and mature osteoblasts at RNA level (for example, Bmp2, Runx2, OCN 

and OPN) in 3D (Figure 4.8). Importantly, OCN is secreted by mature osteoblasts to 

promote the mineralization of calcium deposits (Lian et al., 1998). This corresponds 

with the increased expression of osteogenesis-related proteins visualized by specific 

monoclonal antibodies (such as OCN and OPN) after 21 days of osteogenic 

induction of ASCs in 3D aNFC. Some expression observed in cells cultured in a 

standard media. Other markers of mineralisation could also have been used to be 

proved. Bone sialoprotein (BSP) is an important mineralised tissue associated 

marker. The overexpression of BSP promotes the increased level of osteoblast-

related gene expression. The expression of OCN significantly increased in ASCs into 

aNFC under osteogenic conditions (Figure 4.9). In contrast, OCN expression was 

decreased in ASCs embedded into NFC when subjected to osteogenic differentiation 

conditions. Furthermore, the expression of OPN demonstrated a significantly higher 
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signal in cells within 3D aNFC compared with cells in both a standard media and 3D 

NFC (Figure 4.10). In addition, Matrigel, a hydrogel mainly composed of type IV 

collagens, entactin, perlecan and laminin, has been shown to increase the 

osteogenic differentiation potential compared with a 2D cell culture. When cells were 

cultured within a Matrigel scaffold under osteogenic conditions, human BM-MSCs 

showed higher activity alkaline phosphatase (an early marker of osteogenesis) than 

the 2D counterparts (Yu et al., 2018). As alternative scaffolds, different 

polycaprolactone-based substrates have been explored in the osteogenic 

differentiation of MSCs. An elastic 3D poly (ε‐caprolactone) has been shown to 

increase the expression of bone sialoprotein and OCN in minipig BM-MSCs 

subjected to differentiation on 3D (Rampichova et al., 2013). As a consequence of 

that finding, polycaprolactone-tricalcium phosphate scaffolds and jet sprayed 

microfibre polycaprolactone scaffolds were suggested to possess similar 

osteoinductive effects in human foetal and adult BM-MSCs (Shekaran et al., 2015, 

Brennan et al., 2015). There have also been reports of increased osteogenic 

differentiation of ASCs and BM-MSCs in 3D when gelatin and blends of gelatin and 

alginate are used as a scaffold (Lo et al., 2016, Wang et al., 2016b). 

 

In addition to the effects on the expression of osteogenic genes at RNA level and the 

up-regulation of osteogenic markers at protein level, ASCs in 3D aNFC also 

demonstrated more intense mineral deposition under osteogenic conditions at 21 

days compared with cells in a standard media (Figure 4.11). Sheard et al. (2019) 

showed a high level of Alizarin Red S signal after osteogenic induction in human 

MSCs seeded into aNFC (Sheard et al., 2019). a more stringent test by the additional 

determination of specific signals was applied on the differentiated cells as the 

detection of Alizarin Red S might lead to the risk of overestimation because of false-

positive signals produced by cell debris. The results therefore demonstrated the 

expression levels of OCN and OPN are readily detectable in ASCs in 3D aNFC 

cultured in an osteogenic differentiation media for 21 days, whereas the expression 

was undetectable in cells cultured in a standard media. However, real-time RT-PCR 

should be performed in future experiments to validate these results. Park et al. 

(2007) reported that MSCs on a vertically oriented titanium surface resulted in 

increased mineralization and a high level of OCN (Park et al., 2007). A 2008 report 

provided evidence that 3D nanofibrillar scaffolds prepared from rat tail collagen 

increased the expression of osteogenic markers including type I collagen, OPN and 
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Osteonectin in human ASCs compared with differentiation conducted in 2D. Although 

Sefcik et al. (2008) reported increased calcification by means of Alizarin Red S 

staining, they did not assess the significance of the data (Sefcik et al., 2008). Similar 

effects on the expression levels of OCN and OPN in rat BM-MSCs were observed 

when purified collagen was used to create a 3D scaffold (Han et al., 2012a). Notably, 

von Kossa staining revealed a statistically significant increase of calcification. 

Nguyen et al. (2012) used a blended scaffold composed of collagen and electrospun 

poly (L-lactic acid) to study the influence of 3D cell culture on the differentiation of 

human MSCs of undefined origin and found that differentiation in 3D significantly 

increased the expression of OCN and OPN and the levels of calcification in human 

MSCs (Nguyen et al., 2012). On the other hand, the use of pure poly (L-lactic acid) 

scaffolds as a substrate showed similar increases in the expression of pro-

osteogenic markers in human BM-MSCs under osteogenic conditions (Persson et al., 

2018). This was accompanied by a significant increase in Ca2+ deposition 

demonstrated by von Kossa and Alizarin Red S staining.  

 

In order to investigate potential differences in actin cytoskeleton architecture and the 

formation of cell-free pores, ASCs cultivated in aNFC and NFC hydrogels were 

evaluated at 21 days of osteogenic differentiation and were directly subjected to 

fluorescent phalloidin staining. The reorganization of the actin filament in cells 

showed denser actin bundles, which were cultivated into aNFC under an osteogenic 

differentiation media (Figure 4.12). These results are consistent with those of Chen 

and Jacobs (2013) indicating a rearrangement of the cytoskeleton during osteogenic 

differentiation (Chen and Jacobs, 2013). Okumura et al., (2001) found that the 

osteogenic differentiation of cells orientated with a nanoporous titanium surface was 

directly associated with the reorganization of the actin cytoskeleton (Okumura et al., 

2001) and those results were consistent with those of Treiser et al. (2010) which 

implied the arrangement of dense actin bundles supported by osteogenic 

differentiation (Treiser et al., 2010). Increased actin polymerization with perinuclear 

actin bundles framing the nucleus and the alignment of actin fibres in the cell 

periphery are well characterized hallmarks of osteogenesis ((Titushkin and Cho, 

2007), reviewed in (Khan et al., 2020)). 
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4.5. Conclusion 

 

In recent years, the impact of 3D cell culture has been evaluated on the osteogenic 

differentiation of ASCs. By comparison with cells cultivated in a 2D culture, ASCs in 

3D aNFC showed an increased osteogenic differentiation potential. NFC hydrogels 

allowed an increase in osteogenic differentiation. ASCs embedded in aNFC 

hydrogels demonstrated an increase in the expression of osteoblast-related genes 

(OCN and OPN) at RNA level at day 21 under osteogenic differentiation media. The 

expression level of OCN and OPN in ASCs in an osteogenic media was significantly 

higher than that of cells in a standard media when cultured in both 2D and 3D for 21 

days. ASCs in 3D aNFC hydrogels showed an increase in the expression of BMP2 in 

an osteogenic differentiation media compared with other genes tested at day 14. 

After exposure to osteogenic differentiation conditions, ASCs showed an up-

regulation of osteogenic markers (OCN and OPN) at protein level at day 21. In 

addition, the results of functional assays supported the increased osteogenic 

differentiation in human ASCs. Following osteogenic differentiation, cells subjected to 

Alizarin Red S showed a significantly higher signal in 3D compared with cells in the 

standard media. The cytoskeleton re-arrangement of ASCs demonstrated a more 

intense actin filament in 3D aNFC hydrogel. In summary, therefore, aNFC hydrogel 

could be effectively used in bone tissue engineering to support cell growth and 

osteogenic differentiation.  
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Chapter 5 

Electrical stimulation of adipose-derived mesenchymal 
stem cells in anionic nanofibrillar cellulose increases their 

osteogenic potential 
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5.1. Introduction 

 

Over 2.2 million bone graft procedures are performed each year to treat bone defects 

and fractures (Kinaci et al., 2014). In the European Union, the economic burden of 

bone fractures in 2010 was €37 billions of which of 66% was due to accidental 

fractures, 29% to long-term fracture care and 5% to pharmacological preventions 

(Ferrari et al., 2016). The worldwide economic burden of bone fracture treatment is 

expected to reach nearly €46 billions in 2025 (Hernlund et al., 2013). Although 

various procedures, including allografting, autografting and xenografting, are 

commonly used to treat bone defects, these applications can result in many 

drawbacks, such as donor morbidity, lack of tissue supply and immune rejection, 

respectively (Zhang et al., 2016, Dimitriou et al., 2011b). The gold standard treatment 

is autografting, but it is not entirely beneficial because of its drawbacks, including 

donor site morbidity, the limited number of donors and the risk of infection. 

Allografting, which is used in clinical applications, has also raised some concerns, 

such as disease transmission and immune rejection (Liu et al., 2013).  

 

To address the limitations of bone grafting, MSCs are widely used for bone 

regeneration, especially in combination with various scaffolds (Zhang et al., 2012b). 

Osteogenic differentiation of MSCs can be stimulated through biophysical factors 

including nano- and macro-topology (Greiner et al., 2019a, Vordemvenne et al., 

2020), substrate stiffness (Olivares-Navarrete et al., 2017), fluid shear stress (Yourek 

et al., 2010), nanovibration-induced displacement (Tsimbouri et al., 2017, 

Orapiriyakul et al., 2020) and electrical stimulation (ES) (Eischen-Loges et al., 2018, 

Chen et al., 2019). Electricity has become increasingly popular for modulating the 

regeneration capacity of numerous tissues (McCaig et al., 2009). ES has been 

administered clinically to heal bone fractures for over 40 years (Aleem et al., 2016). 

The impact of ES on cells has a profound effect on cellular proliferation and 

osteogenic differentiation (Leppik et al., 2020). ES treatments have been performed 

to induce bone matrix formation followed by bone healing (Song et al., 2009). 

Yonemori et al. (1996) reported that ES resulted in higher improvement in bone 

regeneration compared with control groups in rabbits (Yonemori et al., 1996). A 

greater level of understanding of ES functions in tissue engineering relies on studies 

which explore the changes in stem cell behaviours stimulated with and without an 

electrical field (Titushkin and Cho, 2007). Many studies have recently reported that 
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stem cells stimulated by daily ES showed an increase in osteogenic differentiation in 

terms of alkaline phosphatase (ALP) activity and the fluorescence intensity of OPN 

(Balint et al., 2013, Mobini et al., 2016). Some studies have also reported that 

changes in cytoskeleton reorganization are linked with osteogenic differentiation 

when exposed to an electrical field (Titushkin and Cho, 2007, Titushkin and Cho, 

2009). Clinical studies have reported that ES has been shown to be an effective 

treatment for osteoarthritis and bone defects (Maziarz et al., 2016). Even though 

pulsed electromagnetic stimulation has been found to support the improvement of 

osteogenic differentiation in MSCs (Schwartz et al., 2008, Teven et al., 2012, 

Kaivosoja et al., 2015, Ongaro et al., 2014), a few researchers have reported that 

cells exposed to ES have shown lower cell viability and osteogenic differentiation 

(Zhu et al., 2017, Kumar et al., 2016, Li et al., 2016b). 

 

Many studies have evaluated the osteogenic differentiation of MSCs performed on 

flat 2D substrates that can cause a loss of multipotency, accumulation of 

chromosomal aberrations and premature cellular senescence (Ben-David et al., 

2011, Bara et al., 2014, Turinetto et al., 2016). In contrast, 3D cell culture can 

positively affect MSC differentiation as well as mimicking the 3D structure of the bone 

tissue (Yin et al., 2020a). MSCs have been successfully cultivated in different solid 

3D scaffolds and hydrogels such as calcium phosphate ceramic (Urquia Edreira et 

al., 2016a), poly(-caprolactone) (Guarino et al., 2014), alginate (Ho et al., 2016), 

Matrigel (Yamaguchi et al., 2014), collagen (Lund et al., 2009), bacteria-derived 

cellulose (Favi et al., 2013) and methylcellulose (Cochis et al., 2017).  Moreover, 

conductive polymers can be applied as ES treatments due to their biocompatibility 

and easy modification (Guo and Ma, 2018). Among these conductive polymers, 

poly(3,4-ethylenedioxythiophene), polystyrene sulphonate (PEDOT: PSS) (Guex et 

al., 2017), polypyrrole (PPy), (Luculescu et al., 2018, Liu et al., 2017) and polyaniline 

(PANI) (Pournaqi et al., 2017) have been used in combination with ES to induce 

osteogenic differentiation. However, direct observation of cells in these materials is 

unfeasible due to their opaque properties. Attempts to optimize ES conditions can 

therefore be difficult. To overcome this disadvantage, NFC hydrogels with good 

optical properties have been successfully fabricated, as described in the previous 

chapters. These biomaterials are light-transparent so the surface of the cells can be 

directly visualised.  
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In the previous chapters, hydrogels based on NFC and aNFC, which represent 

scaffolds biocompatible with ASCs allowing their osteogenic differentiation were 

evaluated. aNFC promoted a significant increase in cell viability and osteogenic 

differentiation compared with NFC and 2D controls. These data are consistent with 

those reported in previous studies in which NFC and aNFC hydrogels showed a 

positive effect on the expansion and osteogenic differentiation of ASCs in 3D (Sheard 

et al., 2019, Azoidis et al., 2017). Azoidis et al. (2017) found that NFC did not 

negatively affect the proliferation of ASCs whereas Sheard et al. (2019) found that 

aNFC significantly increased their viability compared with 2D controls. In this chapter, 

I hypothesize that combining 3D cultivation of ASCs in aNFC hydrogels with ES can 

promote their osteogenic differentiation. 

 

5.2. Objectives 

 

The results presented and discussed in Chapter 4 showed that cultivation in 3D 

aNFC hydrogels resulted in an increase of the osteogenic differentiation potential of 

ASCs. The focus of this chapter is on developing an in vitro ES protocol to optimise 

cell mineralization in 3D aNFC. Although there are many different parameters 

published, an electric field of 0.1V/cm at a frequency of 10 Hz and 0.4 ms pulse width 

alternating current was determined to provide the best balance between viability and 

osteogenic differentiation. Even though both short-term electrical stimulation  

(Eischen-Loges et al., 2018) and ES over 21 days (Zhang et al., 2016) have been 

both reported to have pro-osteogenic effects in MSCs, the impact of long term ES in 

3D on both osteogenic differentiation and viability of the cells has not yet been 

assessed. Optimization experiments were performed (Supplement Fig. 5.4, 

Supplement Fig. 5.5, Supplement Fig. 5.6 and Supplement Fig. 5.7) to determine the 

best balance between viability and osteogenic differentiation. Two different voltages 

(0.1V/cm and 0.3V/cm) have been tested for optimization. Whereas 0.3V/cm of ES 

resulted in a decrease in the cell viability, ES with 0.1V/cm evidently showed no 

negative effect on cell viability after 21 days as well as an increase in the osteogenic 

differentiation of ASCs in 3D aNFC. To explore the impact of ES treatment in 3D, 

osteogenic potential was evaluated in ASCs exposed to an electric field of 0.1V/cm at 

a frequency of 10Hz and 0.4ms pulse width alternating current. The changes in the 

cytoskeleton reorganization of ASCs were investigated under control and osteogenic 

differentiation conditions in response to directly applied ES.  
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ES parameters were set up for delivering direct current to cells through a specially 

built cell-culture chamber. The chamber worked in conjunction with IonOptix C-

DishTM Culture Dish Electrode Assemblies. U-shaped platinum electrodes, 22 mm 

apart, were secured to the lid of a 6-well cell-culture plate and connected to a 

standard DC power supply. The electrodes were in contact with the bottom of the 

plate and were fully covered by culture media. The electrodes were connected to a 

standard multi-channel stimulator designed for chronic stimulation of cultured cells in 

incubators (for example, C-Pace EP) (Figure 5.1). Using digital adjustment of 

frequency (0.010-99 Hz), pulse duration (0.4-24 ms) and voltage (up to +/-40V and 

240 mA), the cells were exposed to 0.1V/cm chronic stimulation for 30 min a day for 

7, 14 or 21 days using a standard electrical power supply. 

      

Figure   5.1.   Setup for delivering electrical stimulation to the cells.  U-shaped 

platinum electrodes, 22 mm apart, were secured to the lid of a 6-well cell-culture 

plate and connected to a standard DC power supply. The electrodes were in contact 

with the bottom of the cell culture plate and were fully covered by culture media.  

 

The experimental design and set-up are shown in Figure 5.2. ASCs were pre-

cultivated under standard conditions for 4 days and then the media was replaced with 

an osteogenic or adipogenic media. The control group was treated in fresh standard 

media. The cells were exposed to chronic stimulation for 30 min a day for 7, 14 or 21 

days using a standard electrical power supply. The hypothesis was that ASCs 
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exposed to ES would stimulate characteristic alterations to improve osteogenic 

potential under osteogenic differentiation conditions. For 2D culture, a seeding 

density of 3x106 cells/3 mL were cultured in a 6--‐well, tissue-culture-treated, non-

pyrogenic polystyrene plate (cell growth area of 9.5cm2 approximately). For the 3D 

culture, ASCs at 1x105 cells/100 L seeded in 0.2% aNFC were cultivated in TC cell 

culture inserts.  

 

 

Figure 5.2. Schematic representation of the experimental design. (A) 

Experimental groups in 2D and 3D. In 2D and 3D, ASCs were differentiated into 

osteogenic or adipogenic medias under standard conditions with and without being 

exposed to ES. (B) ASCs were pre-cultivated in standard conditions for 4 days and 

then the media was replaced by an osteogenic, adipogenic or fresh standard media. 

XTT assays and immunocytochemical (ICC) staining against OCN and OPN were 

performed at day (d)7, d14 and d21. Alkaline phosphatase (ALP) activity was 

assessed on day 7, whilst Alizarin Red S staining, Oil Red O staining, live/dead 

assay and phalloidin staining were performed on day 21.  

 

 

5.3. Results 
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5.3.1. ES improved the osteogenic differentiation potential of ASCs under 2D 

cell culture conditions 

Electrical fields with different strengths were applied to the osteogenic differentiation 

of ASCs to determine optimal ES. The lower electrical field (0.1V/cm) showed no 

negative effect on cell viability at day 21 of culture compared with the control groups. 

ASCs were subjected to electric fields of 0.1V/cm at a 10 Hz frequency and a 0.4 ms 

pulse width alternating current signal. Cellular viability was measured by XTT viability 

analysis on days 7, 14 and 21 of osteogenic differentiation compared with cells in the 

control group. As shown in Figure 5.3A-C, ES evidently showed no adverse effect on 

cell viability after 21 days. 

 

 
 

Figure 5.3. Long-term cultivation of ASCs in 2D cell culture did not affect their 

viability under standard and osteogenic differentiation conditions. (A-C) Cell 

viability in 2D was measured by XTT viability assay at an excitation wavelength of 

490 nm and a reference wavelength of 650 nm. ASCs were exposed to ES in 

standard and osteogenic medias for up to 21 days followed by evaluation of viability 

using XTT assays. At days 7 and 21 ES, no significant differences in viability were 

detected. At day 14, ES of cells in the osteogenic media slightly decreased the 

viability compared with cells exposed to ES in a standard media. Values are shown 

as means  standard errors (SEM) of three independent experiments using 

GraphPad Prism software (GraphPad, La Jolla, CA, USA), *P<0.05, and a one-way 

ANOVA with Bonferroni correction (Cl 95%). 

 

Calcium deposition is a key indicator of the osteogenic differentiation of ASCs (Liu et 

al., 2014). After the assessment of Alizarin Red S fluorescence intensity, more 

extracellular mineral deposition of ASCs at day 21 of culture was observed in the 

osteogenic media when exposed to ES treatment (Figure 5.4A). The effect of ES with 

0.1V/cm at a 10 Hz frequency for 30 min per day on the osteogenic differentiation of 
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ASCs was evaluated. As shown in Figure 5.4., cells exposed to ES with 0.1V/cm 

resulted in distinguishable changes in morphology in ASCs at day 21 compared with 

the control groups. Calcium deposition of ASCs stimulated to 0.1V/cm showed a 

significant difference despite slight morphological changes compared with cells 

without ES. Alizarin Red S fluorescence intensity was assessed in ASCs exposed to 

ES in the osteogenic media. When exposed to ES treatment, ASCs in the 

differentiation media showed a high level of Alizarin Red S fluorescence intensity 

compared with cells in the standard media (Figure 5.4B). As shown in Supplement 

5.1., Appendix III, Alizarin Red S recovery values were determined using a standard 

curve (y=0.0066x-0.0045, R2=0.9729). Overall, ES was able to accelerate the 

osteogenic differentiation of ASCs, which is consistent with the finding of a previous 

study by (Zhang et al., 2016). 

 

 

 

Figure 5.4. ES increased osteogenic differentiation potential of ASCs under 2D 

cell culture conditions. (A) ASCs were exposed to ES (0.1V/cm) in standard and 

osteogenic medias for up to 21 days followed by assessment of the Alizarin Red S 

fluorescence intensity. Confocal laser-scanning microscopy clearly revealed the 
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presence of nuclei in close proximity to the Alizarin Red S signal. ASCs exposed to 

ES showed an intense calcium deposition in the osteogenic media, as indicated by 

the arrows. Scale bar: 200μm. (B) Alizarin Red S fluorescence intensity was 

measured using confocal laser-scanning microscopy. Data were compared using a 

one-way ANOVA with Bonferroni correction (Cl 95%). Error bars: SEM, ***P<0.0001. 

 

Calcein/ethidium homodimer-1 staining was used for live/dead assay. Cells were 

cultivated in 2D in standard and osteogenic differentiation medias with or without ES 

(0.1V/cm) for 21 days, followed by a calcein/ethidium homodimer-1 staining (Figure 

5.5A). Assessment of live/dead assays at day 21 revealed no differences in viability 

between ASCs in the standard media and osteogenic medias without ES (Figure 

5.5B). A significantly higher viability was demonstrated in ASCs in the osteogenic 

differentiation media treated with ES compared with cells in the standard media 

(Figure 5.5B). ASCs exposed to ES in the osteogenic differentiation media showed 

significantly higher ALP activity than cells with ES in the standard media and cells in 

the osteogenic differentiation media without ES whereas ALP activity at day 7 

revealed no significantly higher ALP activity in cells under osteogenic conditions 

(Figure 5.5C). As shown in Supplement 5.3., Appendix III, activity in increases of 

absorbance was determined using a standard curve of ALP (y=0.0563x+0.0027, 

R2=0.9962). To evaluate the levels of mineralisation, ASCs were cultivated at 21 

days and the absorbance of Alizarin Red S was measured by photometry. 

Quantifying by colorimetric detection showed a higher level of Alizarin Red S 

absorbance in cells in the differentiation media with ES compared with cells in the 

standard media (Figure 5.5D). Cells exposed to ES in the osteogenic differentiation 

media showed the highest level of mineralisation compared with cells in the standard 

media (Figure 5.5D). In addition, ASCs exposed to ES displayed a significant 

increase in the osteogenic differentiation media compared with cells in the same 

media without ES.  
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Figure 5.5. ES resulted in an increase of osteogenic differentiation potential in 

a 2D cell culture. (A) ASCs were exposed to ES in standard and osteogenic medias 

for up to 21 days followed by assessment of cell viability using live/dead assay. (B) 

Calcein/ethidium homodimer-1 based live/dead assay. Cells were cultivated in 2D in 

standard or osteogenic differentiation medias with or without ES for 21 days followed 

by a live/dead assay. Data analysis revealed no differences in relative viability in cells 

subjected to osteogenic differentiation and ES compared with cells in the standard 

media with ES. (C) After 7 days, cells were assayed for activity of ALP. A significant 

increase in ALP activity was observed in cells in the osteogenic media exposed to ES 

compared with non-stimulated cells under osteogenic conditions. (D) Colorimetric 

determination of calcium was assessed using Alizarin Red S dye recovery assay. 

Alizarin Red S absorbance of cells differentiated exposed to ES was measured at a 

wavelength of 405 nm using Spectra Max 340PC plate reader compared with cells by 

cultivation at 21 days with ES. ES resulted in significantly increased levels of 

mineralisation in the osteogenic media with ES compared with cells cultivated under 

osteogenic conditions without ES. Values are shown as means  standard errors of 

three independent experiments using GraphPad Prism software (GraphPad, La Jolla, 

CA, USA). Data were compared using a one-way ANOVA with Bonferroni correction 

(Cl 95%). At least three independent experiments were performed. Error bars: SEM, 
***P<0.0001. 
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Figure 5.6A-D shows that immunocytochemical analysis of the expression levels of 

OCN at days 7, 14 and 21 showed significantly higher expression levels in ASCs 

subjected to osteogenic differentiation with and without ES. At days 14 and 21, ES 

showed a high level of OCN expression in ASCs in the osteogenic media compared 

with cells subjected to an osteogenic media without ES (Figure 5.6C-D). The 

assessment of OPN expression showed increased levels of OPN in ASCs in the 

osteogenic differentiation media at days 7 and 14 (Figure 5.7A-C). In contrast, OPN 

expression showed no significant differences under ES treatment even though a 

higher expression was found in cells subjected to the osteogenic differentiation 

media at 21 days (Figure 5.7D). Immunocytochemical staining for OCN and OPN at 

day 14 and 7 was also shown in the supplement figure 5.8 and 5.9. 

 

 

 

 

Figure 5.6. ES increased expression of OCN in the 2D cell culture on days 7, 14 

and 21. (A) ASCs were exposed to ES in the osteogenic media for up to 21 days 

followed by immunocytochemical staining (OCN) and fluorescence microscopy. 
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Scale bar: 100μm. (B-D) Immunocytochemical analysis of OCN at days 7, 14 and 21. 

At days 14 and 21 significantly higher expression levels of OCN were observed in 

cells in the osteogenic differentiation media exposed to ES compared with 

osteogenically differentiated cells without ES. The fluorescence ratio was analysed 

using ImageJ software. Data were compared using a one-way ANOVA with 

Bonferroni correction (Cl 95%). At least three independent experiments were 

performed. Error bars: SEM. *P<0.05, **P<0.01 ***P<0.0001. ns: not significant. nd: 

not detected. 

 

 

 

Figure 5.7. ES increased the levels of OPN in the 2D cell culture on days 7, 14 

and 21. (A) ASCs were exposed to ES in the osteogenic media for up to 21 days 

followed by immunocytochemical staining (OPN) and fluorescence microscopy. Scale 

bar: 100μm. (B-D) Quantification of immunocytochemical analysis of OPN expression 

at days 7, 14 and 21. The expression level of OPN showed a significant increase in 

cells exposed to ES under osteogenic conditions at days 7 and 14 compared with the 

differentiated cells without ES. No significant differences were observed in OPN 
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expression at day 21 under ES conditions compared with the differentiated cells 

without ES. There were also no significant differences between cells in the 

osteogenic differentiation media with and without ES at all time points. The 

fluorescence ratio was analysed using ImageJ software. Data were compared using 

a one-way ANOVA with Bonferroni correction (Cl 95%). At least three independent 

experiments were performed. Error bars: SEM. *P<0.05, **P<0.01 ***P<0.0001. ns: not 

significant. nd: not detected.  

 

5.3.2. ES decreased the adipogenic differentiation of ASCs under 2D cell 

culture conditions 

ES has been said to reduce the levels of adipogenic differentiation of human ASCs 

(Hernandez-Bule et al., 2016). To confirm their results in this chapter, ASCs were 

exposed to adipogenic differentiation with and without ES for 21 days. Assessment of 

adipogenic differentiation at day 21 revealed the absorbance of lipid droplets stained 

with Oil Red O and microscopy-based analysis of lipid droplet size. When ASCs were 

subjected to ES in an adipogenic differentiation media, a slight and non-significant 

decrease of Oil Red O absorbance was detected compared with cells in the 

adipogenic differentiation media without ES (Figure 5.8A). As Figure 5.8B shows, 

lipid droplets stained with Oil Red O were analysed using colour thresholding for lipid 

droplet signal only. The computational conversion yielded a consistent representation 

of the original image with a good separation of the clustered lipid droplets.  

 

The quantitative analysis of ASCs stained with Oil Red O was performed at 540 nm 

(Figure 5.8C). Comparison of optical density of the ASCs subjected to chemical and 

electrical stimulation showed that ES resulted in a decrease of Oil Red O 

absorbance, as shown in Figure 5.8C. Changes in the relative frequency distribution 

of lipid droplets were also analysed and the results from ten different areas per 

condition were assessed in each experiment by the scatter line. ES resulted in a 

decrease in the size of lipid droplets (Figure 5.8D). As shown in Supplement 5.2., 

Appendix III, Oil Red stain recovery values was determined using a standard curve 

(y=0.0496x-0.0536, R2=0.9672).  
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Figure 5.8. ES interfered with the adipogenic differentiation of ASCs. (A) ASCs 

were cultivated in an adipogenic or standard media for 21 days followed by staining 

of lipid droplets by Oil Red O, microscopy and image analysis. Microscopy revealed 

multiple large lipid droplets in ASCs in the adipogenic differentiation media without 

ES and only a few in cells exposed to 0.1V/cm of ES. Scale bar: 50μm. (B) Lipid 

droplets stained with Oil Red O were analysed using colour thresholding for lipid 

droplet signal only. The computational conversion yielded a consistent representation 

of the original image with a good separation of the clustered lipid droplets. (C-D) 

Image analysis revealed a slight but not significant decrease of Oil Red O 

absorbance and a highly significant decrease in the average size of the lipid droplets 

in cells cultivated under adipogenic conditions exposed to ES compared with cells in 

the adipogenic media without ES. Data were compared using a one-way ANOVA 

with Bonferroni correction (Cl 95%). At least three independent experiments were 
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performed. Error bars: SEM. *P<0.05, ***P<0.0001. ns: not significant. Diff: 

differentiation. 

 

5.3.3. ES appeared no significant differences in cell viability of ASCs in 3D 

aNFC 

Previous studies have reported that cells seeded in various biomaterials were more 

viable (measured by electrophysiology) and indicated an increased level of 

differentiation in earlier mature cells in cell culture compared with their 2D monolayer 

culture (measured using immunocytochemistry staining) (Frega et al., 2014, Yuan et 

al., 2015). ASCs in 3D aNFC hydrogels were evaluated to detect whether long-term 

cultivation of ASCs affects their viability. Under ES conditions, cellular viability was 

assessed in 3D aNFC hydrogels exposed to an osteogenic differentiation media and 

a standard media when cultivated for 7, 14 and 21 days (normalised to 3D control). 

Figure 5.9A-C shows that analysis of the XTT data revealed that ES showed no 

differences in cell viability at days 7 and 14 under osteogenic conditions with ES, but 

a slightly significant decrease in cell viability in the osteogenic differentiation media 

with ES at day 21 (Figures 5.9A-C). Electrical and chemical stress did not have a 

strong negative effect on viable cells normalised to 3D control cells, as shown in 

Figure 5.9A-C.  

 

 
 

Figure 5.9. Long-term cultivation of ASCs in 3D aNFC showed a decrease in 

cell viability under standard and osteogenic differentiation conditions. (A-C) 

Assessment of cell viability in a 3D cell culture was measured by XTT viability assay 

at an excitation wavelength of 490 nm and a reference wavelength of 650 nm. ASCs 

embedded into 0.2% aNFC hydrogels were exposed to ES in standard and 

osteogenic medias for up to 21 days followed by assessment of cell viability using 

XTT assays. No significant differences in viability were detected at days 7 or 14, 

whereas a slight but significant decrease was observed in cells exposed to ES in the 



  Chapter 5: Experimental Results 

143  

osteogenic media at day 21 compared with cells in the standard media with ES. Error 

bars: SEM. *P<0.05. ns: not significant, a one-way ANOVA with Bonferroni correction 

(Cl 95%). Values are shown as means  standard errors of three independent 

experiments using GraphPad Prism software (GraphPad, La Jolla, CA, USA).  

 

To assess the proxy viability data obtained in the XTT assay, calcein/ethidium 

hoodimer-1 based on a live/dead assay was also performed (Figure 5.10A-B). 

Confocal laser-scanning microscopy and image analysis demonstrated higher 

relative cell viability in ASCs in 3D in the osteogenic differentiation media compared 

with cells in the standard media. Similarly, higher cell viability was determined in 

ASCs in 3D in the osteogenic media exposed to ES compared with cells in 3D in the 

standard media without ES (Figure 5.10C). Also, ES resulted in a significant 

decrease in cell viability in the standard media compared with cell viability in the 

standard media without ES. Similarly, ES showed a lower viability in differentiated 

cells subjected to ES compared with cells in the osteogenic media without ES (Figure 

5.10C). 

 

 

Figure 5.10. ES only moderately decreased the viability of ASCs in 3D aNFC 

under standard and osteogenic differentiation conditions. Calcein/ethidium 

homodimer-1 based-live/dead assay. (A-B) Cells were cultivated in standard or 
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osteogenic differentiation medias with or without ES for 21 days followed by a 

live/dead assay and confocal laser-scanning microscopy with subsequent 3D 

reconstruction. (C) Data analysis revealed higher relative viability in 3D cells in the 

osteogenic differentiation media compared with control cells in aNFC, and a higher 

relative viability in cells subjected to osteogenic differentiation, compared with cells in 

3D with ES. The quotient mean fluorescence of live/dead cells was determined using 

GraphPad Prism software (GraphPad, La Jolla, CA, USA). Data were compared 

using a one-way ANOVA with Bonferroni correction (Cl 95%). At least three 

independent experiments were performed. Error bars: SEM. *P<0.05, ***P<0.0001. 

ns: not significant. 

 

5.3.4. ASCs exposed to ES in 3D showed increased ALP activity and higher 

levels of calcium deposition during osteogenic differentiation 

To further determine the effects of an electric field on 3D cell culture in the early 

osteogenic differentiation, ALP activity was evaluated at day 7 using ALP 

spectrophotometry. As shown in Figure 5.11A., ALP activity was upregulated with 

and without ES compared with cells in a standard media. As a marker of late 

osteogenesis, levels of mineralisation were determined using Alizarin Red S and 

confocal laser-scanning microscopy (Figure 5.11B-C). Alizarin Red S stained 

intensely calcium deposits in cells in the osteogenic differentiation media at day 21 

when stimulated with 0.1V/cm. ES resulted in distinguishable changes in calcium-rich 

deposit of ASCs at day 21 compared with cells without chemical and electrical 

stimulation. Imaged-based analysis of Alizarin Red S autofluorescence showed a 

higher level of calcium deposition in cells in the osteogenic differentiation media 

under ES treatment compared with cells in the standard media with and without ES 

(Figure 5.11B-C). Significantly, ASCs subjected to the osteogenic differentiation 

media under ES conditions displayed a significantly higher fluorescence intensity of 

Alizarin Red S than cells in the osteogenic media without ES (Figure 5.11B). 
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Figure 5.11. ES increased ALP activity and the level of mineralisation during 

osteogenic differentiation. (A) ALP activity in 3D. ASCs were exposed to ES in 

osteogenic and standard medias for 7 days followed by an assessment of ALP 

activity. Significantly higher ALP activities were observed in cells in the osteogenic 

differentiation media than in the standard media with and without ES. A significant 

difference was only seen between standard media and osteogenic media. Moreover, 

there are no additional effects on ALP activity in the osteogenic differentiation under 

ES conditions. (B-C) Calcium deposition in 3D. ASCs were cultivated in standard or 

osteogenic cultivation medias with and without ES. After 21 days, cells were 

subjected to Alizarin Red S staining and confocal laser-scanning microscopy. 

Osteogenic differentiation conditions led to an increase of mineralisation compared 

with cells in the control media both with and without ES. ES resulted in significantly 

higher levels of mineralisation in cells cultivated in the osteogenic media. The 

fluorescence intensity for Alizarin Red S was quantified using ImageJ software. Data 

in four different conditions were compared using a one-way ANOVA with Bonferroni 

correction (Cl 95%). At least three independent experiments were performed. Error 

bars: SEM. **P<0.01, ***P<0.0001. ns: not significant. 
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5.3.5. ES under osteogenic differentiation conditions in 3D increased the 

expression levels of OCN and OPN in ASCs 

In order to determine the effects of ES on the expression of the late osteogenic 

markers OCN and OPN, ASCs in 3D aNFC hydrogels were cultivated for 21 days 

followed by immunocytochemical staining, confocal laser-scanning microscopy and 

image analysis. Confocal laser-scanning microscopy was used to visualise ASCs 

embedded in 0.2% aNFC with and without ES in response to late osteogenic markers 

(OCN and OPN) while quantifying by the fluorescence intensity of osteogenic 

markers (Figures 5.12A and 5.13A, respectively). 

 

As shown in Figure 5.12(B-C-D) and Figure 5.13(B-C-D), the fluorescence ratio 

OCN/DAPI and the fluorescence ratio OPN/DAPI were measured by ImageJ 

software. The results obtained in 2D were familiar to the expression of OCN in ASCs 

embedded into 3D aNFC. ES resulted in a significant increase of OCN expression in 

cells in 3D subjected to ES in the osteogenic media compared with cells in the 

standard and osteogenic medias without ES at days 14 and 21 (Figure 5.12C-D). 

The expression level of OCN showed higher potential in ASCs subjected to ES 

compared with cells without ES under the osteogenic differentiation media in 3D 

aNFC at day 7. Moreover, ASCs in the osteogenic differentiation media at day 21 

showed significantly higher levels of OCN under ES treatment compared with cells 

subjected to an osteogenic media without ES (Figure 5.12D). 

 

In contrast to OCN, another late osteogenic marker, OPN, was evaluated in terms of 

its fluorescence intensity when ASCs were cultivated in 3D aNFC in the osteogenic 

differentiation media with ES compared with cells in the standard media with and 

without ES (Figure 5.13). ASCs exposed to ES exhibited higher levels of OPN 

expression in the osteogenic media at days 7 and 14 compared with cells subjected 

to the osteogenic media without ES (Figure 5.13B-C). Contrary to the results at days 

7 and 14, ES showed no significant differences in the fluorescence intensity of OPN 

in cells in the osteogenic media compared with cells in the standard media with and 

without ES at day 21 (Figure 5.13D). 
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Figure 5.12. ES increased the expression of OCN in 3D at days 7, 14 and 21. (A) 

ES increased the expression of OCN in 3D. ASCs in osteogenic or standard medias 

were electrically stimulated for up to 21 days followed by immunocytochemical 

staining for OCN. Images were taken using confocal laser-scanning microscopy with 

subsequent 3D reconstruction. (B-D) ES significantly increased the expression of 

OCN in cells in the osteogenic media subjected to ES compared with cells in the 

standard and osteogenic medias not exposed to ES at days 7, 14 and 21. Data were 

compared using a one-way ANOVA with Bonferroni correction (Cl 95%). At least 

three independent experiments were performed. Error bars: SEM. *P<0.05, **P<0.01, 
***P<0.0001. ns: not significant. 
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Figure 5.13. ES increased the expression of OPN in 3D at days 7 and 14 but did 

not affect it at day 21. (A) ASCs were cultivated in standard or osteogenic medias 

with and without ES for up to 14 days followed by immunocytochemical staining of 

OPN and confocal laser-scanning microscopy. (B-D) ES resulted in increased 

expression of OPN in cells under osteogenic conditions at days 7 and 14. At day 14, 

a higher expression level of OPN was observed in cells in the osteogenic media 

under ES exposure compared with cells under osteogenic conditions without ES. No 

significant differences in OPN expression were found at day 21 under ES conditions. 

Data were compared using a one-way ANOVA with Bonferroni correction (Cl 95%). 

At least three independent experiments were performed. Error bars: SEM. *P<0.05, 

**P<0.01, ***P<0.0001. ns: not significant. 

 

5.3.6. ASCs exposed to ES displayed a highly arranged actin cytoskeleton and 

formation of cell-free pores within the 3D aNFC hydrogel 

When cells were cultivated into 3D aNFC, ASCs achieved homogenous growth under 

an electrical field. ASCs subjected to standard and osteogenic medias with and 

without ES were fixed and stained with phalloidin at day 21 in order to visualise the 

actin cytoskeleton. Confocal microscopy was performed to visualise actin filament in 

ASCs in 3D aNFC exposed to ES (Figure 5.14A). Image analysis showed a highly 
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arranged actin cytoskeleton in ASCs exposed to osteogenic differentiation with and 

without ES (Figure 5.14A-B). Notably, a denser actin cytoskeleton was exhibited in 

ASCs exposed to ES in standard and osteogenic differentiation medias (Figure 

5.14A). The spread of the actin filament in cells exposed to ES was larger than in 

cells without ES. The arrangement of dense actin bundles is likely to imply increased 

osteogenic differentiation (Treiser et al., 2010). 

 

 

Figure 5.14. ES of ASCs induced profound re-arrangements of the actin 

cytoskeleton. (A) ASCs in aNFC were differentiated in an osteogenic differentiation 

media for 21 days with and without ES (0.1V/cm) followed by staining of the actin 

cytoskeleton using phalloidin with subsequent confocal microscopy. Image analysis 

revealed a highly aligned and dense network of F-actin fibres in cells in the 

osteogenic differentiation media and in cells exposed to ES independent of the 

culture condition. The images show maximum intensity projections of confocal z-

stacks. Scale bar: 50μm. At least three independent experiments were performed. 
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5.4. Discussion 

 

Nanoscale mechanical stimulation of MSCs has recently been performed to promote 

osteogenic differentiation in 2D and 3D cultures by two different methods, passive 

and active. Passive methods lead to substrate topography and stiffness (Kingham et 

al., 2013) whilst active methods comprise various forces from external sources such 

as vibration, centrifugation and shear flow (Zhao et al., 2014). Zhang et al. (2012a) 

found that vibration at 50 Hz with a peak acceleration of 3 g showed an increased 

level of osteogenic differentiation (Zhang et al., 2012a). In another study controlled 

with mechano-transductive stimuli, vibration of ASCs promoted with 50 and 100 Hz, 

with a peak acceleration of 3 g, resulted in increased ALP activity and calcium 

deposition (Tirkkonen et al., 2011). Campsie et al (2019) designed a novel bioreactor 

system using finite element analysis to measure the modal and harmonic motions, 

and increased osteogenic differentiation of MSCs embedded in 3D collagen gel was 

confirmed by using vibrational stimulation  (Campsie et al., 2019).  

 

ES treatment was optimized to promote cell viability and osteogenic differentiation in 

a 2D cell culture and found no strong negative effects on cell viability and an increase 

in the osteogenic potential of ASCs exposed to an electric field of 0.1 V/cm, at a 

frequency of 10Hz and 0.4ms pulse width alternating current. These results are 

consistent with those of Eischen-Loges et al. (2018) who found the optimal ES 

regimen to promote the osteogenic differentiation of BM-MSCs for 7 and 14 days. 

The cells treated with ES (0.1V/cm for 1 h per day) showed an increase in the RunX2 

expression and calcium/calmodulin activity at 7 days (Eischen-Loges et al., 2018). 

Furthermore, exposure to ES resulted in an enhanced differentiation potential and an 

increase in the pro-osteogenic activity with RunX2 expression and ALP activity 

(Eischen-Loges et al., 2018). Another in vitro study showed a strong positive effect of 

ES on the osteogenic differentiation (Leppik et al., 2018).  

 

The findings presented in this chapter have shown that imaged-based analysis of 

ASCs stained with Oil Red O revealed a slight but not significant decrease in Oil Red 

O absorbance and a highly significant decrease in the average size of the lipid 

droplets in cells cultivated under adipogenic conditions exposed to ES compared with 

cells in an adipogenic media without ES. ES with the 100 kHz-3 GHz frequency 

spectrum has been stated to be an effective treatment for reducing cytoplasmic lipid 
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content since such therapies promote tissue heating through molecular friction 

(Valentim da Silva et al., 2013). Among such therapies involving electromagnetic 

fields, capacitive-resistive electric transfer (CRET) has been used to treat tissues 

which are exposed to two different simultaneous stimuli: thermal electrically-induced 

and mechanical (Valentim da Silva et al., 2013). Hernandez-Bule et al. (2016) 

investigated the impact of CRET current at 448 kHz with in vitro exposure to short 

pulses, conducted at a subthermal density of 50 μA/ mm2 on the adipogenic 

differentiation of human ASCs. Their results showed that decreased lipid synthesis 

was observed with the reduced expression of PPARγ and the activated MEK1/2 

(mitogen-activated protein kinase kinases 1 and 2) by applying an electric stimulus 

(Hernandez-Bule et al., 2016). The data presented in this chapter have shown that a 

significant increase in ALP activity was observed in ASCs in 2D in an osteogenic 

media exposed to ES compared with cells without ES under osteogenic conditions. 

Furthermore, ES resulted in an increased fluorescence intensity of Alizarin Red S in 

ASCs in the osteogenic media with ES compared with cells cultivated under 

osteogenic conditions without ES. Most previous studies have shown that stem cells 

exposed to daily ES showed an increase in the osteogenic expression of bone-

specific proteins such as OPN and ALP (Balint et al., 2013, Mobini et al., 2016). 

According to the findings of the current study, ES resulted in a high level of OCN 

expression in ASCs in osteogenic differentiation compared with cells subjected to an 

osteogenic media without ES at days 14 and 21. Similarly, the assessment of OPN 

expression demonstrated increased levels of OPN in ASCs in an osteogenic 

differentiation media at days 7 and 14.  

 

Exogenous electrical fields with low voltage (10-150 mV/mm) are likely to induce 

bone cell migration, proliferation and differentiation (Mobini et al., 2017a). 3D cell 

culture seems to increase cell viability and osteogenic differentiation compared with 

conventional 2D culture in response to directly applied ES. There have been many 

reports suggesting that 3D cultivation with ES might have an impact on MSC viability 

and differentiation potential as a consequence of the optimized electrical current. In 

this current study, a high level of Alizarin Red S signal was observed after 

differentiation of ASCs in 2D and in 3D when exposed to ES. ASCs exposed to ES in 

3D showed increased ALP activity and higher levels of calcium deposition during 

osteogenic differentiation. A more stringent test was applied by the additional 

determination of specific signals on the differentiated cells as the detection of Alizarin 



  Chapter 5: Experimental Results 

152  

Red S might lead to the risk of over-estimation because of false-positive signals 

caused by cell debris. Immunocytochemical staining of OCN and OPN have shown 

that ES resulted in higher levels of OCN and OPN in ASCs embedded into 3D aNFC 

when cultivated in an osteogenic media, whereas no expression in cells was 

observed in a standard media. These findings are consistent with those of Leppik et 

al. (2018) who reported that autologous bone marrow-derived mononuclear cells 

(BMC) embedded into β-tricalcium phosphate (β-TCP) showed an increase in 

osteogenic differentiation for eight weeks in ten rats. Their results showed that ES 

induced osteogenic differentiation in vitro and promoted greater amounts of bone 

cells and vessel formation in vivo. When the cells were combined with β-TCP 

scaffolds, ES promoted the osteogenic differentiation of MSCs (Leppik et al., 2018). 

Furthermore, Balikov et al. (2016) determined the impact of electric current on the 

differentiation of human MSCs without exogenous biochemicals. Using graphene 

with different patterned formats (for example, non-coated, pure monolayer graphene, 

and patterned formats with columnar and grid-like structures), they found higher  

expression of the early osteogenic marker RunX2 in all scaffolds tested under electric 

current with 0.3 V at 1 Hz, as well as the higher expression of OPN on grid and 

column graphene (Balikov et al., 2016).  

 

By examining the impact of ES on cell viability and proliferation, some studies have 

reported an increase in viability and proliferation compared with the respective 3D 

controls whereas others have observed the opposite effects (reviewed in 

(Edmondson et al., 2014)). This can be at least partly attributed to the effect of 

electrical field on 3D cell culture method. In this study, cell viability of ASCs 

embedded within 0.2% aNFC hydrogels was measured under ES and in an 

osteogenic differentiation media at 7, 14 and 21 days. ES showed a slight decrease 

in the viability of ASCs cultured in 3D aNFC hydrogels for 7, 14 and 21 days. 

Analysis of the relationship between ES and chemical stimulation with differentiation 

potential showed that the viability of ASCs cultured in 3D was similar to those in both 

conditions. These results are in agreement with those of Li et al. (2020) which 

confirmed that a lower electrical field with 1V/cm did not show a negative effect on 

cell viability whilst a higher electrical voltage (10 and 20 V/cm) resulted in a higher 

incidence of dead cells (Li et al., 2020). Jing et al. (2016) reported that pulsed 

electromagnetic fields promoted an increase in osteogenic differentiation in a rabbit 

bone defect model after implantation into porous titanium (Jing et al., 2016).  



  Chapter 5: Experimental Results 

153  

The use of an electrical field has recently attracted attention as an approach to bone 

regeneration and endothelial tissue healing (McCaig et al., 2009). Titushkin and Cho 

(2007) found changes in stem cell behaviours with and without ES. Their results 

showed that the ability of MSCs to control changes in cytoskeleton structure was 

correlated with the osteogenic differentiation lineage (Titushkin and Cho, 2007, 

Titushkin and Cho, 2009). Some researchers have demonstrated the impact of an 

electrical field on the reorganisation of the cytoskeleton (Sun et al., 2006) and cell 

membrane receptors (Griffin and Bayat, 2011). The data presented in this chapter 

have shown a highly aligned and dense network of F-actin fibres in ASCs exposed to 

ES, which could be supported by osteogenic potential. ASCs embedded in 0.2% 

aNFC were treated with and without osteogenic differentiation supplementation for 21 

days when exposed to 10 Hz at 0.1V/cm. The differentiated cells on stiff substrates 

showed extensive stress fibres under ES conditions, whilst the differentiated cells 

exposed to no ES had less spread and fewer stress fibres. The ES also induced 

thicker stress fibres in the undifferentiated cells embedded in 0.2% aNFC on stiff 

substrates compared with those exposed to no ES. This finding is consistent with 

previous data showing that the cytoskeleton reorganization in mouse ASCs showed 

morphological and functional changes in response to ES (Hammerick et al., 2010, 

Kim et al., 2006). Furthermore, the directly applied ES at 100 mV/mm  showed 

modifications in the actin filament organisation in human MSCs (Mobini et al., 

2017b).  

 

Zhang et al. (2018) investigated the effect of ES on human ASCs and umbilical vein 

endothelial cell (HUVECs) co-cultures seeded in an electrically conductive poly-

pyrrole (PPY)/chitosan (CS) scaffold and found that ASCs with and without ES (200 

μA for 4 h per day) showed 346% and 139% higher calcium deposition respectively. 

Furthermore, the impact of ES and co-culture with HUVECs had synergistic effects 

on the osteogenic differentiation of ASCs. In this context, it is worth considering the 

impact of an electrical field on the paracrine effects, which is supported by the 

association between HUVECs and ASCs and which improved the cellular functions 

(Zhang et al., 2018a). Their findings also showed the potential therapeutic benefits of 

ASC/HUVEC in an electrically conductive scaffold for treating damaged bone (Zhang 

et al., 2018a). 
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5.5. Conclusion 

 

The osteogenic differentiation of ASCs in 3D aNFC hydrogel has been shown to 

enable the formation of 3D bone-like constructs. It was found that an electrical field 

up to 0.1V/cm at 10 Hz did not result in a cytotoxic environment for cell viability 

compared with cells without ES. When stimulated at 10 Hz at 0.1V/cm, ES resulted in 

the enhanced osteogenic potential of ASCs under an osteogenic differentiation 

media. ES promoted an increase in the osteogenic potential of ASCs embedded into 

3D aNFC including increased expression of osteogenesis-related proteins, high ALP 

activity and higher levels of mineralisation compared with cells in 3D without ES. The 

findings of this study suggest that ES could be a beneficial guide for applying to bone 

tissue engineering in the context of macroscopic bone formation in the future. The 

results reported and discussed in this chapter could be used for developing new 

therapies for osteoporosis on the grounds that ES on cells has appeared to have a 

profound effect on cellular proliferation and osteogenic differentiation. The data 

obtained from in vitro experiments suggest that 3D cell culture in combination with 

ES increased the osteogenic potential of ASCs. Future research could evaluate 

whether the ES of ASCs can promote similar effects in in vivo models of bone 

regeneration including the rodent model and in sheep. Such a large animal model 

can be proposed for a closer approximation to bone degeneration and regeneration 

in humans. ES could be a beneficial guide for applying to bone engineering in the 

future because the results presented in this chapter showed a positive effect of ES 

on cellular proliferation and osteogenic differentiation as well as re-arrangement of 

actin cytoskeleton. Follow-up in vivo data could enable the development of a novel 

therapy for osteoporosis and osteoporotic fractures in humans.  
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Chapter 6 

Impact of 3D cell culture combined with electrical 
stimulation on the anti-Inflammatory potential of human 

mesenchymal stem cells and their secretome  
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6.1. Introduction 

 

MSCs are widely believed to contribute to regeneration via paracrine factors, acting 

as ‘bystander cells’ and modulating endogenous regeneration. Indeed, there is a 

general consensus that the therapeutic benefit of MSCs in many conditions is 

paracrine; Arnold Caplan, who first coined the term `mesenchymal stem cells`, 

recommended referring to this cell type as `medicinal signalling cells` (Caplan, 2019). 

The current understanding of these `bystander effects` mediated by the secretome of 

MSCs is that it involves two main factors – immunomodulation and reduction of 

inflammation. In the context of immunomodulation, MSCs and their secretome can 

affect a wide variety of immune cells including but not limited to macrophages, 

dendritic cells, T-cells, B-cells and natural killer cells (reviewed in (Weiss and Dahlke, 

2019) resulting in local immunosuppression. Notably, the anti-inflammatory action of 

the MSC secretome is not limited to immune cells as it can reduce the levels of pro-

inflammatory markers in other tissues including cartilage (van Buul et al., 2012) and 

muscle tissue (Mitchell et al., 2019). In addition, bystander effects on the surrounding 

tissue include paracrine modulation of angiogenesis, anti-apoptosis, chemoattraction 

and the stimulation of resident cell proliferation (Caplan, 2017). 

 

The immunomodulation of MSCs is mediated by cell-cell contact and contact-

independent mechanisms, resulting in an immunosuppressive response (Gao et al., 

2016). Herein, immunosuppressive responses are largely mediated soluble factors 

such as TGF-ß1, prostaglandin E2 (PGE2), hepatocyte growth factor (HGF), 

indoleamine-pyrrole 2,3-dioxygenase (IDO), nitric oxide (NO) and interleukin-10 (IL-

10) as well as IL-6, galectins and leukaemia inhibitory factors (Gao et al., 2016). 

Proinflammatory cytokines interferon-γ (IFNγ) and tumour necrosis factor- (TNF-)  

produced by the damaged tissue during inflammation contribute to MSC migration to 

the damaged site, which in turn stimulates tissue repair and the resolution of 

inflammation (Kyurkchiev et al., 2014). Another immunomodulatory effect of MSCs is 

mediated by a contact-dependent mechanism that results in the decreased 

proliferation of T-cells and an increased percentage of Tregs (Han et al., 2011). 

Moreover, cell adhesion molecules (CD274, programmed death ligand 1), vascular 

cell adhesion molecule-1 and galectin-1 promote both cell-dependent contact and 

immunomodulation of MSC (Gao et al., 2016). IFNγ pre-treatment also increases the 

immunomodulatory effects of MSCs through the cell-cell contact mechanism and 
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secretion of soluble factors. The paracrine factors responsible for the effects 

described above are soluble factors including cytokines, growth factors and 

chemokines in addition to proteins and miRNAs embedded within extracellular 

vesicles (reviewed in (Eleuteri and Fierabracci, 2019).  

 

A key factor playing a role in the lower osteogenic potential of osteoporotic MSCs is 

that in senile osteoporosis, MSCs undergo cellular senescence resulting in growth 

arrest and they have reduced proliferative, differentiation, anti-inflammatory and 

immunomodulatory potential (Bicer et al., 2021). 

  

 
 

Figure 6.1. The contribution of MSCs to regeneration in bone fractures. In the 

acute phase after a bone fracture, resident transplanted MSCs release many 

paracrine factors, which in turn attract the migration of immune cells and additional 

MSCs to the site of the injury. The paracrine actions of MSCs also include 

modulating endogenous cell differentiation, proliferation and angiogenesis. In 

addition, they are able to integrate and undergo osteogenic differentiation thereby 

replacing lost bone material. Finally, in the late stage of bone regeneration, MSCs 

contribute to regeneration by releasing soluble and extracellular vesicle-embedded 

immunomodulatory and anti-inflammatory factors including proteins and miRNAs. 

The MSCs are transplanted MSCs (Bicer et al., 2021).  
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Increasing the viability as well as the proliferative and osteogenic differentiation 

capacity while retaining the anti-inflammatory and immunomodulatory potential of 

MSCs are therefore still essential steps required to deliver a successful and reliable 

autologous stem cell-based therapy for osteoporosis.  

 

A better understanding of the effects of different 3D cell culture systems and ES on 

the immunomodulatory and anti-inflammatory potential of MSCs could therefore pave 

the way for more efficient MSC-based therapies. 

 

6.2. Objectives 

 

The results presented in Chapter 5 showed that ES in combination with 3D cultivation 

in aNFC does not negatively affect the viability of ASCs while boosting their 

osteogenic potential. The main objective in this chapter is to assess the impact of the 

combination of ES and 3D cell culture on the anti-inflammatory potential of ASC 

secretome. 

 

The anti-inflammatory potential of secretomes released by ASCs cultivated in 2D and 

3D with and without ES secretome was investigated by analysing the nuclear 

translocation of the pro-inflammatory transcription factor NFB in human foreskin 

fibroblasts exposed to tumour necrosis factor alpha (TNF-). Additionally, the TNF--

induced activity levels of NFB were explored in an established reporter cell line 

exposed to secretomes from ASCs cultivated with and without ES in 2D and 3D.  

 

 

6.3. Results 

 

6.3.1. TNF--induced nuclear translocation of the NFB/p65 subunit showed a 

decrease in the presence of secretomes from ASCs cultivated in 2D and 3D  

Using confocal microscopy, the nuclear translocation of the NFB subunit p65 was 

monitored in fibroblasts exposed to TNF- in combination with secretomes derived 

from ASCs with and without ES in 2D and 3D. Secretomes from ASCs cultivated in 

2D and 3D were isolated. Fibroblasts were cultivated in the presence or absence of 

TNF- in combination with the secretomes. If cells are activated with TNF-, this 
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mimics inflammation in the dish and leads to the nuclear translocation of NFB. If the 

secretomes have anti-inflammatory potential, they will reduce the level of p65 in the 

nucleus of fibroblasts exposed to TNF- compared with cells in the presence of TNF-

 alone. 

 

Confocal imaging showed that NFB/p65 (magenta) remained cytoplasmic with 

almost no nuclear staining in unstimulated fibroblasts whereas nuclear p65 was 

present in all cells exposed to TNF-α (Figure 6.2A-B). In contrast, fewer cells with 

nuclear p65 were observed when fibroblasts were co-exposed to 2D ASC secretome 

and TNF- compared with cells with TNF-α alone (Figure 6.2C).  
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Figure 6.2. Secretome from ASCs cultivated in 2D reduced the nuclear 

translocation of p65 in fibroblasts exposed to TNF-. (A-C) Fibroblasts were 

cultivated in the presence or absence of TNF- (2ng/ml) (control) in combination with 

the secretomes generated in 2D. (A-C) Nuclear translocation of NFB/p65 was 

detected by immunostaining (magenta colour, middle panels) and nuclei of 

fibroblasts were counterstained by DAPI (green colour, left panels). Cytoplasmic 

localization of NFB/p65 in fibroblasts stimulated without TNF- were compared with 

the nuclear localization of NFB/p65 in fibroblasts stimulated with TNF-. Scale bar: 

200m.  
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In order to assess the anti-inflammatory potential of the supernatant derived from 

ASCs cultivated in 3D, fibroblasts were cultivated in the presence or absence of TNF-

 in combination with the secretomes from ASCs cultivated in 3D aNFC and NFC 

(Figure 6.3). The results shown in Figure 6.3B-C show that secretomes from ASCs 

cultivated in 3D NFC decreased the levels of nuclear translocation of p65 in 

fibroblasts exposed to TNF- (Figure 6.3B-C) compared with fibroblasts with TNF- 

alone (Figure 6.3A). 

  

Figure 6.4 shows that the incubation of TNF- exposed fibroblasts with secretomes 

released by ASCs seeded into 3D aNFC decreased the level of p65 in the nucleus 

compared with cells exposed to TNF- alone. In addition to NFB activation, a 

different morphology was observed in fibroblasts exposed to a combination of TNF- 

and secretomes from ASCs cultivated in 2D and 3D.  

 

Having visualised the data obtained by confocal laser-scanning microscopy, the 

nuclear translocation of p65 in fibroblasts was analysed in ImageJ to quantify the 

levels of nuclear translocation of NFB p65. All of the results were compared with 

levels of p65 in control fibroblasts and cells cultivated in the presence of TNF-. 

Notably, secretomes in 2D and 3D had a very different anti-inflammatory potential. 

Although the secretome from ASCs cultivated in 2D resulted in a decrease in the 

nuclear translocation of p65 in fibroblasts exposed to TNF-, a stronger reduction 

was observed in the presence of secretomes of ASCs cultivated in 3D in both aNFC 

and NFC (Figure 6.5). The secretome from ASCs generated in 3D aNFC showed 

more reduction of the nuclear translocation of p65 in fibroblasts exposed to TNF-, 

compared with the nuclear translocation of p65 in fibroblasts exposed to TNF- in 

combination with the secretome from ASCs in 3D NFC (Figure 6.5).  
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Figure 6.3. Secretome from ASCs cultivated in 3D aNFC reduced the nuclear 

translocation of p65 in fibroblasts exposed to TNF-. (A-C) Fibroblasts were 

cultivated in the presence or absence of TNF- (2ng/ml) (control) in combination with 

the secretomes generated in 3D. (A-C) Translocation of NFB/p65 was detected by 

immunostaining (magenta colour, middle panels) and nuclei of fibroblasts were 

localized by DAPI (green colour, left panels). Cytoplasmic localization of NFB/p65 

without TNF- stimulation was compared with nuclear localization of NFB/p65 in 

fibroblasts with TNF- stimulation for 1 h (A-C). The nuclear localization of NFB/p65 

was counterstained by DAPI nuclear staining. Scale bar: 200m.  
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Figure 6.4. Secretome from ASCs cultivated in 3D aNFC reduced the nuclear 

translocation of p65 in fibroblasts exposed to TNF-, compared with secretome 

from ASCs cultivated in 2D. (A-D) Fibroblasts were cultivated in the presence or 

absence of TNF- (2ng/ml) (control) in combination with the secretomes generated in 
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2D and 3D. (A-D) Translocation of NFB/p65 was detected by immunostaining 

(magenta colour, middle panels) and nuclei of fibroblasts were localized by DAPI 

(green colour, left panels). Cytoplasmic localization of NFB/p65 without TNF- 

stimulation was compared with the nuclear localization of NFB/p65 in fibroblasts 

with TNF- stimulation for 1 h (A-D). Nuclei were counterstained by DAPI nuclear 

staining. Scale bar: 200m.  

 

 

Figure 6.5. Quantification of nuclear p65 intensity showed a decrease in levels 

of inflammation in cells exposed to 2D and 3D ASC secretomes. Secretomes 

from ASCs cultivated in 3D aNFC reduced the nuclear translocation of p65 in 

fibroblasts exposed to TNF-, compared with secretomes from ASCs in 2D. When 

the images from confocal laser-scanning microscopy were quantified, secretomes 

from ASCs cultivated in aNFC showed a higher anti-inflammatory potential than 

secretomes from ASCs in 2D. The intensity of nuclear p65 fluorescence was 

measured in Fiji Image J. Values are shown as means  standard errors of three 

independent experiments using GraphPad Prism software (GraphPad, La Jolla, CA, 

USA). Data were compared using a one-way ANOVA with Bonferroni correction (Cl 

95%). At least three independent experiments were performed for each donor. 
***P<0.0001 was considered to be statistically significant. 
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6.3.2. 2D and 3D ASCs secretomes reduced NFB activity in a cell reporter 

assay  

2D and 3D ASCs secretomes resulted in a reduction in the nuclear translocation of 

p65 in fibroblasts exposed to TNF-. In order to confirm these findings in an 

independent assay, a cell reporter assay was performed. Briefly, U251 NFB-Luc-

GFP reporter cell line (Zeuner et al., 2017) was used to monitor TNF- and 

secretome-induced changes in NFB-dependent luciferase expression and activity.  

 

Secretomes were isolated from ASCs cultivated in 2D and 3D and then transferred 

onto the U251 NFB-Luc-GFP reporter cells in the presence or absence of TNF-. 

Figure 6.6 shows that the exposure of reporter cells to TNF- alone resulted in high 

levels of NFB activity. Notably, a combination of 2D secretome and TNF- led to 

significantly decreased NFB activity compared with cells exposed to TNF- alone. 

Importantly, 3D secretomes from both NFC and aNFC further reduced the NFB 

activity compared with cells exposed to both TNF- alone and a combination of TNF-

 and 2D secretome (Figure 6.6).  

 

Figure 6.6.  The reporter cell assay showed a decreased level of NFB 

dependent luciferase activity in cells co-exposed to 3D secretomes and TNF-α 

compared with a combination of TNF-α and 2D secretomes. A luciferase reporter 

assay was performed to compare TNF- induced NFB activation in reporter cells in 

the presence of secretomes from ASCs generated in 2D and 3D culture systems 

(three different donors). Values are shown as means  standard errors of three 
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independent experiments using GraphPad Prism software (GraphPad, La Jolla, CA, 

USA). Data were compared using a one-way ANOVA with Bonferroni correction (Cl 

95%). At least three independent experiments were performed. ***P<0.0001 and 

**P<0.01 were considered to be statistically significant. 

 

6.3.3. ES resulted in a decrease in TNF--induced NFB activation in 3D using 

NFB/p65 nuclear translocation 

Using confocal microscopy, the nuclear localization of the p65 subunit of NFB was 

monitored in secretomes isolated from ASCs in 2D and 3D cultures with applied ES. 

In order to investigate NFB activation in response to pro-inflammatory stimuli (TNF-

) under an electrical field, two detection systems based on nuclear localization of 

NFB was performed: immunostaining for p65 subunits and a luciferase reporter 

assay. The secretomes from ASCs cultivated in 2D and 3D were isolated and then 

stimulated by fibroblasts with TNF- either alone or with the 2D and 3D secretomes. 

The findings showed that the nuclear translocation of p65 in fibroblasts co-exposed 

to TNF-α and secretomes from ASCs in 2D cultures was higher than in cells in the 

presence of TNF-α and 3D secretomes. Interestingly, ES resulted in a decrease of 

NFB activation in secretomes from ASCs cultivated in 2D and 3D cultures. The 

nuclear localization of the p65 subunit was monitored in the presence of secretomes 

from both 2D and 3D cultures with and without applied ES. Figures 6.7, 6.8 and 6.9 

show the results of the immunocytochemical staining of images of fibroblasts grown 

in the presence of secretomes from ASCs cultivated in 2D and 3D cultures 

respectively. After overnight pre-cultivation with secretomes from ASCs cultivated in 

3D and 2D with and without applied ES, fibroblasts were stimulated with TNF- 

(2ng/ml) for 1 h. Confocal imaging showed that the NFB/p65 in fibroblasts remained 

cytoplasmic in the control with almost no nuclear staining without TNF- stimulation 

and high levels of nuclear p65 in TNF-α treated cells (Figure 6.7A-B). In contrast, the 

levels of nuclear p65 were reduced in the presence of 2D secretomes with and 

without ES (Figure 6.7C-D). Furthermore, the levels of nuclear p65 were reduced in 

the presence of 3D aNFC secretomes with and without ES (Figure 6.8C-D) and there 

was a substantial decrease in nuclear p65 in the presence of 3D NFC secretomes 

with and without ES (Figure 6.9C-D).   
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Figure 6.7. Secretome from ASCs cultivated in 2D with applied ES reduced the 

nuclear translocation of p65 in fibroblasts exposed to TNF-. (A-D) Secretomes 

from ASCs were cultivated in 2D reduced the nuclear translocation of p65 in 

fibroblasts when exposed to ES. Fibroblasts were cultivated in the presence or 

absence of TNF- (2ng/ml) (control) in combination with the secretomes generated in 

2D with and without ES. (A-D) Nuclear translocation of NFB/p65 was detected by 

immunostaining (magenta colour, middle panels) and nuclei of fibroblasts were 

counterstained by DAPI (green colour, left panels). Cytoplasmic localization of 
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NFB/p65 in fibroblasts stimulated without TNF- was compared with the nuclear 

localization of NFB/p65 in fibroblasts stimulated with TNF-. Scale bar: 200m. 

 

 

 

Figure 6.8. Secretome from ASCs cultivated in 3D aNFC with applied ES 

reduced the nuclear translocation of p65 in fibroblasts exposed to TNF-. (A-D) 

Secretomes from ASCs were cultivated in 3D aNFC reduced the nuclear 

translocation of p65 in fibroblasts when exposed to ES. Fibroblasts were cultivated in 

the presence or absence of TNF- (2ng/ml) (control) in combination with the 

secretomes generated in 3D aNFC with and without applied ES. (A-D) Nuclear 

translocation of NFB/p65 was detected by immunostaining (magenta colour, middle 
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panels) and nuclei of fibroblasts were counterstained by DAPI (green colour, left 

panels). Cytoplasmic localization of NFB/p65 in fibroblasts stimulated without TNF- 

was compared with the nuclear localization of NFB/p65 in fibroblasts stimulated with 

TNF-. Scale bar: 200m. 

 

 

Figure 6.9. Secretome from ASCs cultivated in 3D NFC with applied ES reduced 

the nuclear translocation of p65 in fibroblasts exposed to TNF-. (A-D) 

Secretomes from ASCs were cultivated in 3D NFC reduced the nuclear translocation 

of p65 in fibroblasts when exposed to ES. Fibroblasts were cultivated in the presence 

or absence of TNF- (2ng/ml) (control) in combination with the secretomes 
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generated in 3D NFC with and without applied ES. (A-D) Nuclear translocation of 

NFB/p65 was detected by immunostaining (magenta colour, middle panels) and 

nuclei of fibroblasts were counterstained by DAPI (green colour, left panels). 

Cytoplasmic localization of NFB/p65 in fibroblasts stimulated without TNF- was 

compared with the nuclear localization of NFB/p65 in fibroblasts stimulated with 

TNF-. Scale bar: 200m. 

 

Figure 6.10. Quantification of nuclear p65 intensity showed a decrease in the 

inflammation of secretomes obtained from ASCs in 3D aNFC under ES 

conditions. Using ES conditions, secretomes from ASCs cultivated in 3D aNFC 

reduced the nuclear translocation of p65 in fibroblasts exposed to TNF- compared 

with secretomes from ASCs in 3D NFC and in 2D. When the images from confocal 

laser-scanning microscopy were quantified, the secretomes from ASCs cultivated in 

aNFC and ES showed a higher anti-inflammatory potential than secretomes from 

ASCs in 3D without ES. Moreover, secretomes from ASCs cultivated in NFC 

exposed to ES showed a higher anti-inflammatory potential than secretomes from 

ASCs in 3D NFC applied without ES. The intensity of nuclear p65 fluorescence was 

measured in Fiji Image J. Values are shown as means  standard errors of three 

independent experiments using GraphPad Prism software (GraphPad, La Jolla, CA, 

USA). Data were compared using a one-way ANOVA with Bonferroni correction (Cl 

95%). At least three independent experiments were performed for each donor. 

***P<0.0001 was considered to be statistically significant. 
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6.3.4. ES resulted in a decrease in NFB-dependent luciferase activity in 

reporter cells exposed to TNF-α and secretomes from ASCs generated in 2D 

and 3D cultures  

In order to monitor the NFB activation, the U251 NFB-Luc-GFP reporter cell line 

(Zeuner et al., 2017) was used as described above and TNF- was used to simulate 

inflammation. Having confirmed the nuclear translocation of p65 in fibroblasts 

exposed to TNF- in combination with the secretome from ASCs in 3D aNFC by 

immunocytochemistry staining, a luciferase reporter assay was also carried out in 

order to quantify the NFB activation. It was found that ES resulted in a decrease in 

the NFB activation, which was monitored by the level of luciferase protein secreted 

in ASCs with stimulated TNF-. Pre-cultured secretomes from ASCs in 2D and 3D 

under ES conditions were transferred onto the U251 NFB-Luc-GFP reporter cell 

line, followed by an incubation for 48 h. The luminescence measurement showed 

active luciferase protein in the presence of secretomes from ASCs in both 2D and 3D 

cultures when exposed to TNF- stimulation. Under ES conditions, 3D secretomes 

from aNFC reduced the NFB activity exposed to both TNF- alone and a 

combination of TNF- and the respective conditions in 2D. 

 

Figure 6.11 shows that the level of TNF--activated NFB-dependent luciferase 

expression in presence of secretomes from ASCs in 3D aNFC culture showed a 

decrease under ES conditions compared with secretomes from ASCs in 3D aNFC 

without ES. NFB activation in secretomes from ASCs in a 2D culture demonstrated 

a lower magnitude compared with the reporter cell line after TNF- exposure. 

Furthermore, the pattern of NFB activation in secretomes from ASCs in 3D cultures 

(aNFC and NFC) showed the lowest expression in response to TNF- stimulation 

when ES was applied.  
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Figure 6.11. TNF--induced NFB activation showed a decreased level of NFB-

dependent luciferase activity in secretomes from ASCs in 3D under ES 

conditions compared with secretomes in 3D without ES. The luciferase reporter 

assay was performed to compare the effect of ES treatment for TNF--induced NFB 

activation in secretomes from ASCs generated in 2D and 3D culture systems for 

three different donors. Values are shown as means  standard errors of three 

independent experiments using GraphPad Prism software (GraphPad, La Jolla, CA, 

USA). Data were compared using a one-way ANOVA with Bonferroni correction (Cl 

95%). At least three independent experiments were performed. *P<0.05 was 

considered to be statistically significant. 

 

6.4. Discussion 

 

The impact of ES has been evaluated on the 3D cell culture in which the osteogenic 

differentiation potential of ASCs showed an increase in 3D cell culture in combination 

with ES (Bicer et al., 2020). Taken together, a combination of ES with 3D cell culture 

can improve the anti-inflammatory, immunomodulatory and regenerative potential of 

ASCs and their secretome. In this chapter, the impact of ASC secretomes on activity 

of the transcription factor NFB has been evaluated. Notably, NFB regulated the 
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level of a magnitude of pro-inflammatory cytokines including TNF-, IL-1, IL-6, IL-8 

and IL-4. Future studies could assess the effects of ASC secretomes on secretion of 

these cytokines and anti-inflammatory cytokine such as IL-10 using ELISA. Although 

there is some evidence that 3D cultivation as spheroids can reduce the anti-

inflammatory and immunomodulatory potential of MSCs (Burand et al., 2020), most 

secretomes produced by MSCs cultivated in 3D scaffolds seem to have higher anti-

inflammatory and immunomodulatory properties and an overall greater regenerative 

potential compared with conventionally cultivated SH-SY5Y neuroblastoma cells 

(Chierchia et al., 2017). Chierchia et al. (2017) found that MSC secretome-mediated 

neuroprotection of SH-SY5Y neuroblastoma cells after 6-hydroxydopamine treatment 

showed an increase when MSCs were cultivated in bovine collagen/polyethylene 

glycol and collagen/low-molecular weight hyaluronic acid hydrogels.  

 

In accordance with these data, I have demonstrated in this chapter that secretomes 

from ASCs reduced the level of nuclear p65 in fibroblasts exposed to TNF- and 

decreased the level of the nuclear translocation of p65 in fibroblasts exposed to TNF-

 with stronger inhibition of the translocation when ASCs were cultivated in 3D. 

Additionally, ES further reduced the nuclear translocation of p65 in fibroblasts 

exposed to TNF- when combined with secretome from ASCs generated in 2D 

compared with secretome from ASCs in 2D applied without ES. A luciferase reporter 

assay showed that TNF--induced NFB activation was decreased in the U251 

NFB-Luc-GFP reporter cell line in combination with secretomes from ASCs 

cultivated in 3D aNFC (Figure 6.6). In this chapter, I have shown that both cultivation 

in 3D and ES increase the anti-inflammatory potential of ASC secretomes. 

 

These findings are in accordance with those of Htwe et al. (2015) showing that 

fibroblasts have a higher anti-inflammatory potential in electrospun 3D scaffolds 

(Htwe et al., 2015). NFB activation was at a higher level in 2D than in 3D. A higher 

regenerative potential of secretomes from 3D cultivated ASCs compared with 2D 

culture was reported by (Chierchia et al., 2017), who found that MSC secretome-

mediated neuroprotection of SH-SY5Y neuroblastoma cells following 6-

hydroxydopamine treatment was increased if the MSCs were cultivated in bovine 

collagen/polyethylene glycol and collagen/low-molecular weight hyaluronic acid 

hydrogels. However, to date, no molecular profiling of the secretomes has been 

reported. In 2018, it was also reported that 3D spheroid cultures of human BM-MSCs 
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secreted higher levels of vascular endothelial growth factor (VEGF) compared with 

2D controls (Redondo-Castro et al., 2018). These findings are in line with several 

other reports demonstrating that 3D cultivation of ASCs results in an increased 

secretion of multiple growth factors including hepatocyte growth factor (HGF), VEGF, 

stromal cell-derived factor (SDF) and fibroblast growth factor-2 (FGF-2) (Lee et al., 

2016, Kim et al., 2013b, Young et al., 2018). 

 

More recently, Carter et al. (2019) studied the wound-healing potential of 2D and 3D 

cultivated human BM-MSCs in vitro and ex vivo and found that 3D cell culture of 

MSCs on electrospun gelatine/polycaprolactone fibres increased the secretion of 

FGF-2, IL-6, VEGF and HGF compared with 2D controls (Carter et al., 2019). In 

addition, 3D cell culture significantly improved secretome-mediated corneal wound 

healing in a rabbit corneal organ culture system (Carter et al., 2019). A comparative 

analysis of the secretomes of umbilical cord MSCs cultivated as spheroids and as an 

adherent monolayer showed that 3D cultivation significantly increases the secretion 

of IL-10, LIF, FGF-2, I-309, CSF and GM-CSF (Miranda et al., 2019) and that study 

also showed that secretome from 3D-cultivated MSCs had superior regenerative and 

anti-inflammatory potential in an in vivo model of arthritis in adult Wister rats. 

 

Even so, the exact mechanism of increasing the anti-inflammatory potential of ASC 

secretomes is not known. It can be speculated that ES represents cellular stress 

which ASCs counterbalance by releasing a more potent secretome under ES (Bicer 

et al., 2021).  

 

 

Figure 6.12. The effects of 3D cell culture in combination with ES on MSC 

properties relevant for bone regeneration. 3D cell culture in combination with ES 
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shows an increase in the osteogenic differentiation potential of ASCs for bone 

regeneration. This is related to the increased levels of ALP activity and mineralisation 

as well as an increase in the osteocalcin expression. The re-arrangement of the actin 

cytoskeleton of ASCs in 3D shows an increase when combined with ES conditions. 

In addition, secretomes from ASCs in 3D have more anti-inflammatory and 

immunomodulatory potential when in combination with ES conditions. 

 

6.5. Conclusion 

 

In this chapter I have explored the effect of 3D cell culture combined with ES on the 

regenerative, anti-inflammatory and immunomodulatory potential of ASCs and their 

secretome. It is apparent that 3D cell culture combined with ES increases the anti-

inflammatory potential of ASCs secretomes. 3D cell culture combined with ES could 

indeed increase the levels of bone regeneration-relevant components within the MSC 

secretome. A rational design of 3D cell culture parameters could further improve the 

performance of MCSs in bone regeneration when exposed to ES. An additional and 

often neglected aspect of designing optimal scaffolds for MSC-mediated bone 

regeneration is their complex contribution to bone regeneration. Although ES shows 

an increase in bone regeneration of ASCs by integrating and differentiating into 

osteoblasts, it also plays an essential role in regulating the inflammation and 

modulating the immune system. Notably, a well-controlled inflammatory response 

can be effective for bone repair. Therefore, combining ES with 3D cell culture should 

be accepted as a promising amelioration for the immunomodulating paradigm 

because it is able to overcome the limitations of traditional 2D culture methods by the 

synergistic effects of ES. Further research will investigate the effect of 3D cell culture 

in combination with ES on the anti-inflammatory and regenerative potential of ASCs 

in in vivo models of bone regeneration including rodent models and in sheep as a 

large animal model. Increasing the anti-inflammatory and immunomodulatory 

potential of MSCs are key steps to promote a successful autologous stem cell-based 

therapy for osteoporosis. This chapter has established the potential of ES to 

decrease TNF--induced activation of NFB, as shown by reduced nuclear 

translocation of p65 and lower NFB-dependent luciferase activity in presence of 

secretomes of ASCs cultivated in 3D aNFC. Understanding the effect of secretomes 

of ASCs in 3D aNFC under ES conditions could pave the way for more efficient stem 

cell-based therapies for osteoporosis and bone fractures.  
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7.1. Summary of the results 

 

The experiments presented in this thesis have characterised optically transparent 

anionic nanofibrillar cellulose (aNFC) as the most suitable hydrogel for the 3D culture 

of adipose-derived MSCs (ASCs) in terms of cell viability, biocompatibility and 

compatibility with fluorescent imaging techniques (Chapter 3). The data have shown 

that culturing in aNFC increased the osteogenic differentiation potential of human 

ASCs in 3D as demonstrated by the higher expression of osteogenic differentiation 

markers (for example, OCN and OPN), increased ALP activity and higher levels of 

calcium deposition (Chapter 4). Furthermore, the results showed that ES in 

combination with 3D aNFC was able to further increase the osteogenic potential of 

ASCs in 3D (Chapter 5) and the anti-inflammatory potential of their secretomes 

(Chapter 6). 

 

7.2. Significance of the current study for 3D cell culture 

 

7.2.1. The spectral properties, biocompatibility and viability of 3D aNFC 

hydrogels 

In order to determine the compatibility of aNFC with 3D imaging techniques, the 

optical properties of aNFC were evaluated using different wavelengths of light and 

compared with alginate and NFC hydrogel. All concentrations of aNFC exhibited a 

lower absorption over the whole spectrum compared with the other scaffolds. 

Furthermore, fluorescence emission was measured for each biomaterial with 

excitation wavelengths of 405 nm and 488 nm to determine the compatibility of aNFC 

with fluorescence-based techniques. The results showed that aNFC hydrogel was 

the best of those tested as aNFC had lower levels of autofluorescence compared 

with the other scaffolds investigated. These findings are in accordance with those of 

Bhattacharya et al. (2012) which showed the absorbance spectrum and fluorescence 

emission of NFC hydrogels. In that study, the UV-visible absorbance of 0.5% NFC 

was measured in the range 300-550 nm. NFC hydrogels exhibited no 

autofluorescence and also did not absorb visible or UV light  (420 to 700 nm) 

(Bhattacharya et al., 2012). Although other scaffolds have been previously been 

investigated, the findings obtained in Figure 3.3 are novel and original since aNFC 

hydrogel has been examined for the first time in this study. A higher level of 

fluorescence emission was found in aNFC than those of other scaffolds. 
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The current study also investigated 3D aNFC hydrogels with regard to their 

biocompatibility with ASCs. In order to make hydrogels containing ASCs suitable for 

transplantation in vivo, the stiffness of the hydrogel should be increased by 

combining it with stiff materials, such as magnesium scaffolds. Therefore, the 

adhesion of aNFC when loaded onto magnesium was evaluated to further improve 

the biocompatibility of hydrogels (Figures 3.5 and 3.6). However, the hydrogels failed 

to adhere to the magnesium and so were not studied any further and it was decided 

to use aNFC alone for all future experimentation. Even so, combining aNFC 

hydrogels with stiff materials such as magnesium or titanium in future studies might 

further improve the osteogenic potential of adult stem cells. In this context, Oh et al. 

(2009) reported that MSC cultivation on titanium nanotubes (100 nm pores) had 

osteoinductive effects (Oh et al., 2009). These findings were confirmed by 

Schūrmann et al. (2014) who investigated the effect of titanium with different pore 

sizes on cell viability and the osteogenic differentiation of neural crest-derived stem 

cells (NCSCs) (Schürmann et al., 2014). The results showed that titanium (30 nm 

pores) did not affect proliferation but increased the osteogenic differentiation of 

NCSCs without the need for additional cues. Chen et al. (2014) reported that 

magnesium scaffolds coated with ß-tricalcium phosphate were capable of stimulating 

the osteogenic differentiation of MSCs (Chen et al., 2014) and some researchers 

reported that the cultivation of MSCs on titanium nanotubes with lateral spacing of 

15-30 nm increased mineralization after 4 days in culture (Park et al., 2007).  

 

In order to assess the distribution of the cells in 3D, ASCs grown in 3D aNFC 

hydrogel were evaluated using a fluorescent staining assay with confocal laser-

scanning and SEM microscopy. ASCs embedded into 0.2% aNFC were stained with 

PKH67 fluorescent dye and primary antibodies for nestin and beta-actin, followed by 

counter-staining with calcofluor white to examine the distribution of the cells in 3D 

(PKH67). Nestin was used as a stem cell marker and actin was used to assess the 

assembly of actin filaments. ASCs cultivated in 0.2% aNFC showed an 

homogeneous distribution and excellent biocompatibility (Figures 3.7 and 3.8). In 

addition, ASCs seeded into 0.2% aNFC were stained with cell tracker CMFDA, 

phalloidin to examine the structure of actin filaments in ASCs in 3D and 

counterstained with calcofluor white. Confocal laser-scanning microscopy showed an 

homogeneous morphological appearance of ASCs in aNFC (Figure 3.9). In addition, 

the viability of ASCs cultivated in different hydrogels (aNFC, NFC and alginate) and 
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in traditional 2D culture was assessed using a test for biocompatibility. This result 

showed that ASCs embedded in 0.2% aNFC had greater viability than ASCs grown 

in 0.2% NFC, 0.9% alginate and in traditional 2D culture (Figure 3.10). These 

findings are in accordance with those of a recent study from the Widera lab which 

showed that an anionic form of NFC significantly increased the viability of human 

ASCs (Sheard et al., 2019). Azoidis et al. (2017) also reported that low 

concentrations (0.2%) of NFC did not negatively affect the proliferation of bone 

marrow MSCs (BM-MSCs), ASCs or palatal MSCs. NFC at a higher concentration 

(0.5%), however, significantly reduced cellular viability and proliferation compared 

with 2D controls (Azoidis et al., 2017). Some researchers have reported that woven 

biodegradable composite fibres from poly-L-lactic acid substituted with hydroxyapatite 

had an overall positive effect on BM-MSC viability, whereas growth from poly-L-lactic 

acid alone reduced viability (Persson et al., 2018). Conversely, Nguyen et al. (2012) 

reported that electrospun scaffolds significantly reduced the proliferation of human 

MSCs as early as 7 days after seeding on nanofibrous scaffolds composed of poly-L-

lactic acid and type I collagen (Nguyen et al., 2012). Some 3D scaffolds, including 

gelatin, poly lactic-co-glycolic acid and chitosan, had no effect on the viability or the 

proliferation of MSCs (Lo et al., 2016). 

 

Although some studies have reported that 3D culture promotes an increase in 

viability and proliferation, others have observed the opposite effects (reviewed in 

(Edmondson et al., 2014). Cultivation of MSCs as spheroids often leads to a 

reduction in proliferation and viability (Tsai et al., 2015). This has been attributed to a 

reduced nutrient and oxygen supply and impaired waste product diffusion, 

particularly if a critical sphere size has been reached (reviewed in (Cesarz and 

Tamama, 2016). Although spheroid culture has often been associated with 

decreases in cellular proliferation and viability, 3D culture on scaffolds and in 

hydrogels often increases cell viability and proliferation compared with 2D cultures 

(reviewed in (Mirbagheri et al., 2019). Some researchers reported that 3D cultivation 

of minipig MSCs in electrospun 3D polycaprolactone increased both their proliferation 

and viability (Rampichova et al., 2013). Rat BM-MSCs have also been reported to 

increase their proliferation on collagen-based scaffolds (Han et al., 2012a). More 

recently, Yin et al. (2020) reported that 3D cultivation of ASCs in a nanofibrous 

polysaccharide hydrogel increased their proliferation and viability (Yin et al., 2020b). 

Interestingly, some reports have also shown that small differences in the scaffold 
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composition and even in the technique can be decisive for the outcome. For 

example, Brennan et al. (2015) showed that jet-sprayed micro-fibre polycaprolactone 

scaffolds increased human BM-MSC proliferation whilst electrospun variants of the 

same scaffold decreased proliferation compared with the 2D controls (Brennan et al., 

2015). The studies referred to above are in general agreement with the results 

reported in Chapter 3, which demonstrated improved cellular proliferation and 

viability, an important feature for bone tissue engineering strategies. Because of the 

improved biocompatibility, biodegradability and bioactive properties of aNFC 

hydrogels, it is likely that they will be the subjects of future research as biomedical 

materials.  

 

7.2.2. Impact of aNFC on the osteogenic potential of ASCs in 3D  

Despite significant progress in developing efficient strategies for osteogenic 

differentiation in 2D, little has been achieved in establishing optimal conditions for 

osteogenic differentiation in 3D cell culture. One of the major problems with 2D cell 

culture is its lack of ability to create soluble factor gradients, a critical factor for cell 

differentiation (Tibbitt and Anseth, 2009). The aim of the current study was to 

investigate the potential improvement of osteogenic differentiation of ASCs in 3D cell 

culture (Chapter 4). The expression of osteoblast-related genes in ASCs in 3D aNFC 

was evaluated using conventional PCR analysis and compared with those in 

standard 2D culture. Osteogenic induction of ASCs cultured in 2D resulted in a 

higher expression of OCN and OPN at protein level for 21 days compared with 

undifferentiated cells (Figures 4.1 and 4.2). This is in general accordance with the 

findings of Castrén et al. (2015) who reported that OCN mRNA levels increase until 

day 21 in 2D culture (Castrén et al., 2015). For Runx2 mRNA, increased levels were 

only observed at day 14 (Figures 4.1 and 4.2). Another part of the same study, 

however, showed that the expression levels of Runx2 mRNA only increased at day 

14 in MSCs cultivated in FCS in 2D culture and found low levels of Runx2 mRNA in 

human platelet lysate and plasma (PLP) cultures under osteogenic differentiation 

conditions (Castrén et al., 2015). In contrast, the higher level of Runx2 mRNA in PLP 

and FCS-differentiated cultures in 3D was shown on day 14 (Castrén et al., 2015). 

Interestingly the expression level of RunX2 was higher in ASCs in 3D aNFC under 

osteogenic media on day 21 (Figures 4.7 and 4.8). In addition, the high level of OCN 

and OPN expression in ASCs in 3D aNFC was found in an osteogenic media 

compared with a standard media on day 21 (Figures 4.7 and 4.8). 
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The differentiation potential of ASCs in 2D was evaluated by analysing calcium 

deposition as proof of mineralization using Alizarin Red S staining. ASCs grown in an 

osteogenic differentiation media showed significantly higher calcium deposition 

compared with cells in a control media (Figure 4.4). These findings are in general 

accordance with those of Castren et al. (2015) which showed that calcium deposition 

is higher in cells in an osteogenic differentiation media. OCN is secreted by mature 

osteoblasts to promote the mineralization of calcium deposits (Lian et al., 1998). In 

the current study, the expression of OCN and OPN was significantly increased in 

ASCs in aNFC under osteogenic differentiation conditions (Figures 4.9 and 4.10). 

This finding is in accordance with those of other reports exploring polycaprolactone-

tricalcium phosphate scaffolds and jet sprayed microfibre polycaprolactone scaffolds, 

which have been suggested to possess similar osteoinductive effects in human foetal 

and adult BM-MSCs (Shekaran et al., 2015, Brennan et al., 2015). Another scaffold, 

an elastic 3D poly (ε‐caprolactone), has been shown to increase the expression of 

bone sialoprotein and OCN in minipig BM-MSCs subjected to differentiation in 3D 

(Rampichova et al., 2013). Similarly, when gelatin and blends of gelatin and alginate 

were used as 3D scaffolds, increased osteogenic differentiation of ASCs and BM-

MSCs was observed (Lo et al., 2016, Wang et al., 2016b). 

 

In addition to the effects on the expression of osteogenic genes at mRNA level and 

the up-regulation of osteogenic markers at protein level, ASCs cultivated in 3D aNFC 

showed a higher level of mineral deposition in an osteogenic differentiation media at 

21 days (Figure 4.11). A previous study by the Widera group reported high levels of 

calcium deposition after osteogenic induction in human MSCs seeded into aNFC 

(Sheard et al., 2019). This is consistent with the findings of an earlier study by Sefcik 

et al. (2008) who reported an increased calcification of ASCs on a 3D nanofibre 

matrix of type I rat tail collagen (Sefcik et al., 2008). In a further approach, some 

researchers used a blended scaffold composed of collagen and electrospun poly (L-

lactic acid) to study the influence of 3D cell culture on the differentiation of human 

MSCs of undefined origin and found that differentiation in 3D significantly increased 

expression of OCN and OPN and increased the levels of calcification in human 

MSCs (Nguyen et al., 2012). Similar effects on the expression levels of OCN and 

OPN in rat BM-MSCs were observed if purified collagen was used to create a 3D 

scaffold: von Kossa staining revealed a statistically significant increase in calcification 

(Han et al., 2012a). Furthermore, the use of pure poly (l-lactic acid) scaffolds as a 
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substrate showed similar increases in the expression of pro-osteogenic markers in 

human BM-MSCs under osteogenic conditions (Persson et al., 2018), which was 

accompanied by a significant increase of Ca2+ deposition. By increasing the 

osteogenic differentiation potential, these scaffolds could be implemented in MSC-

mediated bone regeneration therapy.  

 

Calcium (Ca2+) oscillation profiles in ASCs were evaluated in 2D following osteogenic 

differentiation to assess a frequency-dependent cell response. Unfortunately, Ca2+ 

oscillation patterns in 3D could not be assessed due to technical limitations. For 

example, the confocal laser-scanning microscopy did not have sufficient scanning 

speed or resolution in the z-axis to allow Ca2+ dynamics to be adequately visualised 

in the thick 3D hydrogel sections. The frequency of Ca2+ spikes in ASCs grown in 2D 

decreased following osteogenic differentiation compared with undifferentiated cells in 

2D after 7, 14 and 21 days (Figure 4.5). These findings are in general accordance 

with those of Sun et al. (2007) who reported changes of Ca2+ oscillation in 

undifferentiated bone marrow MSC and exhibited unsynchronized Ca2+ oscillations in 

undifferentiated human MSCs (Sun et al., 2007). The same study also showed the 

effect on intracellular Ca2+ dynamics and the decreased frequency of Ca2+ spikes in 

the differentiated human osteoblasts in response to osteoinductive factors present in 

the osteogenic differentiation media (Sun et al., 2007). ASCs cultivated in aNFC 

hydrogels were assessed for potential differences in actin cytoskeleton architecture 

and formation of cell-free pores 21 days post-osteogenic induction. ASCs exposed to 

osteogenic differentiation exhibited a highly arranged actin cytoskeleton, denser actin 

bundles and formation of cell-free pores when cultivated in the 3D aNFC compared 

with undifferentiated cells (Figure 4.12). This finding is in accordance with those of 

Treiser et al. (2010) who showed that the osteogenic potential of cells was directly 

associated with the reorganization of actin cytoskeleton and dense actin bundles 

(Treiser et al., 2010). Some researchers also reported a rearrangement of the 

cytoskeleton during osteogenic differentiation (Chen and Jacobs, 2013) and others 

showed that osteogenic differentiation resulted in increased actin polymerization with 

perinuclear actin bundles framing the nucleus as well as dense actin fibres in the cell 

periphery (Titushkin and Cho, 2007) (reviewed in (Khan et al., 2020)). So as 

demonstrated in the current study and in other reports, osteogenic differentiation of 

MSCs is accompanied by the re-arrangement of actin filaments in 2D and 3D culture. 
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One study previously combined bone marrow-derived MSCs (BM-MSCs) and 

biomaterial scaffolds to investigate bone regeneration using a 3D platform (Quarto et 

al., 2001); after the implantation of custom-made porous hydroxyapatite scaffolds 

seeded with autologous BM-MSCs, a large bone defect (4-8 cm) was repaired in 

three patients. The use of 3D scaffolds has been supported by incorporating 

osteoconductive and osteoinductive biomaterials in order to improve the 

differentiation of stem cells (Iaquinta et al., 2019). Another recent study developed 

poly (2-hydroxyethyl methacrylate) cryogels which included hydroxyapatite to mimic 

an inorganic bone matrix, which supported an increase in the osteogenic 

differentiation potential (Haussling et al., 2019). ASCs cultured in collagen and 

platelet-rich plasma cryogels showed a higher osteogenic potential at 14 days 

compared with those with an arginine-glycine-aspartic acid peptide (Haussling et al., 

2019). Interestingly, one study observed 3D interactions between cells and the 

extracellular matrix (ECM) without additional substrates and reported improved 

osteogenic differentiation and subsequent bone regeneration (Baraniak and 

McDevitt, 2012). These findings are consistent with those of a recent study in which 

the use of an artificial ECM as a scaffold model was also proposed for cellular 

therapy to improve the osteoconductive properties for bone formation (Egger et al., 

2018). Another study found that ECM-scaffolds combined with MSCs showed 

excellent biocompatibility and promoted periodontal bone regeneration in dogs 

(Takewaki et al., 2017).  

 

Biomaterials in combination with compliant stem cells can be surgically implanted at 

a lesion site of bone to promote bone regeneration. Kang et al. (2012) generated a 

matrigel scaffold combined with membrane proteins (similar to ECM) to support an 

appropriate environment for stem cells and the resulting scaffold improved bone 

healing in vivo (Kang et al., 2012b). Some researchers have reported that poly 

(polyethylene glycol citrate-co-N-isopropylacryl-amide) combined with gelatine was 

capable of delivering cells (for example, BMP9-transduced immortalized mouse 

embryonic fibroblasts and immortalized murine calvarial mesenchymal cells) to 

stimulate bone regeneration in murine critical-sized calvarial defects (Dumanian et 

al., 2017, Ye et al., 2016). Another in vivo study by Fu et al. (2019) showed that a 

matrigel scaffold combined with rat dental follicle stem/precursor cells promoted bone 

formation through BMP9 induction, and also demonstrated that BMP9 stimulated the 

osteogenic differentiation of rat dental follicle stem/precursor cells using matrigel as 
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an injectable scaffold (Fu et al., 2019). Overall, these studies indicate that ASCs 

combined with 3D aNFC could have a substantial potential to be an excellent 

therapeutic tool for bone recovery.  

 

Although the exact mechanism for supporting osteogenic differentiation of ASCs in 

3D is not known, aNFC hydrogel represents a promising therapy option for 

osteoporosis and osteoporotic fractures. Its use allows an effective bone recovery in 

MSC-based therapies. 

  

7.2.3. Evaluating the effects of ES on the osteogenic potential of ASCs in 3D  

To address the current limitations of bone fracture treatment using MSCs, techniques 

have focused on biophysical factors including nano- and macrotopology (Greiner et 

al., 2019a, Vordemvenne et al., 2020), substrate stiffness (Olivares-Navarrete et al., 

2017), fluid shear stress (Yourek et al., 2010), nanovibration-induced displacement 

(Tsimbouri et al., 2017, Orapiriyakul et al., 2020) and ES have been investigated 

(Eischen-Loges et al., 2018, Chen et al., 2019). ES has been an attractive treatment 

to heal bone fractures for over 40 years (Aleem et al., 2016). A meta-analysis of 

randomized sham-controlled trials to assess the influence of ES in patients with 

fractures showed that patients experience lower pain levels and have decreased 

levels of radiographic non-union (Aleem et al., 2016).  

 

The data presented in Chapter 5 showed that ES increased the osteogenic 

differentiation potential of ASCs under both 2D and 3D culture conditions and found 

no negative effects on cell viability at a frequency of 10Hz, 0.1 V/cm and 0.4 ms 

pulse width alternating current. This is in accordance with a study by Eischen-Loges 

et al. (2018) who found an increase in the osteogenic potential of BM-MSCs at 7 

days and 14 days when the cells were treated with ES (0.1 V/cm for 1 h per day) 

(Eischen-Loges et al., 2018). Furthermore, ES resulted in an enhanced pro-

osteogenic activity with RunX2 expression and ALP activity (Eischen-Loges et al., 

2018). Another in vitro study showed a significant positive effect of ES on osteogenic 

differentiation (Leppik et al., 2018). In addition, ES increased the expression levels of 

OCN and OPN in 2D cell culture at days 7, 14 and 21 (Chapter 5). Moreover, ES 

resulted in a high level of calcium deposition in ASCs in 2D under osteogenic 

conditions. Contrary to the data in 2D, ASCs embedded into 3D aNFC exposed to ES 

moderately decreased their viability in both a standard and an osteogenic 



  Chapter 7: General Discussion 

185  

differentiation media. ES also resulted in increased ALP activity and higher levels of 

calcium deposition in ASCs in 3D aNFC under osteogenic conditions. Similarly, ES 

resulted in an increase in the protein level of OCN in ASCs at day 21 whereas the 

protein level of OPN was unaffected. The major findings presented in Chapter 5 are 

in accordance with those of Wang et al. (2016a) who found that ES with a direct 

current (0.2 V/mm, 4 h) resulted in an increased osteogenic differentiation of rat BM-

MSCs  (Wang et al., 2016a). These observations are also supported by (Eischen-

Loges et al., 2018) who reported on BM-MSCs exposed to 100 mV/mm of direct 

current ES for 3, 7 and 14 days. Their results showed that 3 days of ES treatment 

was insufficient to encourage a pro-osteogenic impact on the BM-MSCs, but when 

treated with ES for 7 and 14 days showed a significant increase in their osteogenic 

differentiation potential. The impact of osteogenic differentiation potential was higher 

at day 14 of culture after ES treatment, as evidenced by an increased expression of 

RunX2, OPN, osterix and calmodulin (Eischen-Loges et al., 2018). These findings 

confirmed those of Zhu et al. (2017) who found that BM-MSCs exposed to direct 

current ES for 7 days of culture showed higher amounts of calcium deposition (Zhu et 

al., 2017).  

 

The data presented in Chapter 5 showed that ASCs exposed to ES and subjected to 

osteogenic differentiation displayed a highly aligned actin cytoskeleton and formed 

cell-free pores within the 3D aNFC hydrogel. Under ES conditions, ASCs in 3D aNFC 

were treated with and without an osteogenic differentiation media for 21 days. The 

differentiated cells in 2D showed extensive stress fibres under ES conditions, whilst 

the differentiated cells not exposed to ES had less spread and fewer stress fibres. 

The ES also induced thicker stress fibres in undifferentiated cells embedded in 0.2% 

aNFC, compared with those exposed to no ES. This is in accordance with the 

findings of some studies which have demonstrated the impact of an electrical field on 

the reorganisation of the cytoskeleton (Sun et al., 2006) and plasma membrane 

receptors (Griffin and Bayat, 2011). In those studies, ES was found to be an effective 

therapy for bone recovery. Furthermore, cytoskeleton reorganization in mouse ASCs 

resulted in morphological and functional changes in response to ES (Hammerick et 

al., 2010, Kim et al., 2006). Directly applied ES at 100 mV/mm also showed 

modifications in the actin filament organisation in human MSCs (Mobini et al., 

2017b). Clinical studies have also reported that ES resulted in an effective treatment 

for osteoarthritis and bone defects (Maziarz et al., 2016) and that pulsed 
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electromagnetic stimulation promotes the osteogenic differentiation of MSCs 

(Schwartz et al., 2008, Teven et al., 2012, Kaivosoja et al., 2015, Ongaro et al., 

2014). Other studies, however, reported that BM-MSCs and MC3T3-E1 cells have a 

lower cell viability and osteogenic differentiation potential when exposed to ES (Zhu 

et al., 2017, Kumar et al., 2016, Li et al., 2016b). These conflicting results could be 

explained by different experimental designs, including the frequency, strength and 

duration of ED. Optimal parameters for ES in 3D therefore still need to be identified.  

 

Although many studies have focused on the impact of ES on MSCs, the mechanisms 

to explain how cells transform the electrical stimulus into an activated signalling 

pathway which generates a biological output are not clear. Cai et al. emphasised the 

impact of primary cilia to functionally modulate ES-induced calcium oscillations in 

order to enhance the osteogenic potential of ASCs (Cai et al., 2017), and Zhang et 

al. reported that a combination of stem cells and electrical current showed changes in 

the cell membrane via ion channels (Zhang et al., 2016). This is consistent with the 

findings of Sun et al. (2007) who studied the effects of ES on the Ca2+ oscillation in 

the hMSCs differentiation when exposed to 0.1 V/cm, 1 V/cm and 10 V/cm electrical 

stimulus for 30 min/day for 10 days and found that ES under osteogenic 

differentiation conditions for 10 days increased ALP activity and decreased Ca2+ 

spikes (Sun et al., 2007). Moreover, the Ca2+ spikes in human MSCs contribute to the 

Ca2+ flow via the inositol triphosphate receptors (IP3R) and voltage-gated Ca2+ 

channels (Kawano et al., 2002). The potential effects of ES on the Ca2+ oscillation 

and downstream signalling in human MSCs are shown in Figure 7.1. Liu et al. (2017) 

reported that a stimulation time of 1 h/day was sufficient to cause a transient change 

in intracellular Ca2+ concentration, but that 0.5 h/day and 24 h/day did not cause a 

transient change in intracellular Ca2+ concentration (Liu et al., 2017).  
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Figure 7.1. A model for the proposed effect of pulse signalling stimulation on 

Ca2+ oscillations and induction of osteogenic differentiation. A biphasic pulse 

signal promotes intracellular Ca2+ oscillation through calcium signalling pathways 

which bind four calcium ions to calmodulin (CaM). The entry of Ca2+ is sustained by 

the activation of the calcineurin (CaN)/nuclear factor of the activated T-cells (NF-AT) 

pathway, which is important for the regulatory T-cells. CaM activates CaN, which 

upregulates the expression of osteogenesis-related genes (such as ALP, Col1, OCN 

and RunX2) to promote osteogenic differentiation through the movement of NF-AT in 

the nucleus. CaM: calmodulin, CaN: calcineurin, NF-AT: nuclear factor of activated T 

cells, ALP: alkaline phosphatase, Col1: collagen type 1, OCN: osteocalcin, RunX2: 

runt-related transcription factor 2. (Modified from (Liu et al., 2017)). 

 

Together with ES, calcium ion signalling supports the increased expression of 

osteogenesis-related genes for enhancing osteogenic differentiation (Liu et al., 

2017). ES is also an effective mediator of Ca2+ oscillations and comprises three 

different activators: 1) cell surface receptors such as G-protein coupled receptors can 

generate the Ca2+ oscillations through activation of PLC (phospholipase C) and the 

generation of inositol-1,4,5-triphosphate (IP3); 2) the activated ion channels: Ca2+ 

channels; and 3) important transducers such as integrins (Khatib et al., 2004). This 

was consistent with the current findings that Ca2+ oscillations in the undifferentiated 

ASCs showed higher amplitudes compared with differentiated cells (Chapter 4). Even 

though the effects of ES on Ca2+ oscillations in 3D were not studied, 3D aNFC 

hydrogel combined with ES in this current study could be a foundation for developing 

improved protocols for osteogenic differentiation in future in vivo experiments.   
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7.2.4. The effect of 3D cell culture combined with ES on the anti-inflammatory 

potential of ASCs and their secretomes 

The results presented in this thesis have shown that 3D aNFC hydrogel has a 

significant impact on the regenerative and anti-inflammatory potential of human 

ASCs and their secretomes. As discussed in Chapter 6, 3D biomaterials have 

received attention for understanding the immune interactions between ASCs and 3D 

scaffolds. 3D aNFC hydrogels support the growth and differentiation of ASCs which, 

in combination with anti-inflammatory properties, makes aNFC hydrogel a next-

generation osteoblast tissue scaffold. In the light of the facts discussed above, the 

regulation of inflammation is controlled through the regulation of NF-B, which plays 

a central role in the expression of many genes, including pro-inflammatory cytokines 

(Barnes and Karin, 1997). Two important cytokines, TNF- and IL-1 are secreted by 

inflammatory cells in the early inflammatory stage. These cytokines are regulated by 

NF-B by means of a local inflammatory response and the activation of fibroblasts to 

synthesize inflammatory mediators (Jordana et al., 1994, Pang et al., 1994, Raines et 

al., 1989, Zucali et al., 1986, Dayer et al., 1985).  

 

The findings presented in Chapter 6 showed that the TNF--induced nuclear 

translocation of p65 in fibroblasts was reduced when the stimulus was combined with 

secretomes from ASCs generated in 3D aNFC compared with secretomes from 

ASCs in 2D. Furthermore, a decreased level of NF-B-dependent luciferase activity 

in the U251 NF-B-Luc-GFP reporter cell line was observed when co-exposed to 

TNF- and 3D secretomes compared with TNF- and 2D secretomes. In addition, 

ES showed a decrease in the nuclear translocation of p65 in fibroblasts exposed to 

TNF- when combined with secretomes from ASCs generated in 3D aNFC 

compared with secretomes from ASCs in 3D applied without an electric field. ES also 

resulted in a reduction in the level of NF-B-dependent luciferase activity in reporter 

cells exposed to TNF- and secretomes from ASCs generated in 2D and 3D 

cultures. The results presented in Chapter 6 are consistent with the result obtained 

from fibroblasts cultured in 3D by Htwe et al. (2015), who reported that electrospun 

polyethylene terephthalate scaffolds could be co-cultured with lung fibroblasts by 

activating NF-B signalling with inflammatory conditions. By performing a luciferase 

reporter assay and immunostaining to monitor pro-inflammatory responses under in 
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vivo conditions, they also found a high level of anti-inflammatory response in 3D 

scaffolds (Htwe et al., 2015).  

 

Green and Yamada found that human fibroblasts grown in a 3D cell-derived matrix 

showed higher proliferation compared with cells cultured in 2D (Green and Yamada, 

2007). Furthermore, other studies have reported a higher regenerative potential of 

secretomes from 3D cultivated ASCs compared with a 2D culture (Chierchia et al., 

2017) and have also reported an MSC secretome-mediated neuroprotection of SH-

SY5Y neuroblastoma cells following 6-hydroxydopamine therapy when the MSCs 

were cultivated in bovine collagen/polyethylene glycol and collagen/low-molecular 

weight hyaluronic acid hydrogels. Redondo-Castro et al. (2018) showed that 3D 

spheroid cultures of human BM-MSCs secreted higher levels of vascular endothelial 

growth factor (VEGF) compared with 2D controls (Redondo-Castro et al., 2018). 

These findings are in accordance with those of several other studies demonstrating 

that 3D cultivation of ASCs results in an increased secretion of multiple growth 

factors including hepatocyte growth factor (HGF), VEGF, stromal cell-derived factor 

(SDF) and fibroblast growth factor-2 (FGF-2) (Lee et al., 2016, Kim et al., 2013b, 

Young et al., 2018). 

 

Even though the exact mechanism for the increase of the anti-inflammatory potential 

of ASC-secretome is not known, ES could be incorporated in optimized therapy 

strategies for osteoporosis and osteoporotic fractures through the release of a more 

potent secretome. The follow-up in vivo data enable the development of more 

efficient MSC-based therapies. 

 

7.2.5. Concluding remarks  

aNFC hydrogel was used for in vitro 3D cell culture to assess the growth and 

osteogenic differentiation of ASCs. The results set out in this thesis have shown that 

not only are aNFC scaffolds suitable for the viability and biocompatibility of ASCs, but 

also that they support osteogenic differentiation of ASCs. The results obtained from 

this study have demonstrated that ES results in a significant increase in the 

osteogenic differentiation and anti-inflammatory potential of ASCs in 3D aNFC.  

 

Consequently, this thesis contributes to new research avenues, which include the 

impact of ES on the osteogenic differentiation of ASCs. 3D aNFC hydrogels in 



  Chapter 7: General Discussion 

190  

combination with ES could serve as a basis for next-generation therapies for 

osteoporosis and osteoporotic bone fractures. However, translating the preclinical 

results into the clinic will require an optimal design including both clinically compliant 

stem cells combined with biomaterials and optimised protocols for differentiation and 

ES. Future research should investigate whether ES of ASCs is able to promote 

similar effects in in vivo models, including rodent models and a large animal model 

(for example, sheep), which would reflect a better approximation of bone 

degeneration and regeneration in humans. Taken together, the preclinical data 

shown in this study and follow-up in vivo data could pave the way for new therapies 

for osteoporosis and osteoporotic bone fracture in humans. 

 

7.2.6. Future directions 

Even though this study and previous reports suggest that 3D cell culture in 

combination with ES promotes osteogenic differentiation of ASCs in vitro, it is yet to 

be determined whether similar effects can be observed in in vivo models of bone 

regeneration and in the human system. Follow-up in vivo experiments could include 

calvarial bone defect models in rodents (McGovern et al., 2018). In this scenario, 

bone defects would be introduced by creating a sagittal incision across the scalp of 

the animal. In an optimal experimental scenario, ASCs would be embedded in 3D 

aNFC and transplanted into the lesion site with SHAM surgery and aNFC alone 

serving as experimental controls. ES could be applied to the ASC-scaffold either prior 

to transplantation (in vitro) or post-transplantation (in vivo). More stringent in vivo 

experiments could include the transplantation of ASCs in 3D aNFC into critical-size 

defects in sheep models of osteoporosis. These ovine models of osteoporosis 

include a combination of oestrogen deficiency following ovariectomy plus a calcium-

wasting diet resulting in a severely osteoporotic bone structure comparable to that 

seen in humans (Turner, 2002).  

   

Although the focus of this study was on assessing the effects of ES on MSCs, it is 

believed that this technology is applicable to other areas of biotechnology. Other 

future directions could include the determination of the effect of various frequencies 

and amplitudes of ES on osteoclasts to examine whether this limit the rate of division 

and the activity of osteoclasts to reduce the levels of bone resorption. A large animal 

model could be used to assess this as such models represent a closer approximation 

to bone degeneration and regeneration in humans.  
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Appendix I  

 
Supplement 2.1. Antibodies and fluorescent dyes 

Primary antibodies 

Antibody Source Working 

dilution 

Supplier Catalogue 

No. 

Osteocalcin (G-5) Mouse 1:100 Santa Cruz Biotechnology SC-365797 

Osteopontin (AKm2A1) Mouse  1:100 Santa Cruz Biotechnology SC-21742 

NFB p65 

(monoclonal) (IgG1) 

(anti-human) 

Mouse 1:100 Santa Cruz 

Biotechnology 

SC-8008 

Secondary antibodies 

Antibody Source Working 

dilution 

Supplier Catalogue 

No. 

AlexaFluor 488 IgG 

(goat anti-mouse) 

Goat 1:300 Life Technologies Ltd. A-11029 

AlexaFluor 488 IgG 

(donkey anti-mouse) 

Donkey 1:300 Life Technologies Ltd. A-11034 

AlexaFluor 555 IgG 

(goat anti-mouse) 

Goat 1:300 Life Technologies Ltd. A-11032 

AlexaFluor 555 IgG 

(donkey anti-mouse) 

Donkey 1:300 Life Technologies Ltd. A-11037 

 
   Fluorescent dyes 
 

Fluorescent dyes Source Working 

dilution 

Supplier Catalogue 

No. 

Phalloidin Atto 555  N/A 1:300 Sigma-Aldrich A-19083 

AlexaFluor 647 

(Phalloidin) 

N/A 1:300 Thermo Fisher Scientific A-22287 

Fluorescein 

Isothiocyanate Isomer I 

(FITC/dextran) 

N/A - Sigma-Aldrich F7250-100MG 

4’,6-diamidino-2-

phenylindole (DAPI) 

N/A 1:2000 Sigma-Aldrich - 
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Supplement 2.2. Primers and PCR reagents 
 

PCR reagents 

Taq DNA Polymerase with Standard Taq Buffer (New England Biolabs M0273). 

Deoxynucleotide Triphosphates (dNTPs) (Promega, dATP U1205, dCTP U1225, 

dGTP U1215, dTTP U1235). 100 bp DNA ladder (Promega G2101). SYBR™ 

Safe DNA Gel Stain (Thermo Fisher Scientific S33102).  

 

Details of conventional real-time (RT) primers 

 

Primer Forward (5’-3’) Reverse (5’-3’) 

Bmp2 AGACCTGTATCGCAGGCACT AAACTCCTCCGTGGGGATAG 

GAPDH CATGAGAAGTATGACAACAGCCT AGTCCTTCCACGATACCAAAGT 

RunX2 TCGCCAGGCTTCATAGCAAA GGCCTTGGGTAAGGCAGATT 

Osteocalcin GTGCAGCCTTTGTGTCCAAG TCAGCCAACTCGTCACAGTC 

Osteopontin GACCAGAGTGCTGAAACCCA AGGGAGTTTCCATGAAGCCA 

Osterix CAGAGCAGGTTCCTCCACTG CTTGAGACAGCAGGGGACAG 

Vimentin GACAATGCGTCTCTGGCACGTCTT TCCTCCGCCTCCTGCAGGTTCTT 

 

  Size of bands and annealing temperature of conventional RT primers 

 

Primer Size of bands Annealing temperature 

Bmp2 193 bp 64 

GAPDH 113 bp 59 

RunX2 170 bp 66.1 

Osteocalcin 143 bp 58.9 

Osteopontin 199 bp 58.9 

Osterix 187 bp 58 

Vimentin 236 bp 65.6 
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Appendix II 

 
Supplement 3.1. No primary antibody controls for Alexa Fluor 488 and Alexa Fluor 
555 (Scale bars are the same as the other 3D images) 
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Appendix III 

 
Supplement 4.1. ASCs cultivated in an adipogenic differentiation media at 21 days 

showed intense lipid droplets stained with Oil Red O compared with cells in a 

standard media. (A) Chemically stimulated ASCs in an adipogenic differentiation 

media showed a higher level of lipid droplets when cultivated at 21 days compared 

with cells in the cultivation media at 21 days. Scale bar: 50μm.  (B) Changes in the 

relative frequency distribution of lipid droplets were analysed and the results of ten 

different areas per condition were assessed in each experiment by the scatter line. 

The average size of lipid droplets also increased in cells subjected to adipogenic 

differentiation. The data showed more intense lipid droplets in the differentiated cells 

in an adipogenic media. Data were compared using student t-test with unpaired t test 

Welch’s correction. At least three independent experiments were performed. 

***P<0.0001 was considered to be statistically significant. The differentiated cells in 

the adipogenic and osteogenic lineage were proof of multipotency. 
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Supplement 4.2. Image-based analysis revealed a higher level of OCN expression in 

ASCs in 3D under osteogenic conditions for 21 days. (A-B-E) Confocal microscopy 

was used to visualise and quantify the OCN in the differentiated ASCs embedded in 

0.2% aNFC compared with the undifferentiated cells. (C-D-F) Confocal microscopy 

was used to visualise and quantify the OCN in the differentiated ASCs embedded in 

0.2% NFC compared with the undifferentiated cells. OCN expression in ASCs in 

aNFC showed a higher signal than cells in NFC exposed to osteogenic 

differentiation. 
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Supplement 4.3. Image-based analysis revealed a higher level of OPN expression in 

ASCs in 3D under osteogenic conditions for 21 days. (A-B-E) Confocal microscopy 

was used to visualise and quantify the OPN in the differentiated ASCs embedded in 

0.2% aNFC compared with the undifferentiated cells. (C-D-F) Confocal microscopy 

was used to visualise and quantify the OPN in the differentiated ASCs embedded in 

0.2% NFC compared with the undifferentiated cells. Comparison with the results 

shown in Figure 4.9E-F shows that aNFC works obviously better than NFC in the 

differentiated cells. 

 

 



  Appendices 

225  

 

 

Supplement 4.4. ASCs cultivated in 3D aNFC exhibited intense lipid droplets stained 

with Oil Red O subjected to adipogenic differentiation media for 21 days compared 

with cells in the standard media. Chemically stimulated ASCs in an adipogenic 

differentiation media showed a higher level of lipid droplets when cultivated at 21 

days compared with cells in a standard media at 21 days. ASCs in 3D aNFC could be 

accepted as proof of multipotency when cultivated in adipogenic conditions. Scale 

bar: 200-50μm.  

 

 

 

Supplement 4.5. ASCs exposed to osteogenic differentiation display a highly 

arranged actin cytoskeleton and formation of cell-free pores within the 3D hydrogels. 

The fluorescence intensity of phalloidin normalised to DAPI was assessed to indicate 

the increased actin polymerization. 
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Supplement 4.6. ASCs exposed to osteogenic differentiation display a highly 

arranged actin cytoskeleton and formation of cell-free pores within the 3D hydrogels. 

The fluorescence intensity of phalloidin normalised to DAPI was assessed to indicate 

the increased actin polymerization. The quantification of F-actin filament was 

determined to detect the fluorescence intensity of phalloidin using Image J software. 
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Appendix IV 

 
Supplement 5.1.  Alizarin Red S standard curve 

 
 
 

Supplement 5.2.  Oil Red O standard curve 
 

 

 
Supplement 5.3. Alkaline Phosphatase (ALP) standard curve 
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Supplement 5.4. ES increased the osteogenic differentiation potential of ASCs under 

2D cell culture conditions. (A) ASCs were exposed to ES (0.1V/cm and 0.3V/cm) in 

standard and osteogenic medias for up to 21 days followed by assessment of Alizarin 

Red S fluorescence intensity. Confocal laser-scanning microscopy clearly revealed 

the presence of nuclei in close proximity to the Alizarin Red S signal. Scale bar: 

200μm. 
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Supplement 5.5. Immunocytochemistry staining of ASCs in 2D performed using a 

monoclonal antibody (for example OCN) in standard and osteogenic medias when 

exposed to no ES, 0.1V/cm of ES and 0.3V/cm of ES at day 21. 
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Supplement 5.6. Immunocytochemistry staining of ASCs in 2D performed using a 

monoclonal antibody (for example OPN) in standard and osteogenic medias when 

exposed to no ES, 0.1V/cm of ES and 0.3V/cm of ES at day 21. 
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Supplement 5.7. Immunocytochemistry staining of ASCs in 2D performed using a 

monoclonal antibody (for example OCN and OPN) in standard and osteogenic 

medias when exposed to no ES, 0.1V/cm of ES and 0.3V/cm of ES at day 21. 
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Supplement 5.8. Immunocytochemistry staining of ASCs in 2D performed using a 

monoclonal antibody (for example OCN and OPN) in standard and osteogenic 

medias when exposed to ES (0.1V/cm) at day 14. 
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Supplement 5.9. Immunocytochemistry staining of ASCs in 2D performed using a 

monoclonal antibody (for example OCN and OPN) in standard and osteogenic 

medias when exposed to ES (0.1V/cm) at day 7. 
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Supplement 5.10. Immunocytochemistry staining of ASCs in 3D performed using a 

monoclonal antibody (for example OCN and OPN) in standard and osteogenic 

medias when exposed to 0.1V/cm of ES at day 14. 
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Supplement 5.11. Immunocytochemistry staining of ASCs in 3D performed using a 

monoclonal antibody (for example OCN and OPN) in standard and osteogenic 

medias when exposed to 0.1V/cm of ES at day 7. 

 

 




