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Abstract 

Intervertebral disc degeneration (IVDD) experienced by ~80% of worldwide population initiates 

in the nucleus pulposus (NP). This research aimed to establish a validated method for obtaining NP-like 

cells from adipose-derived stem cells (ASCs) for NP regeneration, through optimizing culture conditions 

inside a bioreactor. Five conditions were proposed to be tested in a full 25-factorial design, based on their 

physiological values: loading amplitude (0.8 vs. 0.2 MPa), strain frequency (1 vs. 0.25 Hz), oxygen tension 

(20 vs. 2%), presence of NP-specific extracellular-matrix-particles (DNPT) and immortalized human 

chordoma U-CH1 cells.  

Human ASCs encapsulated within reversible Ca-alginate hydrogels were subjected to these factors 

within a commercial bioreactor obtained from CellScale Biomaterials Testing Inc. Firstly, the encapsulation 

and cell retrieval processes were optimized, by testing different protocols on crosslinking and 

decrosslinking of Ca-alginate gels, the centrifugation step in cell retrieval from the gels, and purification of 

the Na-alginate solution. The best cell recovery obtained following de-crosslinking the gels was 66.5 ± 20.8 

% with a cell viability of 69.1 ± 15.0 % for human ASCs. In addition, a 2-time charcoal purification of Na-

alginate, and a seeding density of 1.7 x 106 cells/mL with 3 gels to be harvested generated sufficient high 

quality RNA samples from the ASCs for qPCR analyses. Thirdly, the bioreactor design was optimized with 

respect to valves used, flow pattern within the wells, and flow conditions that allowed for medium perfusion 

between loading cycles for nutrient and oxygen exchange, and also for re-crosslinking of Ca-alginate gels 

to maintain their integrity, while withstanding up to 0.9 MPa with no medium leakage during loading. 

Lastly, the flow rate (FR) through the bioreactor was also optimized with respect to cell viability. The 

highest cell viability of 52.1 ± 6.1 % was obtained at no perfusion, and best cell viability of 16.1 ± 3.7 % 

under a FR of 1 mL/min. Overall, this research provides the first few steps in the design of a bioreactor-

based strategy for ASC differentiation towards NP cells.  
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Chapter 1 

Introduction 

1.1 Intervertebral disc degeneration 

Low back pain (LBP) is one of the most common health problems globally, and approximately      

80 % of the population will experience LBP at some point during their lifetime 1. According to the 2010 

Global Burden of Disease Study, LBP ranked first in terms of disability, and sixth in terms of overall burden 

2. It also has an enormous economic cost, exceeding the combined costs of stroke, respiratory infection, 

diabetes, coronary artery disease, and rheumatoid disease 1. In Canada, medical expenditures for LBP are 

estimated between $6 and $12 billion annually, not to mention any additional social costs due to decreased 

worker productivity, time off work and disability payments 3. The cause of LBP is not always apparent, as 

85 % - 90 % of cases have no identified specific cause 4. However, it is strongly linked to intervertebral 

disc degeneration (IVDD)- the degenerative process of the intervertebral disc. Of the 80 % of people with 

at least one episode of pain during their lifetime, 5 % will experience chronic spinal disease  5. 

IVDD resulting in the compression of the spinal nerves and adjacent vertebrae is the most frequent 

cause of LBP 1. IVDD can present as early as during adolescence, when 20% of young people may show 

mild symptoms 6. IVDD incidence increases with age equally in both males and females, to about 10 % at 

the age of 50 years and up to 50 % at the age of 70 years. 75– 80 % of the population will experience some 

symptoms of IVDD by the age of 50 7.  Even in 90 % of the people with no symptoms of IVDD, chronic 

pain can be attributed to it later. In the USA alone, since 2012, the economic cost of IVDD was estimated 

to be $20-200 billion annually 8. Current treatments for IVDD include physical therapy, pain medication, 

and invasive surgery, which can only provide temporary relief but cannot repair the damaged tissues 

completely 9. Physiotherapies including bed rest, massage, acupuncture, chiropractic work and regular 
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exercises are aimed at strengthening the back and abdominal muscles 10 4. Pharmacological options include 

non-steroidal anti-inflammatory drugs (NSAIDs) or muscle relaxants together with pain killers, which 

target pain alleviation. Surgeries are considered the last resorts for approximately 10 % of patients to restore 

proper function 11. Current surgical methods include degenerated IVD removal and the fusion of adjacent 

healthy IVD, or insertion of a prosthetic. Nevertheless, reports show that these invasive surgical approaches 

could potentially induce and accelerate degeneration in neighboring IVDs due to altered spine biomechanics 

12. Thus, cell therapies have been studied as a potential treatment. 

1.2 Nucleus pulposus cells (NPC) and their importance in IVDD cell therapy 

Although the causes of IVDD are not fully understood currently, it has been shown to most 

commonly initiate in the central gel-like region of the IVD called the nucleus pulposus (NP) 13.  IVDD 

appears to originate from imbalanced homeostasis of the NP extracellular matrix (ECM), which is produced 

by resident NP cells (NPCs). The role of the NP is to withstand forces of compression and torsion during 

human activity 14. As the body ages, the NP loses water, and this dehydration leads to impaired mechanical 

function of the IVDD. Moreover, the NPCs undergo senescence and the total NPC population declines, 

which worsens IVDD. Hence cell therapy approaches focus mainly on replacing inactive NPCs with 

metabolically active cells to regenerate the NP tissue. 

Nevertheless, there are a few limitations associated with direct NP cell therapies. Injection of 

human NPCs is not feasible, as sources for suitable NPCs are very limited, because biopsies to obtain NPCs 

from healthy discs can lead to their degeneration. Meanwhile, using NPCs obtained from degenerated discs 

is ineffective as these NPCs are becoming senescent and are pro-inflammatory 13. Thus, emerging cell 

therapies have to look at different approaches, including the combination of cells, signals and scaffolds 15 

(Figure 1). Cell approaches look at injecting cells that can regenerate a NP-like ECM, such as chondrocytes, 

mature NPCs or mesenchymal stem cells (MSCs) that have been differentiated into the NPC lineage. 
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Injection of primary cells such as chondrocytes or NPCs showed some initial results with successful NP 

regeneration in both animals and humans; however there were a lot of limitations, such as the cell source 

scarcity, suboptimal regeneration from the degenerated cell population, and morbidity at harvesting sites 16. 

Moreover, the ECM produced by chondrocytes was shown to be different from NPC in both its mechanical 

properties and composition 17. Thus, MSCs have been looked at as an alternative cell source. Differentiation 

of MSCs requires a combination of biomechanical factors (e.g. mechanical load) and biochemical factors 

such as cytokines, enzymes, enzyme inhibitors and growth factors. To retain cells following injection, the 

cells are injected along with a polymer matrix to form a scaffold. These scaffolds also provide appropriate 

mechanical properties and/or a biochemical environment, which are native to NPCs in IVD and 

hypothesized to aid in NP regeneration. 

 

 

 

Figure 1- Principal component of NP tissue engineering (used with permission) 15 
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1.3 Adipose-derived stem cells (ASC) as sources for NPC regeneration 

Adult MSCs have been long studied for their potential differentiation into NPCs. MSCs can be 

isolated from either bone marrow (BMSCs) or adipose tissue (ASCs). Both BMSCs and ASCs have the 

potential to differentiate into NPCs 18 19. Human clinical trials with direct autologous BMSCs 

transplantation showed alleviated IVDD symptoms 2 years after the treatment 18. The differentiation 

potential of ASCs, on the other hand, has recently shown promising in vivo results in animal models 19. 

Concerns, however, have arisen regarding undesirable differentiation or ineffective long-term survival in 

the hostile degenerative NP environment. Thus, approaches to pre-differentiate MSCs towards the NPC 

phenotype prior to implantation have been proposed.  

ASCs are preferred over BMSCs, owning to their great availability 18, thus have been studied in 

this research instead of BMSCs. Human ASCs can be easily isolated from fat tissue sources after 

liporeduction surgeries, using straight-forward established protocols. They are also immunomodulating and 

immunosuppressive, and thus are suitable for allogenic transplantation 20. Different stimuli, alone or in 

combination, have been found to promote ASC differentiation, yet no study to date has investigated the 

interactions between these factors, in order to assess their effects as a whole. Thus, the research proposed 

to utilize a bioreactor-based approach to optimize these stimuli in a combined fashion, in order to validate 

a standardized method for ASC differentiation towards NPCs. In the long term, this project will contribute 

to the development of a bioreactor-based protocol for large-scale production of NPC-like cells from ASCs, 

as a potential treatment for IVDD.  
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Chapter 2 

Literature Review 

2.1 IVD Structure and Function 

The IVD is a tissue cushioned between adjacent vertebrae of the spine (Figure 2) 10. It has three 

main functions. Firstly, the IVD acts as a ligament holding the vertebrae together to form the spinal column 

structure. Secondly, it acts as a shock absorber allowing load transmission to the spine. Thirdly, it serves as 

a “pivot point” that confers flexibility and multi-axial spinal motion, allowing the spine to bend, rotate, and 

twist 21. The IVD consists of 3 distinct structures: the nucleus pulposus (NP), the annulus fibrosus (AF), 

and the vertebral end-plates (VEP) (Figure 2). The NP is the water-rich gelatinous center that bears most 

of the applied pressure 21. The AF is the collagen-rich fibrous structure that surrounds the NP and confines 

the pressurized NP. The VEP are the fibrocartilage plates at the disc-vertebrae interface that binds the AF 

and supplies nutrients to the disc. 

 

Figure 2- IVD position (left) and component structure (right) 10 (used with permission).  

 

The NP is in intimate contact with the inner AF, though they are separated by a transition zone 21. 

During youth, this transition zone boundary is well-defined and exemplifies great differences between the 

NP and the AF. However, as aging and IVDD occur, the boundary loses its clear anatomical border as well 

as distinct cellular characteristics. Thus, in the study of NP and its role in IVDD, it is important to define 
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the distinctions between the NP and the AF. Table 1 summarized the major difference in composition 

between these two tissues 22. 

 

Table 1- Difference in composition between the annulus fibrosus (AF) and the nucleus pulposus (NP) (used 

with permission) 22. 

 Outer AF Inner AF NP 

Water (per weight) 65–75% 75–80% 75–90% 

Collagen (per dry 

weight) 
75–90% 40–75% 25% 

Collagen type 
Mainly collagen type I with small 

amounts of types III, V and VI, 

Transitional between 

NP and outer AF 

Mainly collagen type II with small 

amounts of types VI, IX and XI. 

Proteoglycans (per 

dry weight) 
10% 20–35% 20–60% 

Other proteins (per 

dry weight) 
5–15% 5–40% 15–55% 

 

The AF structure can be separated into the inner and outer AF. The outer AF is made up of 15–25 

lamellar sheets of collagen fibers, oriented 60° to the spinal column 23. Moving from the inner AF towards 

the NP, this lamellar array becomes less dense and less organized, and is gradually angled to 45° to the 

spine. The AF is composed of 2/3 collagen by dry weight, with collagen type I highly prevalent in the outer 

AF and gradually decreasing in the inner AF. The AF contains roughly 9 × 106 cells/ mL. The outer AF 

contains mostly fibrochondrocytes, which resemble fibroblasts, with a thin elongated structure aligned 

parallel to the collagen lamellae (Figure 3). Meanwhile, the inner AF contains only chondrocytes 24. 

On the other hand, the NP consists of 80 % water 25. Its ECM is composed primarily of 

proteoglycans (PG) and collagen type II 26. The NP is very rich in PG content, which comprises 60 % of 

the dry weight of its ECM, with aggrecans being the major component. PG complexes normally acquire a 

high negative charge density through their negatively charged glycosaminoglycan sidechains. This charge 
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attracts positively charged molecules into the NP to balance the negative charges, resulting in an osmotic 

pressure and swelling of the tissue, which is important for the disc to withstand compressive forces 27. The 

human NP has a very low cell density in comparison to other tissues, consisting of approximately 0.25– 0.5 

% of the tissue volume and around 4 × 106 cells /mL  22. For a long time, cells within the NP had been 

considered to have chondrocyte-like properties and were characterized using chondrogenic markers 24. 

However, to date, at least 3 different NP cell types have been identified: “chondrocyte-like” cells (NP), 

notochordal cells (NCs) and NP stem/ progenitor cells (NPPCs), which will be discussed in more detail 

below 21. 

 

Figure 3- Schematic showing different regions of the IVD and their composition and structure (top). 

Fluorescent image showing different cell morphologies in different disc regions (bottom) 22 (used with 

permission). 
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In humans, the IVD is the largest avascular tissue 22. Thus, nutrient transport and waste removal 

rely solely on diffusion across the VEP and within the disc matrix. A possible reason for this avascular 

nature is likely the inability of circulatory pressure to compete with the large physiological stresses applied 

to the surrounding ECM 28. Consequently, the avascular nature of the IVD limits nutrient supply to resident 

NPCs 29. Thus, the glucose concentration in the IVD ranges from 5 mM to 1 mM in healthy to severely 

degenerated IVD, respectively 30. NPCs are relatively insensitive to glucose conditions, as they derive 

energy rather through glycolysis 30. However, the avascular nature of the IVD makes it difficult for the 

application of direct ASC regeneration therapy, as ASCs require a high glucose level (17.5 mM) to remain 

healthy. In addition, the native environment of the IVD is hypoxic and acidic. The pH of IVDs ranges from 

pH 7.1 for a healthy person, down to 6.5 in patients with degenerated IVD and even 5.7 in severely 

degenerated discs 31. In general, a pH of around 7 is essential for normal cell functions, whereas low pH 

can result in cell death and ECM destruction. It has been reported that at low pH, stem cells derived from 

human NP experienced cell apoptosis, reduced proliferation, decreased expression of stem cell-related 

genes and inhibited extracellular matrix synthesis 32. Thus, it is hypothesized that ASCs would encounter 

difficulties to survive, and eventually differentiate into healthy NPCs, when injected directly into 

degenerated IVD.  

The NP has a minimal blood supply, as most blood vessels exist only at the endplate regions and 

do not cross over into NP 22. This avascular nature prevents NP cells (NPCs) from repairing and 

regenerating damaged NP tissue. The NP’s ECM contains predominantly proteoglycans (65 % dry wt.) and 

collagen type II fibrils (15-20 % dry wt.) 33. The proteoglycans bind to hyaluronic acid and other highly 

charged macro molecules to maintain NP hydration through osmotic forces. NP tissue volume consists of 

80 % water and only 1 % NPCs 34.  As the body ages, reduced proteoglycans’ concentrations due to 

unknown origin lead to NP dehydration. The dehydration leads to decreased disc height, disc bulges 

pressing on the nerves, inflammation and muscle spasms 33. Although IVDD is not fully understood, it is 
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likely initiated in the NP, due to a shift in matrix homeostasis  33. As the body ages, NP dehydration occurs 

due to reduced concentrations of proteoglycans for unknown reasons. The dehydration leads to decreased 

disc height, disc bulges pressing on the nerves, causing inflammation at the nerve site, muscle spasms and 

eventually impaired mechanical functions. Subsequently, NPCs undergo senescence and the total NPC 

population declines, which worsens IVD degeneration. Moreover, the collagen type II is gradually replaced 

by collagen type I by NPCs and causes NP becomes more fibrous (Figure 4) 35 

 

Figure 4- Pictures of a normal disc (left) and a degenerated disc (right) where the degenerated disc is more 

disorganized and has a more fibrous appearance 35 (used with permission). 

 

2.2 Characteristics of cells within the NP  

2.2.1 Morphology and characteristics of cells within the NP  

To date, 3 different NP cell types have been characterized: notochordal cells (NCs), mature nucleus 

pulposus cells (NPCs), and NP stem/ progenitor cells (NPPCs) 21. During embryogenesis, the NP consists 

predominantly of notochord precursor cells. The notochord refers to a rod-like primitive cartilage structure 

that serves as the axial skeleton of the embryo 36. The developing intervertebral disc becomes surrounded 

by mesenchymal cells, which synthesize AF and ossify to form vertebrae. The entrapped embryonic 

notochord then forms the NP 37. Soon after birth and going into early development, the NP is derived from 



 

 

10 

 

vacuolated notochord cells, which closely resemble these embryonic notochord precursor cells, and are thus 

classified as ‘notochordal-like’ NCs 36. NCs are large (30–40 μm in diameter), cluster together and contain 

25% of actin-filament-bounded intracellular vacuoles. These vacuoles are a trait derived from their putative 

origin, the embryonic notochord, as they store secreted glycosaminoglycans (GAGs) in these vacuoles to 

create osmotic swelling pressure for the elongation and straightening of the notochord. 

In the first 10 years after birth, the number of NCs present gradually declines, and eventually they 

disappear after adolescence. They are replaced by a population of smaller cells, classified as mature NPCs 

36. This transition is not well understood, but has been linked to changes in mechanical and nutritional 

microenvironment 28. Mechanical forces, which increase considerably within the IVD, might create 

mechanical stress-inducing apoptosis or chondrogenic-like differentiation of NCs. Furthermore, the 

avascular nature of the IVD cannot sustain the nutritional requirements of the NCs, which have a higher 

metabolic activity than NPCs, thus again inducing apoptosis of NCs or their differentiation towards less 

nutrient-demanding NPCs. Compared to NCs, mature NPCs are smaller (∼10 μm in diameter) and lack 

intracellular vacuoles. They are frequently referred as ‘chondrocyte-like’ because they are phenotypically 

and morphologically similar to cartilage chondrocytes 38. Thus, studies done on NPCs often examine 

chondrogenic markers as evidence of successful NPC differentiation. However, NPCs have been shown to 

be phenotypically distinct from chondrocytes 39. A few NP-specific identified markers include FOXA1, 

CD24, brachyury (T), SOX 5 and SOX6. FOXA1 is expressed during early notochordal development 

40.  Although its specific function is still unclear, CD24 is one of the earliest markers identified with 

significantly higher expression in NPCs 8. Brachyury (T) is a transcription factor necessary for notochordal 

morphogenesis and patterning. Lastly, SOX5 and SOX6 promote the extracellular matrix sheath formation 

and survival of notochords, as well as the formation of the nucleus pulposus 41. These 5 markers were 

chosen to determine the degree of ASC differentiation towards NPCs in this project, as they are stably and 
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specifically expressed in young healthy NPCS, with mRNA and protein expression validated across 

different species, including humans.  

The transition from NCs to NPCs occurs at varying times, depending on the species, or even their 

breed 42. NP cell composition is also species-specific. In humans, NCs are speculated to maintain healthy 

NPCs, as their disappearance shortly after puberty coincides with the onset of IVD degeneration 43. 

Recently, it has been reported that NPPCs are present in both human healthy and degenerated NP 44. NPPCs 

are likely derived from NCs and take over their role to maintain cellular homeostasis and regeneration 

following aging and injury of IVD. Studies have found that NPPCs cultured in vivo can maintain 

multipotent and self-renewal potential, and express MSC markers 45 46. However, it is unclear yet whether 

NPPCs can differentiate into different IVD phenotype and maintain their biological capacity during IVDD, 

as well as their actual density within the NP. 

2.2.2 U-CH1 cell line as NC-like cells 

U-CH1 is the first permanent human chordoma cell line that has been established 47. Chordomas 

are rare tumors arising from persistent notochordal remnants in the vertebral bodies 48. The U-CH1 cell line 

was established from a local recurrence of a sacrococcygeal chordoma after 4-year radiotherapy post- 

surgery. U‐CH1 cells are physaliferous with abundant cytoplasm, cytoplasmic vacuoles, and round nuclei 

49. They have been well-established to possess NC-like characteristics, whether molecularly, genetically, or 

morphologically. It is very difficult to obtain human notochordal cells, but U-CH1 cells retain many of their 

biological properties and are expected to promote ASC differentiation towards NPCs. 
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2.3 Characteristics of ASCs 

2.3.1 ASC differentiation capacity towards NPCs 

Adult MSCs are multi-potent stem cells that can be harvested from different tissues such as bone 

marrow, skin, muscle and adipose 50. Bone-marrow MSCs have been the primarily used source of MSCs, 

however their harvested incidence is low, at about 1 per 105 nucleated cells 51. On the other hand, ASCs 

have much higher harvested yield, at about 1 per 103 nucleated cells 52, but without any compromise on 

their biological properties. ASCs have a multi-lineage differentiation capacity comparable to bone-marrow 

MSCs, including  adipogenic, myogenic, chondrogenic, osteogenic, endothelial, cardiomyogenic and 

potentially neurogenic lineages 53. As such, ASCs are a promising cell source for NP regeneration, owing 

to their chondrogenic differentiation capacity, as mature NPCs are very similar to chondrocytes. Moreover, 

ASCs can be obtained abundantly with minimal risk through liposuction, which has had no reported deaths 

on 66,570 procedures and an adverse event rate of 0.68 per 1000 cases 54. In addition, ASCs can be extracted 

from adipose tissue at most sites, allowing separate harvest sites on the same patient, which has the 

advantages of less damage in one area and a shorter healing time, and giving rise to the possibility of 

autologous cell transplantation. Based on a thorough review of the literature and NP physiology, five factors 

have been hypothesized to interact and play a role in ASC differentiation towards NPCs. These factors are 

mechanical loading amplitude and strain frequency, oxygen tension, presence of U-CH1 and the presence 

of decellularized NP tissue (DNPT).  

2.3.2 Cyclic loading 

The IVD is naturally subjected to dynamic mechanical stimulation, including tensile, compressive, 

and shear stresses, and hydrostatic pressure (HP).  However, as the NP is a gel-like center consisting of 80 

% water with little volumetric changes during compression, NPCs experience mostly HP 55. Thus, HP is 
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expected to be the predominant biomechanical signal for the differentiation into and maintenance of mature 

NPCs. Table 2 summarizes the HP experienced in humans at different positions and ages 56 

HP was found to significantly stimulate proteoglycan synthesis by human AF exposed to 2.5 MPa 

and 5 MPa for either 20 s or 2 h continuously 57. Since then, a number of studies have been conducted on 

the effects of HP for IVD regeneration. Shah et al. 2018 applied 0.1 vs 0.6 MPa, at 0.1 Hz for 2 h daily for 

7 days, on bovine NPCs, and found that 0.1 MPa enriched NPC gene expression but not 0.6 MPa 58. 

Safshekan et al. compared the effects of 3 MPa and 5 MPa HP 4 hours continuously /day from the 4th day 

of culture for 7 days on hMSCs, and found that 5 MPa resulted in the highest collagen II expression, which 

was close to the expression in native cartilage tissue 59. Interestingly, Saggese et al., investigated the effect 

of HP on both bovine NCs and NPCs encapsulated in alginate 1.2% 60. Both cell types were exposed to 24 

h of dynamic pressure, with 2 phases to mimic a diurnal cycle of 8 h rest, at 0.2 MPa and a 16 h loading, at 

a low regime of 0.4 to 0.8 MPa at 1 Hz, and a high regime of 1.6 to 2.4 MPa at 1 Hz. Low pressure at 0.4- 

0.8 MPa increased GAG production in NPCs, while no change was observed in NCs. Though studies often 

differ in the magnitude and loading duration, most showed that appropriate amounts of HP could enrich 

NPC matrix synthesis, while excess pressure normally resulted in decreased proteoglycan expression 60.  

Physiological human loading levels, which will not induce disc degeneration, appear to have 

magnitudes ranging from 0.2-0.8 MPa (Table 2), and frequencies of 0.1-1 Hz with a duration of 1- 4 h per 

day 61. Thus, the loading amplitude and strain frequency tested in this study were based on these values. 

We were also interested in an intermittent loading regime of HP, compared to a continuous loading scheme, 

as intermittent loading seemed to mimic daily human activities better. Maxson and Burg  established an 

intermittent loading pattern of 30 min HP at 0.3 MPa, 0.5 Hz, followed by 2.5 h rest with medium perfusion, 

repeated for 8 cycles with a total of 4 h of intermittent HP per day for 14 days 62. The study found that 

intermittent HP enhanced the chondrogenic differentiation of murine MSCs encapsulated in 2% agarose, 

individually or in combination with conditioned media. Similarly, Gokorsch et al. found that, an 
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intermittent HP loading with optimized loading magnitude, loading duration and rest time, can induce an 

NP-like ECM synthesis profile in pig NPCs encapsulated in agarose. Therefore, our final adapted loading 

scheme was decided as 2.5 h of medium perfusion rate, followed by 30 min of intermittent HP at a 

respective loading magnitude (0.2 vs. 0.8 MPa) and frequency (0.25 vs 1 Hz). This pattern was to be 

repeated continuously for a total of 4 cycles per day, resulting in a total of 2 h of intermittent HP per day. 

 

Table 2- Intradiscal hydrostatic pressures for different positions and exercises 56 (used with permission). 

Position 

Pressure (MPa) 

45‐year‐old male 

volunteer (Wilke et 

al., 1999)a 

8 volunteers, 25 ± 2 years old 

(pressures measured at vertical 

orientation of the transducer; 

Sato et al., 1999)b 

Lying supine 0.10  

Lying on the side 0.12 0.151 ± 0.053 

Lying prone 0.11 0.091 ± 0.027 

Relaxed standing 0.50 0.539 ± 0.179 

Standing extension  0.600 ± 0.187 

Standing, bent forward 1.10 1.324 ± 0.222 

Sitting actively straightening the back 0.55 0.623 ± 0.154 

Sitting with maximum flexion 0.83 1.133 ± 0.254 

Sitting extension  0.737 ± 0.167 

Standing up from a chair 1.10  

Walking 0.53–0.65  

Jogging 0.35–0.95  

Climbing stairs, one stair at a time 0.50–0.70  

Walking downstairs, one stair at a time 0.38–0.60  

Lifting 20 kg, bent over with round back 2.30  

Lifting 20 kg as taught in back school 1.70  

Holding 20 kg close to the body 1.10  

Holding 20 kg, 60 cm away from the chest 1.80  

Pressure increase during night (over a 

period of 7 h) 
0.10–0.24  

https://onlinelibrary-wiley-com.proxy.queensu.ca/doi/full/10.1002/term.2533#term2533-bib-0109
https://onlinelibrary-wiley-com.proxy.queensu.ca/doi/full/10.1002/term.2533#term2533-note-0001_43
https://onlinelibrary-wiley-com.proxy.queensu.ca/doi/full/10.1002/term.2533#term2533-bib-0092
https://onlinelibrary-wiley-com.proxy.queensu.ca/doi/full/10.1002/term.2533#term2533-note-0002_45
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2.3.3 Oxygen tension 

Native healthy NPCs experience hypoxic conditions of 2-5 % oxygen in the NP 63. NPCs rely on a 

glycolytic pathway to generate metabolic energy, as they have very few mitochondria 64. Many studies have 

been done on the effects of this hypoxic condition, typically at a level of 5 % oxygen, towards the 

chondrogenic differentiation of ASCs. Merceron et al., found that hASCs, cultured in pellet or monolayer, 

had upregulated chondrogenic markers when exposed to a 5 % oxygen environment for 28 days 65. 

Similarly, Portron et al., confirmed that 5 % oxygen favored in vitro chondrogenic expression of hASCs 

encapsulated in silanized-hydroxypropyl methylcellulose (Si-HPMC) hydrogels 66. Interestingly, oxygen 

deprivation (1 % oxygen) appeared to enhance both proliferation (by 1.7- fold faster), and improved 

chondrogenic differentiation for hASCs 21 days in monolayer culture 67. Meanwhile, Hwang et al., reported 

that hypoxia not only increased chondrogenic differentiation of hASCs, but also inhibited their osteogenic 

differentiation in a vascular endothelial growth factor (VEGF)- dependent manner 68. This result appeared 

quite advantageous, as selective inhibition of osteogenic differentiation is desired in regeneration of 

connective tissue such as the nucleus pulposus. Thus, oxygen tension was also tested, with a level of 2 % 

to mimic the hypoxic condition in the NP, and 20 % as normoxic condition used for standard. An oxygen 

environment of 2% was chosen for the hypoxic condition, instead of 5% as commonly studied in most 

literature, because it was desired to look at the extreme hypoxic condition in native NP tissue, which ranged 

from 2-5 % 63, potentially allowing for greater differences to be noted when compared to the normoxic level 

of 20%. 

2.3.4 Co-culture with U-CH1 

The presence of U-CH1 in co-culture was chosen as this is an immortalized human notochordal-

like cell line and notochordal cells are speculated to maintain healthy NPCs, as their disappearance shortly 

after puberty coincides with the onset of IVD degeneration 43. It is difficult to obtain human notochordal 
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cells, but U-CH1 cells retain many of their biological properties and are expected to promote ASC 

differentiation towards NPCs. A few studies have indicated that co-culture with NCs could direct 

differentiation towards an NPC-like phenotype. For example, co-culture of degenerated hNPCs with a 

rabbit NC-rich explant for 7 days showed enhanced cell proliferation, upregulated expression of NP ECM 

(collagen I, collagen II, SOX9, and ACAN), and of  NPC gene markers (HIF-1α, FOXF1, PAX1, and CA12) 

69. Similarly, indirect co-culture of porcine NCs and bovine NPCs, both encapsulated in 1.2 % w/v calcium 

alginate, showed an increased gene expression ratio of aggrecan/collagen type 2 in NPCs 70. Interestingly, 

this study also commented that the upregulation was further increased under hypoxic conditions, suggesting 

that there were synergetic effects when different factors were simultaneously assessed. There was no direct 

study on the impact of co-culture of NCs and ASCs, however, a number of papers have reported on the 

effects of co-culture between NPCs and ASCs. Dai et al., reported that co-culture of rat NPCs in calcium 

alginate beads and ASCs in monolayer enhanced the expression of type II collagen, SOX9 and aggrecan in 

ASCs 71. Lu et al., also found that co-culture of hNPC in micromass could direct the chondrogenic 

differentiation of ASCs encapsulated in collagen hydrogels 24. Mohit et al., even suggested that NPCs in 

monolayer could induce early chondrogenic differentiation in ASCs, while NPCs in micromass or close 

contact with ASC could direct later chondrogenic differentiation 72. NP tissue has a very low cell density at 

about 4000 cells/ mm3,  thus there is a rare chance that direct cell-cell contact and signaling happen in the 

NP 73. Therefore, an indirect co-culture system would better mimic the in vivo situation. Thus, co-culture 

between ASCs and U-CH1 in this study would be done indirectly, through encapsulation for both cell types 

in calcium alginate hydrogels.  
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2.3.5 Incorporation of decellularized nucleus pulposus tissue (DNPT) 

Decellularized nucleus pulposus tissue (DNPT) has been reported to retain a native 

microenvironment as well as important anabolic growth factors for successful NP regeneration 74. 

Decellularization refers to combining physical, chemical, and biological methods to fully remove resident 

cells of the tissue while preserving the ECM components, including collagen, GAGs, proteoglycans and 

growth factors 75. Studies on utilizing biological scaffolds composed of ECM from decellularized tissue 

have gained significant interest, as decellularized ECM provides microenvironmental cues that mimic the 

native tissue, allowing for biocompatibility and directing differentiation towards desired phenotypes. One 

of the first studies was done by Mercuri et al. (2013), who showed that incorporation of pig DNPT into a 

hydrogel upregulated NPC gene expression in hASCs seeded on top of the scaffold 76. Later, Zhou et al. 

combined pig DNPT with genipin as a crosslinking agent to form a hydrogel scaffold with mechanical 

properties that not only resembled those of native NP, but also induced encapsulated hASCs into a NP-like 

phenotype in vitro, and achieved IVD regeneration in vivo in a rabbit model 77. The same results have been 

confirmed in other studies incorporating DNPT in different hydrogel scaffolds for both NPCs 78 and ASCs 

79. Even on their own, without any effect from 3D structure, degenerated hNPCs, when seeded together 

with solubilized porcine DNPT, maintained their robust viability (>89%) and morphology for 21 days, with 

enhanced NP ECM production 80. Thus, it was hypothesized in our study that incorporation of DNPT within 

an ASC-encapsulating hydrogel would provide additional cellular instruction for ASC differentiation 

towards NPCs. 

 

 

 



 

 

18 

 

2.4 Calcium Alginate as 3D scaffold 

Alginic acid is a polysaccharide typically extracted from brown algae 81. It is a linear copolymer 

made up of blocks of (1,4)-linked-D-mannuronic acid (M) and -L-guluronic acid (G) residues, whether 

consecutively or alternatively (Figure 5). The ratio of G:M varies depending on the natural origin of the 

alginic acid. It is generally supplied as sodium alginate. 

Ionic crosslinking is considered the most commonly used method to prepare alginate hydrogels 82. 

The formation of a hydrogel occurs through electrostatic interactions between G-blocks in aqueous alginic 

acid with divalent cations, such as Ca2+, Mg2+, or Fe2+. Divalent cations allow G blocks of one polymer 

molecule to form a junction zone with G blocks of an adjacent polymer molecule, creating egg-box shaped 

crosslinking 81 (Figure 6). The advantages of using ionic-crosslinked alginates as injectable cell-seeded 

hydrogels are that they are relatively cheaper, widely characterized, have high cell viability upon 

encapsulation and are readily de-crosslinked for cell recovery 81. The mechanical properties can also be 

tuned based on the chemistry of the network, simply by varying composition (i.e., M/G ratio), sequence, 

G-block length, and molecular weight. Mizuno et al. 2006 used ionically crosslinked calcium alginate to 

mimic the NP in a fabricated composite scaffold for IVD without any cells and implanted the scaffold in 

mice 83. Up to 16 weeks, the construct exhibited increased compressive properties that were similar to native 

IVD tissue. This work showed that ionically- crosslinked calcium alginate hydrogels could be designed to 

withstand dynamic loadings native to the IVD. However, the disadvantages lie in their limited long-term 

stability in physiological conditions, as release of divalent ions into the surrounding media can lead to gel 

dissolution. In this study, a calcium alginate hydrogel was made from Protanal LF 10/60 sodium alginate, 

which is a highly refined sodium alginate derived from brown seaweed, consisting of 65- 75 % guluronic 

acid units and 35- 25 % mannuronic acid units 84. 
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Figure 5- Chemical structures of G, M and alternating G-M structure of calcium alginate 81 (used with 

permission). 

 

   

Figure 6- Egg-box-shaped crosslinking blocks in alginic acid 81 (used with permission) 

2.5 Factorial design 

In recent years, the statistical method of design of experiments (DOE) has been applied extensively 

in stem cell bioprocessing. The DOE methodology allows sequential establishment of carefully designed 

experiments, which provides an empirical model for fundamental biological processes, and further develops 

future experiments and translational research 85. In a stem cell differentiation experimentation, a 2-level 

factorial design is commonly utilized, because it provides an effective pre-screening for important factors 

from as many candidates as possible, on a large sample size. This characteristic is important especially in 

differentiation experiments, as most cellular sample preparations (e.g.  isolation, purification, and culturing) 
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are lengthy, and cellular sample analysis requires a series of parallel techniques (e.g.  gene expression level, 

identification of gene markers, percentage cell live), which are labor-intensive. In a 2-level design, 

independent variables are investigated, each at a high and low value from a range of interest. Only the least 

number of runs is required while allowing the initial screening for influential and synergistic effects of 

different variables. It is normally referred as 2k design, as the number “2” is the number of levels being 

tested and the superscript “k” is the number of independent variables being adjusted. 

Based on a thorough review of literature and NP physiology, five factors are hypothesized to 

interact and play a role in ASC differentiation towards NPCs. These factors thus are loading amplitude, 

strain frequency, oxygen tension, presence of U-CH1 and incorporation of DNPT. These factors are 

assumed to act together and create mechanical and chemical cues, mimicking dynamic stimulation and a 

microenvironment similar to that in the NP, which can enhance differentiation towards NPCs 86. In this 

study, the range of values investigated was based on previously discussed physiological values of each 

factor. Flanking values are usually coded so that coded values for different factors vary over the same range 

(i.e.: {-1,0,1}) with mean zero and the same standard deviation. The range of values tested might need to 

be adjusted as the experiment proceeds, so that it is sufficient enough to show a difference in the conversion 

of factors, but not too large to move the system to a totally different operating regime. This is important 

because by using 2k design, a linear model is fitted to the data. The main effects estimated are linear 

approximations of the conversion over the region spanned by the factorial 87. Followed by a steepest ascent 

analysis, the region to perform the next improvement experiments can be estimated based on gradients in 

the system. 
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Chapter 3 

Project scope 

This study aimed to design a calcium alginate-based hydrogel approach to differentiate ASCs 

towards NPCs. This would done within a bioreactor, which would allow for 5 factors to be assessed at the 

same time, in order to optimize culture condition for ASC differentiation towards NPCs. 

3.1 Proposed approach 

3.1.1 Objectives and specific aims 

The long-term objective of this research is to develop a translational bioreactor-based strategy, for 

large scale NP cell production for cell therapy to treat IVDD. The immediate objectives included two 

specific aims. The first aim was to develop a high throughput bioreactor for efficient ASC differentiation 

towards NPCs. The bioreactor can encapsulate human ASCs within a reversible Ca-alginate hydrogel that 

ensures robust cell encapsulation and release with high viability. The bioreactor also allows for indirect co-

culture of human ASCs with immortalized notochordal cells, while providing mechanical loading. The 

required bioreactor design is based on the hypothesis that ASC differentiation towards NPCs requires both 

dynamic stimulation, and a microenvironment for appropriate chemical and mechanical cues. This leads to 

the second aim, which was to determine the optimal combination of culture conditions for the differentiation 

within the bioreactor. Five factors are hypothesized to interact and play a role in ASC differentiation 

towards NPCs. These factors are loading amplitude, strain frequency, oxygen tension, presence of U-CH1 

cells and incorporation of DNPT. Overall, the project objective is to create a process for effectively pre-

differentiating ASCs into NPCs in vitro, retrieving these cells and ultimately injecting them into the IVD 

for NP regeneration. 
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3.1.2 Bioreactor design 

In order to optimize conditions of ASC differentiation, a bioreactor is required that allows for 

various factors to be investigated at the same time. Thus, a CellScale Mechano Culture TR (MCTR) 

bioreactor was custom-built for this purpose. The CellScale MCTR contains 9 wells, each is 20.5 mm in 

diameter, 20 mm in height with a volume of 6.6 mL. Thus, it is classified as a minibioreactor. The bioreactor 

is connected to a peristaltic pump (Ismatec) to create a continuous flow bioreactor (Figure 7). 

Except for 1 calibration well, 3 wells are interconnected through a channel that is connected to a 

circulating system for medium exchange (Figure 7). Fresh medium from a flask would be intermittently 

pumped at a desired perfusion rate through the wells between loadings. For low oxygen tension, the medium 

flask was kept open inside a hypoxic chamber for a continuous supply of 2% oxygen. For normal oxygen 

conditions, the medium flask was kept inside the incubator exposed to the ambient air. The medium flask 

was a 3-neck round bottom flask. Silicone tubes going in and out of 2 necks allowed medium to perfuse 

through. The remaining neck was connected to a HEPA filter to ensure only sterile air entering the system. 

For hydrostatic loading, each well was filled with 6.6 mL ASC medium. A flexible membrane was 

put on top of the well and in contact with the medium. Air pressure from a pressurizer was applied above 

the membrane causing hydrostatic pressure (HP) to be experienced by the ASC-encapsulated gel in each 

well (Figure 8). The pump valve was closed during loading to ensure no fluid leaving the system.  
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Figure 7- Bioreactor circulating system 

 

Figure 8- Schematic diagram of conditions controlled within the bioreactor 
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3.1.3 25 Factorial design 

Five factors were to be tested in the bioreactor: loading amplitude, strain frequency, oxygen tension, 

U-CH1 co-culture and DNPT incorporation. The tested levels for each factor were 0.7 vs. 0.2 MPa for 

loading amplitude, 1 vs. 0.25 Hz for strain frequency, 20 vs. 2 % air saturation for oxygen tension, with or 

without U-CH1 cells (1:1 ratio), and with or without DNPT incorporation (5 % w/v). Thus, the experiment 

required a total of 32 test runs, as well as 8 control runs (Table 3). Control runs include static culture 

conditions (0 % strain, 0 % strain frequency), U-CH1- free and DNPT-free conditions.  

The loading amplitude and strain frequency were controlled directly with the MCTR bioreactor. 

This was done by adjusting the amount of air pressure applied on a flexible membrane placed on top of the 

medium surface. When the air pressed down on the membrane, hydrostatic pressure would be transferred 

into the medium within the well and experienced by the gel at the bottom of the well. The oxygen tension 

was controlled indirectly through the medium employed. For the 20 % oxygen condition, test conditions 

were run under ambient air inside a cell incubator. For the 2 % oxygen condition, the medium was purged 

with nitrogen until it reached 0 % oxygen (measured with an oxygen probe). Part of the medium was then 

injected into the bioreactor, and the rest was left to equilibrate in a hypoxic chamber set at 2 % oxygen. The 

gels were then placed into the bioreactor. The medium was circulated before any loading was done to ensure 

that oxygen level was controlled at 2 %. The U-CH1 cells were encapsulated into Ca-alginate hydrogels 

and co-cultured with ASC. For the co-culture conditions, 2 ASCs gels and 1 U-CH1 gel were placed 

together per well. For non-co-culture conditions, 4 ASC gels were placed together per well. The DNPT 

would be mixed directly into Na-alginate 2% solution at a concentration of 5% w/v. However, due to the 

time constraints, the project never reached the point of testing with U-CH1 and DNPT. 
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Table 3- 25 Factorial Design 

Experiment Load (MPa) Strain frequency (Hz) Oxygen tension (%) U-CH1 DNPT (%) 

1 0.2 0.25 20 0 0 

2 0.7 0.25 20 0 0 

3 0.2 1 20 0 0 

4 0.7 1 20 0 0 

5 0.2 0.25 2 0 0 

6 0.7 0.25 2 0 0 

7 0.2 1 2 0 0 

8 0.7 1 2 0 0 

9 0.2 0.25 20 1 0 

10 0.7 0.25 20 1 0 

11 0.2 1 20 1 0 

12 0.7 1 20 1 0 

13 0.2 0.25 2 1 0 

14 0.7 0.25 2 1 0 

15 0.2 1 2 1 0 

16 0.7 1 2 1 0 

17 0.2 0.25 20 0 5 

18 0.7 0.25 20 0 5 

19 0.2 1 20 0 5 

20 0.7 1 20 0 5 

21 0.2 0.25 2 0 5 

22 0.7 0.25 2 0 5 

23 0.2 1 2 0 5 

24 0.7 1 2 0 5 

25 0.2 0.25 20 1 5 

26 0.7 0.25 20 1 5 

27 0.2 1 20 1 5 

28 0.7 1 20 1 5 

29 0.2 0.25 2 1 5 

30 0.7 0.25 2 1 5 

31 0.2 1 2 1 5 

32 0.7 1 2 1 5 

33 0 0 20 1 0 

34 0 0 20 1 5 

35 0 0 20 0 0 

36 0 0 20 0 5 

37 0 0 2 1 0 

38 0 0 2 1 5 

39 0 0 2 0 0 

40 0 0 2 0 5 
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Chapter 4 

Materials and Methods 

4.1 Materials 

All materials were used as received unless otherwise noted. High G-content alginate (Protanal LF 

10/60 FT) was purchased from FMC biopolymer, Norway. Calcium Chloride (#C3881), HEPES (#H4034), 

EDTA (#E6758), DPBS (#D8537), DMEM F12 (#D6421), Pen-strep (#P4333), Trypsin- EDTA 1X 

(#T3924), Gelatin (#G9136), Sodium Citrate (#1064321000), Bisbenzimide Hoest 33258 (#23491-45-4) 

were all purchased from Sigma Aldrich, USA.  

Endotoxin detection kit (ToxinSensor, #L00350C) was obtained from GenScript, USA. FBS 

(#12483020) was ordered from Gibco, Canada. IMDM (#30-2005) and RPMI- 1640 (#30-2001) were 

received from ATCC, Canada. WST-1 (#5015944001) was purchased from CELLPRO-RO Roche, Canada. 

Hyclone water (#SH30538.02) was obtained from GE Life Sciences, Canada. Aurum total RNA fatty and 

fibrous kit (#7326830) was received from Bio- rad, Canada. TRIzol (#15596018) was obtained from Life 

Technologies, Canada. Sodium Chloride (#S271-3), Sodium Citrate (#BP321-1), Carbon decolorizing 

(#C170-500), Chloroform (#C298-4), and Isopropanol 99.5% Reagent grade (#ISO920.1) were ordered 

from Fisher Scientific, USA. 

 

 

 

 

 

 

https://www.sigmaaldrich.com/catalog/search?term=7365-45-9&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=CA&focus=product
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4.2 Method 

4.2.1 Alginate purification 

4.2.1.1 Purification process 

The Na-alginate was first purified into order to reduce the endotoxin level for cell culture purposes, 

as well as to further remove contaminants in the alginate for downstream RT-PCT applications. The Na-

alginate purification process was adapted from Klock et al. 88 and had been previously validated in  the 

Amsden lab. Sodium alginate LF 10/60 (65- 75 % guluronic acid units and 35- 25 % mannuronic acid units) 

was dissolved at 1.1 % w/w in Millipore Type I water for 2 h, under constant stirring. An equal mass of 

activated charcoal was then mixed into the alginate solution and stirred for 4 h. The mixture was filtered 

through 0.22 μm filters. The first purified fraction of this solution was lyophilized for 48 h (Fraction 1: 1X 

Charcoal). The second fraction was dialyzed with a MWCO = 6-8 kDa dialysis tubing for 12 h, and then 

lyophilized for 48 h (Fraction 2: 1X Charcoal + 1X Dialysis). Mixing with activated charcoal was repeated 

twice to obtain fraction 3 (2X Charcoal), in addition to 1-time dialysis to obtain fraction 4 (2X Charcoal + 

1X Dialysis), or 2-time dialysis for fraction 5 (2X Charcoal + 2X Dialysis). All these fractions were 

lyophilized for 48 h to obtain white sodium alginate powder which was stored at -20 ºC for further use. For 

subsequent tests, purified powder was dissolved to 2.5 % w/v in NaCl 0.9 % w/w solution supplemented 

with 20 mM HEPES, filtered through 0.22 μm filters and stored at 4 ºC. 

4.2.1.2 Endotoxin validation 

This test was carried out to measure the endotoxin level of purified Na-alginate fractions to assess 

the alginate purification level. All fractions of purified sodium alginate 2.5 % w/v in NaCl were diluted to 

0.01 % v/w in limulus amoebocyte lysate (LAL) water (provided with the kit). These 0.01 % w/v sodium 

Na-alginate samples were tested for endotoxin levels using a ToxinSensor kit (Manufacturer). All tested 



 

 

28 

 

samples were then adjusted to pH 6-8 using either sodium hydroxide (0.1 N, dissolved in LAL reagent 

water) or hydrochloric acid (0.1 N, diluted in LAL reagent water) if necessary. 50 µL of tested samples 

were mixed with 50 µL of LAL solution in endotoxin-free vials and incubated for 10 min at 37 °C. 

Subsequently, 250 µL Stop solution, 250 µL color stabilizer #2 and 250 µL color stabilizer #3 were added 

to each vial, swirling gently in between each addition to mix. 200 µL from each vial was transferred into 

the wells of a 96 well-plate and absorbance at 545 nm was measured with a Spectramax M2 plate reader. 

The test was done in triplicate (n = 3) and readings were compared with a standard curve from standard 

samples provided with the kit to determine endotoxin levels. 

4.2.1.3 Mechanical testing 

The test aimed to measure the compressive modulus of 2% Ca-alginate hydrogels under different 

conditions. Crosslinked calcium-alginate gels, stored in pH 7.4 DPBS, were subjected to unconfined 

uniaxial compression using a CellScale Biomaterials Inc. Univert mechanical tester. Each gel was placed 

in the middle of the platen, and excess fluid was removed gently using a Kimwipe. The following protocol 

was set up and run in the Univert using a 1 N load cell: Ramp 25%, Stretch 20s, Hold 5s, Recover 10s, Rest 

5s. This protocol was repeated twice for each gel with data collected at a frequency of 15 Hz. The 

compressive modulus was determined from the stress-strain curves via regression of the linear regions (n = 

4, linear regions were recognized as 0- 5 %, 5- 15 %, and 15- 25 % strain). 

 

 

 

 

 

 



 

 

29 

 

4.2.2 Encapsulation of cells 

4.2.2.1 Sterilization 

All tools were autoclaved at 120 ºC, 25 psi for 30 min prior to experiments to ensure sterilization. 

Materials that could not be autoclaved (e.g. hydrogel molds, o-rings for stock bottles, MCTR cap) were 

UV-sterilized for 30 min in a biological safety cabinet. All solutions were either purchased sterile or filtered 

through 0.22 μm filters.  

4.2.2.2 Culture of ASC 

Cryopreserved human ASCs passage 2 (hASCs P2) were obtained from the Flynn lab (Western 

University). The hASCs were pooled from 3 different donors to account for any discrepancy in cell 

behavior. Each cryovial was thawed for 2 min in a 37 ºC water bath and expanded into 2 T175 flasks with 

complete growth medium. ASC complete growth medium consisted of 89 % Dulbecco's Modified Eagle 

Medium: Nutrient Mixture F-12 (DMEM F12), 10 % Fetal bovine serum (FBS) and 1 % Penicillin-

Streptomycin (pen- strep).  

Cell count with Trypan Blue was routinely done upon expansion to ensure a seeding density of 

5000 cells/ cm2 in each T175 flask (refer to section 4.2.4.2 for details on the Trypan Blue protocol). Each 

T75 flask was rinsed gently with DPBS and changed with fresh medium the following day upon thawing 

and seeding cells, to remove dead/unattached cells. Medium exchanges were done every 3 days. When the 

flask reached a confluency of 75-90%, cells were harvested. The flasks were rinsed with DPBS, and cells 

were trypsinized at 80 % confluency with Trypsin 1X (5 mL/ T175 flask) for 7 min at 37 ºC. Trypsin was 

neutralized with 3X volume of complete growth medium and the mixture was transferred into a 50 mL 

Falcon tube. Cells were collected by centrifugation at 685 g for 8 min. All experiments with hASCs were 

carried out inside MCTR bioreactor. 
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The same culturing process was carried with bovine ASCs passage 2 (bASCs P2). bASCs were 

used in all experiments to optimize cell encapsulation, retrieval and RNA protocols (section 5.2 and 5.3). 

All experiments with bASCs were carried out in well-plates under static condition without perfusion. 

4.2.2.3 Cell encapsulation  

2X Charcoal-purified sodium alginate powder was mixed to a final concentration of 2.5 % w/v in 

0.9 % w/w NaCl solution supplemented with 20 mM HEPES, and constantly stirred for 1 h until completely 

dissolved. The solution was then filtered through 0.22 μm filters and kept at 4 ºC until used for cell 

encapsulation. Cells were trypsinized at 80 % confluency, counted with Trypan Blue, and pelleted at 685 g 

for 8 min. Cells were then resuspended in NaCl 0.9 % w/w supplemented with 20 mM HEPES, with a 

calculated volume to a density of 85 M cells/mL (please note that this was an intermediate cell density, not 

the final density of 17 M cells/mL). This intermediate step was used to ensure complete disruption of the 

pellet without forming too many bubbles. An appropriate volume of sodium alginate 2.5 % w/v was then 

added to this mixture to form a final solution of 2 % w/v Na alginate with a cell density of 17 M cells/ mL. 

The solution was gently stirred to mix, with caution not to form any bubbles. For ASCs, 19 µL of sodium 

alginate-cell mixture (~323 000 cells/gel) was injected into 3D-printed plastic molds (1.5 mm height x 4 

mm diameter).   

The molds were lab-customized cylindrical molds, 3D printed from ABS plastic. During 

crosslinking, the molds were placed between two pieces of pre-wetted Millipore filter paper (with 

crosslinking solution) and blocked in a microtome cassette (9 molds/cassette). After sodium alginate-cell 

suspension injection, the molds were immersed in a crosslinking solution of 100 mM CaCl2 supplemented 

with 10 mM HEPES (25 mL/cassette) in an autoclaved glass petri dish. The cell suspension was crosslinked 

for 30 min at room temperature, removed from the mold with wide-bore tips, rinsed with DPBS and cultured 

in ASC complete medium. Please note that an extra volume of cell/ Na-alginate suspension was injected 
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into each mold to compensate for gel shrinking during crosslinking, so that there was no hole forming on 

the top surface of the gel. According to the mold dimensions, each ASC gel should have a volume of 18.9 

µL (~321 300 cells/gel). 

4.2.3 Cell release via decrosslinking of Ca-alginate gel 

ASC hydrogels would be cultured inside MCTR bioreactor and subjected to changes in culture 

conditions (5 proposed factors), or inside a 12-well plate as a static negative control. On day 1, day 4 and 

day 7, gels were harvested for subsequent testing; 3 gels were used for Trypan Blue cell count (n=3) and 

DNA Quantification (n=3), and 6 gels were used for RNA isolation (n=2, 3 gels required for each isolation 

trial). Each gel was rinsed with 1 mL DPBS. The gel was then transferred to a 2 mL microcentrifuge tube 

containing 100 mM sodium citrate solution supplemented with 20 mM HEPES (150 µL/gel), and 

decrosslinked for 30 min at room temperature. Afterwards, the resulting solution was neutralized with an 

equal volume of DPBS and pipetted a few times to mix. Cell pellets were collected with centrifugation at 

3000 g for 2 min. The cell pellets were then frozen at -80 ºC for DNA quantification or used for RNA 

isolation. 

4.2.4 Biological assessment 

4.2.4.1 WST-1 assay for cell proliferation  

WST-1 is a tetrazolium salt that can be cleaved to a soluble formazan, by mitochondrial 

dehydrogenase produced primarily at the cell surface 89. The more formazan dye formed, the more cells are 

metabolically active in the culture. To carry out the WST-1 assay to assess cell activity after decrosslinking 

process, a cell pellet was collected via centrifugation at 1200 g for 5 min. The supernatant was then 

aspirated, and the pellet was suspended in 0.6 mL of ASC medium/gel. Cell mixture was then transferred 

to wells of a 24-well plate and 60 µL of WST-1 was added to each well. For the WST-1 assay of cell activity  
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within the intact gels before decrosslinking process, each gel was rinsed with 0.5 mL of DPBS and 

transferred directly into 0.6 mL ASC medium in a 24-well plate. The plate was covered with aluminum foil 

and mixed gently on an orbital shaker for 1 min to mix the chemicals with the medium. Then it was 

incubated for 2 h at 37 ºC, 5 % CO2. After this incubation period, the plate was mixed for 1 min and 

absorbances at 430 nm and 690 nm were measured using a Spectramax M2 plate reader. Measurements 

were also done with MilliQ water as a blank. The reported absorbance was calculated as:  

Abs = (sample A450 - average of blanks A450) - (sample A690 - average of blanks A690) 

4.2.4.2 Trypan Blue exclusion assay for cell count 

Trypan Blue is a vital stain that stains cells with a damaged cell membrane (dead cells) to give them 

a blue color, while cannot be absorbed by dead cells 90. For routine cell count upon trypsinization from T75 

culture flask, 15 µL of cell suspension was mixed with 15 µL of Trypan blue dye in a 96-well, and the 

mixture was injected by capillary action into a hemocytometer cell counter. For cell count upon cell 

harvesting, each gel was transferred to a microcentrifuge tube and decrosslinked with 150 µL of sodium 

citrate for 30 minutes. Then it was neutralized with equal DBPS volume and gently mixed. 15 µL of this 

mixture was transferred to wells within a 96- well plate, and 15 µL of trypan blue dye was added.  

The mixture was incubated for 5 min at room temperature (RT) and pipetted up and down a few 

times to mix. Then 10 µL was transferred to one side of a clean hemacytometer, making sure that the 

solution was drawn in with capillary action only. Live cells were considered to have bright centers and dark 

edges. Dead cells had a uniform blue color throughout the cell with no bright centers. Both live and dead 

cells were counted separately at 4 fields of 16 large squares (corners: A, B, C, D). Total cells of each cell 

type were calculated as: 

factorterhemacytomemLvolumesuspensioncellfactordilution
DCBA

cellstotal 
+++

= ][
4  
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4.2.4.3 Hoechst 33258 assay for dsDNA quantification 

The cell pellet was collected after decrosslinking and frozen at -80 ºC. Afterwards, the pellet was 

thawed at room temperature (RT), added with 100 µL of Hyclone water and incubate at 37 ºC for 1 h. The 

solution was frozen again at -80 ºC and thawed at RT to lyse cells completely. 100 µL of the mixture was 

transferred to each well of a 96-well plate, and an equal volume of Dye solution was added to each well. 

The dye solution was prepared freshly by diluting 2 µL Hoechst 33258 stock solution 1 mg/mL with 10 mL 

1X Tris NaCl EDTA (TNE). The plate was mixed for 1 min. Fluorescence was measured with a SpectraMax 

M2 plate reader using excitation and emission filters centered at 360 nm and 460 nm, respectively. A 

calibration curve for a range of cell numbers was also measured by fluorescence, in order to transform the 

fluorescence level of unknown samples back to cell number. This value indicated the total cell number in 

the sample. The % of cell recovery was calculated as the % ratio of the total cell number and the initial 

seeding cell number. 

4.2.4.4 LIVE/DEAD Assay for cell imaging 

Each hydrogel was washed with 500 µL DPBS and transferred to a 96-well plate. Then 200 µL of 

staining solution was added directly to the hydrogel. Fresh staining solution was prepared by adding 5 µL 

calcein AM (Component A) and 20 µL ethidium homodimer-1 (Component B) to 10 mL DPBS. The plate 

was incubated for 30 min at 37 °C. Before imaging, the hydrogel was cut in half using a scalpel. The flat 

cross- section of the hydrogel was placed on a glass slide, kept hydrated with DPBS and imaged under an 

Olympus FV1000 laser scanning confocal microscope. The number of live (green) and dead (red) cells 

were counted from the image. The percentage of live cells to total cells was reported as cell viability. 

4.2.4.5 RNA isolation 

After decrosslinking, the cell pellet was collected by centrifugation at 3000 g for 2 min. Each pellet 

was lysed with 0.5 mL of TriZOL by pipetting up and down several times. The lysate was incubated for 5 
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min at RT and frozen at -80 ºC. The samples were then thawed on ice and centrifuged at 12000 g for 10 

min at 40 ºC to remove any excess fat. The supernatant was transferred to a 2 mL microcentrifuge tube, 0.2 

mL of chloroform added and mixed vigorously for 15 s. The sample was incubated for 5 min at RT while 

being periodically mixed and centrifuged at 12000 g for 15 min at 4 ºC. This process resulted in separation 

into 3 phases, with RNA present in the upper aqueous phase. The RNA was isolated using an Aurum total 

RNA fatty and fibrous kit. Without disturbing the white interphase, the upper phase was transferred into a 

new tube, added with an equal volume of 70 % v/v ethanol and mixed thoroughly with pipetting. This 

mixture was transferred into the provided RNA binding mini column and centrifuged for 60 s at 12000 g. 

A maximum volume of 700 µL was transferred each time for the mixture and repeated for the remainder of 

the sample. The binding column was then added 700 µL of low stringency wash solution and centrifuged 

at 12000 g for 30 s. In order to remove any genomic DNA left, 80 µL of diluted DNAse I was added to the 

center of each column and digested for 15 min at RT. The column was then washed with 700 µL of high 

stringency wash solution and centrifuged at 12000 g for 30 s. This was followed by another wash with 700 

µL of low stringency wash solution and centrifuging at 12000 g for 1 min, followed by 12000 g for 2 min 

to remove all residual wash solution. Lastly, RNA was collected with 30 µL of elution solution into a new 

tube, incubated for 1 min for complete saturation and centrifuged at 12000 g for 2 min for collection. RNA 

samples were then measured with a Nanodrop spectrophotometer, in order to check for the RNA quality 

(based on the values of A260/280 and A260/230). Finally, RNA samples were stored at -20 ºC for later use. 

4.2.5 Bioreactor study 

4.2.5.1 Oxygen test for cell survival 

Four ASC gels were place into a pre-sterilized glass vial containing 6 mL of ASC medium. The 

vial was sealed using a rubber O-ring and a Teflon cap that allowed an oxygen probe to pass through. The 

oxygen probe (Mettler Toledo O2 Transmitter 4050) was pre-calibrated and autoclaved prior to the 
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experiment. After the probe was placed at the middle layer of the medium, the set was further sealed with 

Teflon tape to ensure no gas exchange with the outside environment. The equipment was then placed into 

a 37 ºC incubator, and the oxygen level was recorded at 15-min intervals for the first 4 h, and at 2 h intervals 

for the remaining 20 h. 

4.2.5.2 Color test for fluid exchange 

A color test was carried out to assess the mixing phenomena and replacement of different fluids 

inside the MCTR bioreactor, and was based on a visual examination of the mixing of contrasting dyes- 

DMEM F12 and distilled water. DMEM F12, which is orange red, is the basal media for complete ASC 

culturing media. On the other hand, both CaCl2 and DPBS is clear. The ASC culturing protocol inside 

MCTR had 2 steps that required mixing and replacing fluid. The first was during the HP loading protocol. 

For every 30 minutes continuous loading with presence of cells, the wells needed to be perfused with fresh 

media for 2.5 hours in order to supply fresh oxygen and maintain normal oxygen tension. The second step 

was during the re-crosslinking of ASC gels. As ASCs were encapsulated in Ca-alginate gels to be cultured 

in the MCTR, ASC containing Ca-alginate gels needed to be re-crosslinked every 3 days to maintain their 

mechanical properties. Thus, every 3 days, medium needed to be withdrawn from wells and completely 

replaced with CaCl2 solution for 30 mins, following by single rinse with DPBS, and finally replaced fully 

with fresh media. Thus, this experiment tested different mixing modes to completely replace orange- red 

DMEM F12 solution with water. The time and the water volume required for complete mixing was 

recorded. 

 DMEM F12 was filled into 3 interconnected wells (6.6 mL/well) of the MCTR. The remaining 

wells were left empty so as not to interfere with color estimation. The bioreactor was connected to a 

peristaltic pump. There were 2 tests carried out at 2 pumping modes. In Test 1, one valve was connected to 

the pump with a water supply, and the other valve was connected to an empty beaker for waste. Water was 
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then pumped into the well to replace DMEM F12. In Test 2, one valve was connected to the aspirating end 

of the pump, and the other valve was immersed in a water beaker. DMEM F12 was withdrawn from the 

well with the pump and replaced with water. Both tests were conducted with a flow rate of either 38.7 

mL/min (maximum rate obtained by the pump) or 7 mL/min (literature perfusion rate for cell culture) 91 92 

93. The color of the final mixture was observed, and the total volume of water used and perfusion time were 

recorded. For good medium exchange, the color was expected to be clear or only slightly orange. 

4.2.5.3 Cell culture in MCTR 

The MCTR bioreactor was closed and connected to a peristaltic pump and a stock 500 mL round 

bottom flask using silicon tubes. The stock flask was filled with 90 mL of ASC medium. The MCTR well-

plate and connecting tubes were filled completely with the medium from the stock flask by perfusing the 

system for some time. The top cap and membrane were then removed, and 3 ASC gels/well were placed 

into the medium (a total of 9 gels per 3 interconnected wells). The flexible membrane was then slowly 

placed on top of the plate, making sure fluid touched its surface. The top cap was tightly screwed into the 

plate, and the whole set of equipment was place inside the 37 ºC incubator, except for the pump. The MCTR 

valves were then slowly opened and perfusion started. Medium was changed on day 1 (D1) and day 4 (D4) 

by replacing all old medium in the well plate (19.8 mL) and replacing 2 5mL of old medium from the stock 

bottle.  For the flow rate test, the following flow rates were set in the pump during separate experiments: 

0.5, 1, 2, 10 mL/min. The gels were re-crosslinked with 6.6 mL of 100 mM CaCl2 supplemented with 10 

mM HEPES /well for 30 min at RT in the MCTR on D1 and D4, followed by rinsing with 6.6 mL of 

DPBS/well and change of medium. The re-crosslinking allowed the gels to maintain their modulus and 

integrity during the 7- day culture period. The gels were harvested on D1, D4 and D7 prior to re-crosslinking 

(gels to be harvested were not re-crosslinked while gels to be cultured for longer were re-crosslinked). For 

loading conditions, a loading magnitude of 0.2 MPa and 0.25 Hz for 0.5 h was set at HP mode in the MCTR 
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software. Loading was applied 2 h after re-crosslinking/medium change on D1 and D4. All valves were 

closed prior to the start of loading and stopping perfusion. A cycle of loading for 0.5 h was followed by 0.5 

h of perfusion, for a repeat of 4 times (4 h total) everyday, for a culture period of 7 days. 

4.3 Statistical analysis  

The results are presented as the mean ± standard deviation (SD).  A Shapiro–Wilk test was done to 

determine whether the results were normally distributed. Subsequently, results were compared using either 

a Mann–Whitney or Kruskal–Wallis test. Differences were significant for p < 0.05. Significant differences 

are marked with an asterisk.   
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Chapter 5 

Results and Discussion 

5.1 Problems with low cell recovery and survival 

Initially, bASCs were encapsulated in Ca-alginate gels from a 2 % w/v sodium alginate in DMEM 

solution as adapted from a previous lab protocol. bASCs were harvested, suspended in 2 % w/v Na-alginate- 

DMEM solution (1.7 x 107 cells/mL) and crosslinked with CaCl2 for 30 min.  The bASC-encapsulated gels 

were cultured in a 24-well plate for a period of 14 days. Cells were released 4 h, 24 h and 14 days post 

encapsulation by decrosslinking in sodium citrate for 30 min. There was no significant difference in % cell 

recovery at all time points (Figure 9A), indicating that there was no overall increase in cell number after 

the 14- day culture period. Moreover, the cell recovery averaged approximately 40 % over the two weeks, 

which meant that there was significant cell loss throughout the encapsulation and harvest processes. Cell 

count with Trypan Blue (Figure 9B) showed that cell survival was quite low (58 ± 6 %) 2- hour post 

encapsulation and dropped to an average of approximately 30 % throughout all time points during the 14- 

day culture period. Nevertheless, the variation between batches was high, which might account for the sharp 

decrease in cell survival. 

 

 



 

 

39 

 

Figure 9- A) DNA quantification for total cell recovery and B) cell count using Trypan blue for % live cells 

for 14-day culture period in a 24-well plate (n = 3). For these experiments, bASCs P4 were encapsulated in 

2% Ca-alginate hydrogels made from a Na-alginate - DMEM suspension.  

 

Thus, the experiment was repeated, this time using 3 different sizes of well plate (96, 48, and 24-

well) to determine if nutrient availability was a limiting factor, as greater volume of media/ gel could be 

injected in bigger sized well plates (200, 400 and 1000 µL, respectively). The gels were also cultured for a 

shorter period of time (7 days), and assessments were done at a higher interval (every 3 days) to determine 

if there was a plateau in cell proliferation during the culture period. Cells that migrated out of the gel and 

attached to well plate bottom were also counted to determine if cell migration could account for low cell 

recovery. Nevertheless, there was no significant difference in cell recovery across the different sized wells 

and at different time points (Figure 10A). The same result was observed for cell survival (Figure 10B). On 

the other hand, the number of cells that migrated out of the gels appeared to be constant throughout the 

culture period. Of all the well plate types, the 24-well plate had the least cell migration (0- 4 %) (Figure 

10C), however the difference was not significant, which might be due to the fact that it had the largest 

surface area allowing for more precise aspiration with no gel contact. Overall, higher variations between 

batches of gels made it difficult to draw a meaningful conclusion. Yet low cell recovery (28 %) and low 

cell survival (57.5 %) even at day 0 or immediately upon encapsulation indicated that cell loss occurred 
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significantly somewhere along the protocol. Thus, several experiments were done subsequently to identify 

where cell loss occurred, as well as to decrease variation between gels. 

 

 

 

 

 

 

Figure 10- A) DNA quantification for cell recovery B) Cell count using Trypan blue for % live cell and C) 

Cell count for % migrating cells in 96/48/24-well plate (n=3, 96w: sample cultured in 96-well plate, 48w: 

sample cultured in 48-well plate, 24w: sample cultured in 24-well plate). bASCs P4 were encapsulated in 

2% Ca-alginate hydrogels made from a Na-alginate- DMEM suspension. Gels were culture under static 

condition inside the well- plate, with medium changed daily and no perfusion applied. 
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5.2 Improvements on cell encapsulation 

As the cell encapsulation process consists of 2 major stages, crosslinking to form gels and 

decrosslinking to release cells, it was likely that cell loss/cell death occurred at one or both stages. Thus, 

cell count was done to determine cell viability at these two steps. There was no significant difference in cell 

viability after cell encapsulation versus after cell recovery following release from the gels (Figure 11). This 

result suggested that the decrosslinking step did not cause any cell death, and that cell death had occurred 

during the crosslinking stage. However, different approaches to count cells were used, which was a potential 

limitation. Cell count upon crosslinking was done using a LIVE/DEAD assay with a confocal microscope, 

counting the cells encapsulated inside the gel. Meanwhile, cell count upon decrosslinking was carried out 

using Trypan Blue exclusion assay using a light microscope, after the cells were released from the gel. 

Though a LIVE/DEAD assay has been  stated to be more sensitive than Trypan blue exclusion (sensitivity 

of 98 %) 94, there were difficulties with observing throughout the gels to quantify all the different areas 

across the gel 95. Thus, releasing all cells into a unified solution by decrosslinking the gel might have given 

a more accurate assessment of the total cell viability of the sample. However, if cells were released, there 

would not any way to accurately know what effects crosslinking alone brought about, thus LIVE/DEAD 

assay was a necessary alternative procedure. Nevertheless, since cell recovery was low upon decrosslinking, 

at 41.0 ± 6.7 %) (Figure 12), further tests were done on both crosslinking and decrosslinking steps to try to 

improve on cell viability and recovery, respectively.  
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Figure 11- Cell viability using LIVE/DEAD assay after crosslinking and using Trypan Blue cell count after 

decrosslinking (n=3). bASCs P4 were encapsulated 2% Ca-alginate- DMEM pre-solution and assessments 

on the gels were done immediately after encapsulation.  % cell was calculated as % ratio of the number of 

counted Live or Dead cells over the total number of cells counted  

 

 

 

 

 

 

 

 

Figure 12- Total cell recovery using Trypan Blue cell count after decrosslinking (n=3). bASCs P4 were 

encapsulated in 2% Ca-alginate - DMEM pre-solution and assessments on the gels were done immediately 

after encapsulation.  % cell recovery was calculated as % ratio of the number of total cells counted over 

initial seeding cell number   
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5.2.1 Crosslinking protocol 

Different Na-alginate crosslinking protocols that resulted in high cell viability (70- 90 %) were 

reviewed 96 97 98. The components of the crosslinking solution appeared to differ the most across the 

literature. A few solutions of similar experimental design were chosen and tested. For this study, a WST-1 

assay was used to quantify cell viability within the gels, as it could reflect the overall activity of the entire 

cell population encapsulated inside the gels, thus allowing for easy comparison between different 

crosslinking conditions. In addition, since the WST-1 dye was permeable in the Ca-alginate gel, it allowed 

for assessments to be done on the intact gels, and thus rule out any effect that the decrosslinking process 

might have towards cell viability. One limitation, however, was that it could not directly account for the 

Live/Dead cell ratio after crosslinking, as it measures cell metabolic activity, which is not a direct indication 

of the number of live cells. 

Results from the WST-1 assays showed that there was no significant difference between cell 

viability upon using the different crosslinking solutions (Figure 13). Nevertheless, the solution of CaCl2 

100mM and HEPES 10mM had the least variation between batches (± 6 % SD), indicating a quick and 

stable crosslinking process. Thus, this solution was used for further experiments. 

 



 

 

44 

 

 

Figure 13- Cell viability with different crosslinking solutions, as measured using a WST-1 assay (n=3). 

bASCs P4 were encapsulated in 2% Ca-alginate- DMEM pre-solution. Assessments were done on intact 

gels 2- hour post encapsulation. Measurements were done after 2 hours incubation with WST-1. 

5.2.2 Decrosslinking protocol 

Different decrosslinking protocols, that were used for 2% Ca-alginate gels and resulted in high cell 

viability (90 %) in the literature, were repeated with our gels  and assessed for cell viability using both 

WST-1 and Trypan Blue assays. These decrosslinking protocols differed in chemical composition, sodium 

citrate concentration, temperature and duration of decrosslinking. Protocol 1 used NaCO3 100 mM, HEPES 

20 mM at room temperature (Amsden lab established protocol). Protocol 2 used NaCO3 55 mM, HEPES 

20 mM, NaCl 95 mM, on ice 97, and protocol 3 used sodium citrate 100 mM in pH 7.4 PBS 96. Results from 

both WST-1 and Trypan Blue assays suggested no significant difference in cell viability under the different 

decrosslinking protocols (Figure 14). With protocols 2 and 3, the gels took much longer to entirely 

decrosslink than reported in the literature, which may be due to differences between the size and shape of 

our gels and the gels used in literature studies. Thus, it was not suitable to use those protocols.  Given these 

results, there was not much improvement that could be obtained in these 2 major stages. Thus, other points 

along the entire workflow were examined to increase cell viability and recovery. 
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Figure 14- Cell viability following decrosslinking using different decrosslinking protocols (n=3, Cell count: 

cell number using Trypan Blue Assay, WST-1: cell number using WST-1 assay). bASCs P4 were 

encapsulated in 2% Na-alginate- DMEM pre- solution. Both WST-1 and Trypan blue assessments were 

done on cells released from the Ca-alginate gels 2- hour post encapsulation.  

 

5.2.3 Centrifugation conditions 

Since the 2 % w/v Na-alginate cell suspension was quite viscous (even after decrosslinking), the 

initial centrifugation force used was high (1200 g for 5 mins, which was later reduced to 685 g for 8 mins 

in the final encapsulation protocol), which might have damaged the cells. Thus, combinations of lower 

centrifugation forces and time were tested to determine if centrifugation forces were responsible for the low 

cell viability (Figure 15). Lower centrifugation forces appeared to improve cell viability, with the 

combination of 685 g for 8 minutes giving the highest cell viability and the least variation between batches. 

Thus, all subsequent tests were performed with this centrifugation protocol. 
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Figure 15- Cell viability using Trypan Blue cell count under different centrifugation forces, using 2mL 

MCT in Minispin centrifugation (n=3). bASCs P4 were seeded onto T75, trypsinized, and the obtained cell 

suspension counted for total cells. The suspension was then centrifuge at different centrifugation forces and 

Trypan blue assessments were done again upon resuspension of the cell pellet. 

5.2.4 Na-alginate solution 

Most literature crosslinking protocols, for cell culture in Ca-alginate hydrogels, used Na-alginate 

dissolved in NaCl solution, while our initial lab protocol used Na-alginate dissolved in DMEM solution. 

Thus, another test was conducted with 2 % w/v Na-alginate dissolved in different solutions, using both 

H33258 dsDNA quantification and Trypan Blue assays (Figure 16). Results from both assays suggested no 

difference in either cell recovery or % cell viability between solutions, though using NaCl as the dissolution 

medium resulted in less variation between batches for both cell recovery (53.3 ± 6.0 %) and viability (72.7 

± 3.1 %). Thus, subsequent tests used Na-alginate dissolved in NaCl solution. Regarding cell encapsulation 

within Ca-alginate from NaCl solution, the best results obtained were a cell recovery of 53.3 ± 6.0 %  and 

a viability of 72.7 ± 3.1 % for bASC, and, cell recovery of 66.5 ± 20.8 % (Figure 34) and viability of 69.1 
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±15.0 % for hASC (Figure 33), one- day post-encapsulation, though both cell recovery and viability did not 

change significantly throughout the 7-day culture period. 

 

Figure 16- A) Cell recovery using DNA quantification and B) Cell viability using Trypan Blue cell count 

for bASCs P4 suspended in different Na-alginate pre-gel solutions (n=3). Trypan blue assessments were 

done on cells released from the Ca-alginate gels 2-hours post encapsulation.  

Literature values for ASC viability in calcium alginate gels following encapsulation range from 

~30- 95 % (Table 4). It was difficult to compare results across the literature because of a variety of factors 

involved, including Na-alginate pre-gel solution concentration, gel sizes, Na-alginate molecular weight, 

decrosslinking duration, methods to form gels, composition of solutions used, types of assessments done, 

cell types, and seeding density. The cell viability achieved with our protocol (~70 %) was not at the high 

end of the viability range reported in the literature. However, our gel sizes (1.5 mm height x 4 mm diameter) 

were at the larger end of the size ranges reported in the literature. A previous study suggested that there was 

a strong negative relationship between cell viability and microsphere diameter 99. Andersen et al. also 

argued that bead size was one of the most important parameters for Ca-alginate gels in biomedical 

applications 100. However, size was often the compromised parameter, as it needed to be of appropriate size 

to contain enough materials and suit the application. Nevertheless, smaller gels have a larger surface area 

per unit volume. A higher surface area to volume ratio would be expected to yield higher cell viability 

because nutrition and oxygen would diffuse sufficiently across and into the gels, and waste products would 
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diffuse easily out of the gel. Gel sizes of 200- 1000 µm in diameter are typically used in most studies 100. 

Our gels were much bigger than the normal range. However, as our application was to differentiate ASCs 

into nucleus pulposus cells, the gel size was chosen not only to have an appropriate surface area to volume 

ratio to support cell survival, but also to be big enough to withstand dynamic loading over a long culture 

period.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

49 

 

Table 4- Relevant literature summary on cell viability in Ca-alginate gels 

Literature 
Cell type 

and conc 

Alginate 

concentration 

(w/v) 

Crosslinking 

conditions 

Decrosslinking 

conditions 
Gel size 

Cell 

viability 

96 

hASC 

5x105 

cell/mL 

 2% 

In DMEM 

Centrifuged at 

1000 rpm for 5 

min at 4 ºC 

CaCl2 100 mM 

+ NaCl 145 

mM + HEPES 

10 mM for 10 

min at 22 0C 

 

NaCO3 100mM in 

pBS for 10 min, 

centrifuged 80g for 

5 min  

2.2 ± 0.1 

mm 
50% 

98 

hASC 

3x106 

cell/mL 

1.5% 

In 0.9 % w/v 

NaCl 

 

Alginate in 

CaCl2 102 mM 

for 8 mins 

None 

Not 

reported 

(pressed 

through a 

syringe 

with 27-

gauge 

needle) 

75% 

101 

Rabbit 

ASC 

107 

cell/mL 

 

1.2 % 

In 0.9 % w/v 

NaCl 

CaCl2 100mM 

for 30 mins 
None 

250–

300 μm 

in 

diameter 

Not 

assessed 

(only in 

vivo 

injection) 

102 

Human 

transgenic 

mice ASC 

5x106 

cell/mL 

2 % 

In 0.9 % w/v 

NaCl 

CaCl2 102 mM None 250 μm 

Not 

assessed 

(only in 

vivo 

injection) 

97 

Porcine 

MSC from 

bone 

marrow 

107 

cell/mL  

 

2 % LVG 

Pronova 

alginate stock 

solution  

In 0.9% saline 

10 mL of 102 

mM CaCl2. 

After 30 min, 

alginate/MSC 

solution was 

washed twice 

with PBS 

Sodium citrate [pH 

7.8] 55 mM on a 

rocking device at 4 
0C for 90 min. 

Cells were washed 

three times with 

PBS and 

centrifuged for 8 

min at1500 rpm 

Not 

reported 

29.3% 

after 4 

days 

103 

hASC 

3x106 

cell/mL 

2% Protanal 

LF10/60 FT 

100 mM CaCl2. 

After 15 

minutes, 

None 

1 ± 0.2 

mm in 

diameter  

90.5 ± 

2.4% 
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Moreover, in order for the gels to withstand dynamic loading, 2 % w/v Ca-alginate hydrogels were 

used to increase gel stability. Ca-alginate gel concentration has been found to negatively affect cell viability, 

especially with a longer culture period 99 96. Most cellular encapsulation protocols used 1 %- 1.5 % Ca-

alginate hydrogels. This result was thought to be because lower concentrations tended to produce gels 

having larger average pore size, which not only facilitated  nutrient supply and metabolic waste exchange, 

but also enhanced  interconnectivity for cell signaling 99. Thus, a higher Ca-alginate concentration generally 

created a greater barrier to nutrient transferring across the gels as well as releasing of metabolic by-products 

out of the gels. Nevertheless, calculations based on a diffusion model applied to a Ca-alginate gel showed 

that differences caused by alginate concentration might not be significant in our case 104. Solute diffusivities 

in homogeneous, nonionic hydrogels can be calculated using: 

 

𝐷𝑔

𝐷0
= exp ( −𝜋 (  

𝑟𝑆 + 𝑟𝑓

𝑘𝑠φ−0.5 + 2 𝑟𝑓
)2 ) 

 

Where:  𝐷𝑔 is the solute intra-gel diffusivity, 𝐷0 is the diffusivity of the solute in the aqueous medium  

𝑟𝑆 is the solute hydrodynamic radius, 𝑟𝑓 is the radius of the polymer chain 

𝑘𝑠 is the scaling constant, φ is the volume fraction of the polymer 

 

From the literature, 𝑟𝑆 = 1.9 Å for urea and 𝑟𝑆 = 3.6 Å for glucose, 𝑘𝑠 = 76.5 Å1.5 and 𝑟𝑓 = 8 Å for LF 10/60 

alginate  104. The volume fraction of the polymer can be calculated from the concentration of alginate gel. 

This equation was used to assess the effect of changes in concentration of alginate gel on the solute 

diffusivity (Figure 17). Increasing the Ca-alginate content within the hydrogel from 1 % to 2 %, resulted in 

only a 0.04 % decrease in the value of the diffusion constant for both glucose (nutrient) and urea (waste 

product). This difference was too small to account for the level of cell death observed in this study, thus the 

Ca-alginate concentration used was not considered to be responsible for the low cell viability. 
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Figure 17- Predicted ratio of diffusion coefficient in the gel (Dg) to the diffusion coefficient in water (Do) 

of glucose and urea in Ca-alginate gels of varying Ca-alginate concentration 105. 

 

In addition, encapsulated cells have fewer anchor points inside the gels due to less and smaller pore 

sizes in higher alginate concentration. This would slow down cell proliferation, as ASCs require attachment 

for growth. It could be observed under the microscope that encapsulated ASCs were more rounded in 

alginate and had fewer cell-cell interactions than they did in monolayer. The purpose of this study was to 

differentiate the ASCs into NPCs, thus promoting growth was not the main goal. A similar study also 

showed that ASCs encapsulated in Ca-alginate had a round morphology, with no cell expansion during a 

7-day culture period, yet appeared to differentiate into a NP-like phenotype 106. Native human NPCs are 

characterized by a round morphology 44. Furthermore, studies have shown that the 3D structure of hydrogels 

allowed embedded cells to experience a similar gel-like environment as in native NP tissue, where cells 
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were also isolated from each other 75. This mimicked environment would result in similar cellular 

attachment and interaction, thus promoting ASC differentiation into NPCs.  

Another possible explanation for the low cell viability was that our seeding density was higher than 

the literature reported range. Cao et al., 2012 observed that half of the encapsulated cells in Ca-alginate 

were damaged right upon treatment of calcium crosslinking solution, regardless of calcium concentration 

or exposure time. However, 24 h post-crosslinking, these damaged cells were recovered and became 

functionally active again, resulting in 80% cell viability. The study also pointed out that higher initial 

seeding density and shorter exposure time would enhance the recovery of cell activity, but eventually cell 

viability would plateau with a longer culture period (96 hours). This result suggested that it might not be 

osmotic stress caused by a high calcium concentration causing cell death, but rather that the calcium ions 

might be an obligatory signal for programmed cell death. That was why the 50 % decrease in cell viability 

was observed right upon crosslinking. However, the level of damaged cells was dependent on exposure 

time and seeding density.  Increased seeding density was thought to enhance cell-cell chemical and 

biological stimulation, thus supporting cell proliferation. Nevertheless, as seen in the cell viability plateau 

at longer culture periods, our cell viability appeared to remain the same from 1 to 7 days at approximately 

70 %. This result could be explained as cells competing for nutrients, which were provided through medium 

changing daily, yet not constantly. Subsequently, there could be a certain portion of cell death, especially 

towards gel center, because of the lower nutrient concentration and potential accumulation of metabolic 

waste products. Thus, a specific gel dimension would only be able to support a certain % of encapsulated, 

and 70 % appeared to be the limit in our case.   

Meanwhile, some have reported a continuous increase in cell number due to the formation of cell 

spheroids within the Ca-alginate, while others have reported no significant change in cell number with time 

as seen in our case 107 108. Bohari et al., 2011 reported that the first time-point of cell agglomerate formation 

depended on Ca-alginate concentration, which was at day 15 for a 2% Ca-alginate gel. This result agreed 

with ours, as no agglomerates were observed under the microscope. Before day 15, the study also reported 
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70 ± 4.0 % cell viability after day 1, with cell viability increasing to > 90 % after 4 days. It was suggested 

that the increase in cell viability was because cells proliferated into the empty spaces left by the dead cells 

in the alginate matrix.  This might explain why there was no cell proliferation in our case. Our initial seeding 

density was fairly high, which might leave little to no space for cells to proliferate further. In addition, as 

seeding density was high, encapsulated cells had a round morphology, and were prevented to interact to 

form cell network and agglomerates (Cao et al., 2012).  Since it was initially planned to assess gene 

expression on day 1, it was necessary to have a sufficient seeding density to have enough cell RNA for 

subsequent tests. 

5.3 RNA isolation 

5.3.1 Isolation method 

With the initial seeding density of 106 cells/gel, RNA samples were isolated using a standard 

method with TriZOL. However, both A260/280 and A260/230 ratios were low indicating insufficiently 

purified RNA samples for subsequent downstream gene analysis, even with increased gel number for more 

cells. Thus, a column kit was added to the process to improve RNA quality, as it added the silica membrane 

extraction step on top of the chemical lysis and organic separation steps by standard TriZOL purification. 

The column kit helped to bring the A260/280 ratio to an acceptable range, but not the A260/230 ratio, even 

with increased gel number (Table 5). The same results were found for both TRIzol and Purezol, which were 

both guanidinium thiocyanate-based chemical lysis buffers, but with different compositions and from 

different companies.  
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Table 5- RNA assessments with different isolation methods and gel number (n=1, Highlighted numbers 

represented qualified ratio for good RNA sample) 

24w 

Trizol Trizol + Column Purezol + Column 

A260 

/A280 

A260 

/A230 

RNA conc. 

(ng/cell) 

A260 

/A280 

A260 

/A230 

RNA conc. 

(ng/cell) 

A260 

/A280 

A260 

/A230 

RNA conc. 

(ng/cell) 

1 gel 1.5 0.2 0.00005 2.1 0.1 0.00018    

2 gel 1.4 0.2 0.00009       

3 gel 1.6 1.6 0.00007 2.0 1.6 0.00019 2.0 1.7 0.00018 

5 gel 1.6 1.7 0.00005 2.0 1.8 0.00007 2.0 2.1 0.00009 

 

5.3.2 Seeding density 

The A260/230 ratio was not in an acceptable range for qualified RNA analysis. A260 is the 

absorbance reading for nucleic acid concentration, while A230 is the absorbance reading for organic 

compounds. A low A260/230 ratio might be a result of low RNA concentration compared to organic 

contaminant, in other words, low cell density in the calcium alginate matrix. Thus, different cell seeding 

densities in Ca-alginate were tested (Figure 18). Based on previous data, the cell number that generated 

qualified RNA samples (945000 cells in 5 gels, Table 5) was used and cell densities tested were chosen by 

dividing these cells into different numbers of gels (1, 2, 3, 5). Thus, the total number of cells would be the 

same to allow for the same and sufficient amount of RNA generated. However, the seeding density inside 

the gels would vary (5.0 x 107, 2.5 x 107, 1.7 x 107, 1.0 x 107 cells/ mL, respectively), which would lead to 

different gel matrix/ cell number ratios. Three of the gels with a seeding density of 1.7 x 106 cells/mL 

generated not only qualified RNA samples, but also the highest RNA/cell ratio. Thus, a seeding density of 

1.7 x 106 cells/mL was used for all subsequent cell encapsulation studies, with 3 gels to be harvested for 

RNA assays. 
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Figure 18- Optimizing cell concentration/gel number for RNA quality (n= 1, 3 gels were pool together into 

one RNA sample for assessment). Error bars represent technical replicates, Highlighted number for 

qualified ratio). The total cell number in all samples were the same. However the cell density was different 

in each case due to a different number of gels created. 

5.3.3 Na-alginate purification 

The low A260/230 ratio indicated there might be organic contaminants present. As standard 

TriZOL alone is routinely used to isolate RNA from ASCs in the Flynn lab without problems, the organic 

contaminants were suspected to be associated with the sodium alginate. Therefore, Na-alginate purification 

was examined to further remove possible contaminants in the gel matrix. The initial procedure was a one-

time purification with activated charcoal followed by dialysis against 6-8 kDa molecular weight cut-off 

membranes. These two steps were repeated either separately or together to determine whether contaminants 
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were further removed. These additional purification steps helped to increase the quality of RNA isolation, 

since all RNA samples using 2-time activated charcoal purified Na-alginate had acceptable A260/280 and 

A260/230 ratios, while with 1-time activated charcoal purified Na-alginate, unacceptable A260/230 ratios 

were obtained (Table 6). Thus, all Na-alginate samples used from this point were purified twice with 

activated charcoal. 

As ultimately, the objective is to inject the differentiated cells into a degenerated NP, endotoxin 

levels in the purified sodium alginate were assessed using an endotoxin kit (Figure 19). Repeating the 

activated charcoal purification step decreased the endotoxin level significantly. While the dialysis step did 

help to reduce the endotoxin level, after repeated activated charcoal purification, the endotoxin levels did 

not change with additional steps.   The endotoxin level for 2X- charcoal purified Na-alginate was measured 

at 0.156 ± 0.003 EU/mL for 0.01 % w/v Na-alginate, which was equivalent to 1560 ± 30 EU/g of alginic 

acid. The literature endotoxin level found for ultra-pure alginic acid was 5.76 EU/g and for commercial-

graded alginic acid was 75950 EU/g 109. In this same study, it was also found that the viability of human 

NP cells did not differ when cultured in 2 % Na-alginate either commercial-graded or ultra-pure for 7 days. 

However, ultra-pure Na-alginate showed higher cell viability under a degenerated NP culture condition (48 

h of serum starvation). Thus, purification of Na-alginate was needed to promote better cell survival upon 

encapsulation, especially under the changing conditions that would be tested in this study. 

 

Table 6- RNA assessments with Ca-alginate gel undergoing 2x charcoal purification (n=2) 

Day RNA conc. (ng/µL) A260/A280 A260/A230 

0 138.497 2.025 2.048 

1 169.506 2.021 2.061 

7 32.37 1.515 0.398 
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Figure 19- Endotoxin level in Na-alginate (n=3, Unpure Na-alginate powder obtained from the 

manufacturer, 1X Charcoal- Na-alginate with a 1-time charcoal purification, 2X Charcoal- Na-alginate with 

a 2-time charcoal purification, 1X Dialysis- Na-alginate with a 1-time dialysis, 2X Dialysis- Na-alginate 

with a 2-time dialysis). * indicates significant difference when compare to unpure, 1X charcoal and 1X 

charcoal 1X dialysis groups 

5.4 Improvements in bioreactor design 

5.4.1 Oxygen supply problem within the bioreactor 

From this point onwards, all experiments were done using the CellScale MCTR bioreactor and 

human ASCs instead of bASCs. The bioreactor is an enclosed system that allows cyclic hydrostatic loading. 

The initial loading plan was 2- 4 h continuous. However, a potential problem was anticipated with the 

oxygen supply to the cells within the duration of loading, and so oxygen concentration with time was 

assessed.  

It was difficult to find out the exact oxygen consumption rate for our cell type, abdominal human 

ASC p4. The oxygen consumption rate of ASCs is dependent on cell type, lineage, passage, seeding density, 

anatomical location and donor 110 111 112. The closest study found was for abdominal human ASCs passages 

3–9 at a density of 40,000 cells per 96-well plate 112. Their oxygen consumption rate was reported to be 
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approximately 35 pmol/min (per total 40,000 cells). This value was noted for basal respiration, which was 

the minimal rate of metabolism required to support basic cell functions, or only allowed for maintenance 

113. For ASCs to differentiate and proliferate, they would require even more oxygen, thus this oxygen rate 

could only be used as the minimum assumption for cell survival. There was no study found on U-CH1 cell 

oxygen consumption. Since the plan was to co-culture 2 ASC gels with 1 U-CH1 gel per well with 1:1 cell 

ratio (1 U-CH1 gel contains 2 times cell number of ASC gels), theoretical calculations were based on the 

case in which only ASC gels were cultured, with a total cell number of  4 ASC gels (or approximately 1 

285 200 cells). 

Based on the literature, 40000 cells in a well-plate consume 35 pmol oxygen/ min 112. 

 

Thus, the oxygen consumption per ASC = 
35×1.0𝐸−12×60

40000
= 5.25E-14 (mol/h/cell) 

Oxygen consumption per well (containing 4 ASC gels) = 5.25E-14 x 1285200 = 6.75E-08 (mol/h) 

At 250C, 𝐾𝐻 𝑂𝑥𝑦𝑔𝑒𝑛 = 756.7(atm/M) 114 

According to Henry’s law we have 𝐾𝐻 =  
𝑃𝑔𝑎𝑠

𝐶𝑔𝑎𝑠
  115 

where 𝐶𝑔𝑎𝑠 is the solubility of a gas at a fixed temperature in a particular solvent (in units of M) 

• 𝐾𝐻  is Henry's law constant (often in units of atm/M) 

• Pgas is the partial pressure of the gas (often in units of atm) 

At the normoxic condition of 20% oxygen tension, Pgas = %O2 = 20% = 0.2 atm 

Thus, 𝐶𝑜𝑥𝑦𝑔𝑒𝑛 =  
𝑃𝑔𝑎𝑠

𝐾𝐻 𝑂𝑥𝑦𝑔𝑒𝑛
=  

0.2

756.7
 = 0.000264 (M) 

In the MCTR bioreactor, medium volume per well V = 6.6 mL = 0.0066 L 

The amount of oxygen moles contained per well 𝑛𝑜𝑥𝑦𝑔𝑒𝑛 = 𝐶𝑜𝑥𝑦𝑔𝑒𝑛 ∗ 𝑉 = 0.000264 * 0.0066 = 1.74E-06 

(mol). 
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The time for 4 ASC gels to deplete all the oxygen present in each well is: 

𝑡𝑛𝑜𝑟𝑚𝑎𝑥𝑖𝑐 𝑜𝑥𝑦𝑔𝑒𝑛 = 
𝑛𝑜𝑥𝑦𝑔𝑒𝑛

𝑜𝑥𝑦𝑔𝑒𝑛 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙
=  

1.74E−06  

6.75E−08
 = 25.9 (hour)  

Similarly, we have 𝑡ℎ𝑦𝑝𝑜𝑥𝑖𝑐 𝑜𝑥𝑦𝑔𝑒𝑛= 2.6 hours 

 

These calculations show that the cells could be loaded inside the bioreactor for 25.9 h at a 20% 

ambient oxygen level and 2.6 h at a 2% hypoxic oxygen level, before oxygen within the medium would be 

completely depleted.  However, a possible problem was that the oxygen level within the bioreactor would 

not be constant during the targeted 2 h timeframe for dynamic loading. Thus, an experiment to simulate the 

oxygen uptake of cells inside the bioreactor was done to determine the oxygen consumption with time. The 

same number of cells (4 gels/well) was cultured in the same amount of medium (6.6 mL/well) in an enclosed 

vial to mimic the bioreactor environment. The oxygen level was measured throughout time with an oxygen 

probe, avoiding any exposure of the system to air. The ambient oxygen level remained at  approximately 

20% for 30 min, then dropped significantly after 2 h to 12.4 % and even further by 4 h  to 9.9 % (Figure 

20). These results led to 2 major changes in our approach. Firstly, a new intermittent loading plan for shorter 

loading cycles would replace the originally planned continuous loading. Secondly, medium would be 

circulated in between loading cycles to control the oxygen level. The new proposed plan consisted of 0.5 h 

of hydrostatic pressure + 0.5 h of medium perfusion per cycle, and there would be a total of 4 cycles per 

day (equivalent to 2 h of intermittent hydrostatic pressure per day). In order to do that, changes needed to 

be made to the bioreactor design to integrate a perfusion system. 
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Figure 20- Oxygen consumption of 4 hASC gels (n=1) 

5.4.2 Re-crosslinking of Ca-alginate gels 

The results of a study from a summer student in our lab, showed that 2 % w/v Ca-alginate gels 

continued to lose their compressive modulus, over long culture periods in DMEM F12, which was the main 

component of ASC complete medium (Figure 21). There was a sharp decrease in modulus one-day post-

crosslinking, and the compressive modulus kept decreasing continuously to 14 days.  

 

Figure 21- Compressive moduli of high G-content 2% w/v Ca-alginate gels over 21 days. The moduli 

were calculated from the slope of the compression curve between 15%-25% strain (n=3) 
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The study also showed that re-crosslinking 1.5% Ca-alginate gels every 3 days could recover some 

of the compressive modulus that was lost during incubation (Figure 22). Although the compressive modulus 

did not return to its initial value, re-crosslinking appeared to prevent the gel from complete degradation 

over a long time period, which would allow time for the encapsulated cells to differentiate. 

 

 

Figure 22- Compressive Moduli from 5%-15% strain of 1.5% w/v high G-content Ca2+ based alginate gels 

with incubation time with re-crosslinking every 3 days (n=3). For day 3, 6, 9, the lower value was the 

modulus tested before re-crosslinking, and the upper value was after re-crosslinking 

 

Based on this result, another experiment was designed to test the re-crosslinking protocol of our 

specific gel size (1.5 mm x 4 mm) and concentration (2 % w/v). With the factorial design plan, gels would 

experience a hydrostatic loading of up to 0.8 MPa, which might be the biggest factor to cause the gels to 

decrease in modulus. Thus, we decided to test gel modulus for 7 days of culture, undergoing the most 

extreme pressure condition (0.8 MPa, 1Hz, intermittent loading of 0.5 h of HP + 0.5 h of medium for a total 

of 2 hours HP). Gels would be either re-crosslinked every 2 days or every 3 days to determine if the re-

crosslinking protocol helped to maintain compressive modulus.  
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There was a large decrease in compressive modulus one- day post-encapsulation (~ 73 % drop) 

(Figure 23). This result agreed with the decrease observed in the previous lab study (~14 % drop, Figure 

22), however to a greater extent. Both re-crosslinking protocols worked to slow down the decrease in 

modulus (day 7 modulus= 17.60 ± 2.39 kPa with a medium exchange every 2 days, 17.32 ± 2.78 kPa with 

a medium exchange every 3 days), compared to a control with no re-crosslinking (12.00 ± 0.22 kPa). 

However, there was no significant difference in modulus value between re-crosslinking every 2 days versus 

every 3 days.  

 

Figure 23- Compressive Young’s moduli from 5%-15% strain of 2% w/v Ca-alginate gels with periodic re-

crosslinking (n=4). * indicates the significant difference when compared to D1 values. 
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It was suspected that the combination of hydrostatic loading and gels undergoing changes when 

first incubated in DMEM caused such a great decrease in modulus. Thus, another re-crosslinking protocol 

was designed to try to improve the maintenance of the gel modulus. Instead of starting hydrostatic pressure 

loading right after crosslinking (2 hour- post crosslinking), this time, the gels were allowed to rest for 24 

hours inside the MCTR, and recrosslinked on D1 2 hours prior to the first loading. Then the gels would 

either be re-crosslinked every 2 days (D1, D3, D5, D7) or every 3 days (D1, D4, D7). The results showed 

that on D1, even with re-crosslinking, the gels still experienced a significant decrease in modulus (Figure 

24). Over 7 days, both re-crosslinking protocols slowed down the decrease in modulus (31.02 ± 4.84 kPa 

for every 2 days, 20.62 ± 3.28 kPa for every 3 days), compared to the control with no re-crosslinking (10.90 

± 1.37 kPa). There was also no significant difference between re-crosslinking every 2 days versus every 3 

days. Thus, to prevent potential cell damage during crosslinking, and to reduce workload, the re-

crosslinking protocol was set at every 3 days, on D1 and D4, 2 hours prior to hydrostatic loading. 

The literature modulus reported for 2% w/v Ca-alginate, incubated in medium overnight, was ~14 

kPa, with cell viability of 69% D1 post encapsulation with keratocytes 116. These values were comparable 

to our values, with modulus of 19.29 ± 3.10 kPa (Figure 24), and cell viability of 69.1 ±15.0 % D1 post 

encapsulation with hASC (Figure 33). The reported values for 2% w/v Ca-alginate modulus ranged 

extensively, as there were many factors that could affect the measurements (CaCl2 concentration, 

crosslinking time, incubation period between crosslinking and measuring, temperature at measurements, 

guluronic acid content of the alginate) 117. It is also known that Ca-alginate modulus decreases upon 

incubation in medium, as the sodium ions present in the medium slowly replace the calcium ions that 

crosslinked the alginate gel 118. This might be why such a big decrease in modulus was observed on D1 in 

our case. 
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Figure 24- Compressive Young’s moduli of 2% Ca-alginate gels with re-crosslinking starting D1 from 5%-

15% strain (n=4). * indicates the significant difference when compared to D1 values. 

 

NPCs experience different magnitudes of HP in the native environment of the human IVD. Table 

2 shows a review of HP experienced at various bodily positions in humans of different ages 56. Overall, for 

daily activities (without lifting), physiological HP ranges from 0.10- 1.3 MPa. Iatridis et al. 1997 reported 

that human NP has a modulus of 5.8 ± 6.2 kPa at 10 % strain 119. At 5-15% strain region, our 2 % w/v Ca-

alginate gel had a modulus of 31.0 ± 4.8 kPa for re-croslinking every 2 days, 20.6 ± 3.3 kPa for every 3 

days, compared to 10.9 ± 1.4 kPa for control gels that experienced no recrosslinking, after 7 days of 

intermittent loading at 0.8 MPa, 1 Hz for 2 h (Figure 24). These values suggested that even with or without 

recrosslinking, the Ca-alginate gel modulus still exceeded the physiological modulus of the human NP, 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

0 1 2 3 4 5 6 7 8

C
o

m
p

re
ss

iv
e 

 M
o

d
u

lu
s 

(k
P

a
)

Days

No recrosslinking

Recrosslink every 2d

Recrosslink every 3d

* 



 

 

65 

 

after undergoing some high-level HP loading. It was desired to match our gel modulus with the 

physiological value of 5.8 ± 6.2 kPa, thus 1% alginate (5.5 ± 0.70 kPa, 10- 20 % strain  120) seemed to be a 

better match. However, previous work done in our lab showed that 1 % wt. alginate broke after 10 % 

strain and 28 days in DMEM, while the modulus of 1.2 % and 1.5 % alginate dropped to 1 ± 0.30 kPa under 

dynamic loading (200000 cycles of 1 Hz) 121. Thus, 2 % alginate of high G content was chosen for the sake 

of maintaining gel integrity for longer culture period, as well as under loading conditions.  

5.4.3 Perfusion system 

5.4.3.1 Valve design 

A perfusion system was set up using a peristaltic pump connected to the bioreactor. This system 

needed to allow for (1) medium perfusion between each loading cycle for nutrient and oxygen exchange, 

(2) re-crosslinking of gels and (3) controlling oxygen tension. The initial set up was as shown below (Figure 

25). Three wells were interconnected through a channel that was connected to a circulating system for 

medium exchange. Fresh medium from a flask was intermittently pumped at 0.7 mL/min through the wells 

between loadings. For low oxygen tension, the medium flask was exposed to air inside a hypoxic chamber 

having a 2% oxygen environment. For normal oxygen conditions, the medium flask was kept inside the 

incubator. To maintain sterility while being exposed to ambient air, a HEPA filter was connected to the 

flask. The MCTR well-plate and the medium flask were both maintained inside an incubator to ensure 37 

oC and 5% CO2 all the time. They were connected to the pump and the MCTR controller, which were both 

placed on the bench by hanging the connecting tubes out of the incubator. 
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For hydrostatic loading, each well was filled with 6.6 mL ASC medium. A flexible membrane was 

put on top of the well and in contact with the medium. Air pressure from a compressor was applied above 

the membrane causing hydrostatic pressure (HP) to be experienced by the ASC encapsulated gel in each 

well. The pump valve was closed during loading to ensure no fluid left the system.  

In order for the medium to be perfused between loadings, the valves connecting the bioreactor and 

the pump needed to be readily closed and opened. The first set of valves provided by CellScale only allowed 

either a completely closed or completely opened system (Figure 26). There were several problems 

associated with this configuration. When completely opened, medium exited the bioreactor while loading 

and the total original volume was not recovered, leading to inaccurate hydrostatic pressure and damage to 

the flexible membrane. When completely closed, medium perfusion was not possible. Moreover, these 

valves were not autoclavable which gave rise to sterility concerns. Thus, a second design of valves was 

Ismatec 

Peristaltic Pump 

MCTR 

Bioreactor 

Medium flask inside hypoxic 

chamber 

Valve 

Figure 25- Perfusion system set-up. The system was set up on the bench just for imaging purposes. In the 

actual experimental settings, the MCTR well- plate and the medium flask would be kept inside the 

incubator. Only the peristaltic pump and the MCTR controller stayed on the bench. 
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ordered, which had handles to block fluid movement while loading and open for perfusion. This set was 

made from copper which allowed autoclaving. However, the handles made the valves too big to screw in 

entirely, leading to medium leakage at high P (0.8MPa). Hence, a third design of male chrome-plated 

stainless-steel valves was requested to be made smaller and to better fit the bioreactor. Yet the material 

made the valves too hard to screw in entirely avoiding fluid leakage. Since the well-plate was made from 

poly(ethylene), it cracked while being fitted in tightly with these valves. In order to solve this problem, a 

new set of valves was created, using female valves from the previous stainless-steel materials, but connected 

to poly(vinyl chloride) adapters. These adapters were then connected to the well-plate, and since they were 

made from a softer material, they fitted completely without any damage. This fourth design of valves thus 

allowed the system to withstand up to 0.9 MPa with no medium leakage, allowing for intermittent medium 

perfusion and were autoclavable. 

 

 

Figure 26- Valve design A) 1st unautoclavable valves B) 2nd copper valves C) 3rd stainless steel valves D) 

4th adapters-connected valves 

5.4.3.2 Interconnected channels design 

For ASC culturing inside the MCTR, there were 2 steps that required mixing and replacing fluid. 

The first one was during the HP loading protocol. After 0.5 h of continuous loading in the presence of cells, 

the wells needed to be perfused with fresh medium for 0.5 h in order to supply fresh oxygen and maintain 

normal oxygen tension. The second step was during the re-crosslinking of ASC gels. As ASCs were 

encapsulated in Ca-alginate gels in order to be cultured in the MCTR, ASCs in Ca-alginate gels needed to 

be re-crosslinked every 3 days with CaCl2 to maintain their mechanical properties. Thus, every 3 days, 

A B C D 
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medium needed to be withdrawn from the wells and completely replaced with CaCl2 for 30 min, following 

by a single rinse with DPBS, and finally replaced fully with fresh medium.  

Hence, a study was conducted to test the medium exchange protocol. This study used 2 liquids of 

different colors to mimic all the processes occurring: DMEM F12 (orange- red) and distilled water 

(colorless). DMEM F12, which was orange- red due to Phenol Red dye added from the manufacturer, was 

the basal medium for complete ASC culturing medium (Complete ASC medium recipe: DMEM F12 

supplemented with 10 % FBS and 1 % pen-strep). The complete medium was also orange- red. On the other 

hand, both CaCl2 and DPBS were clear in color as was the distilled water. There were 2 pumping modes 

tested. In Test 1, water was pumped into the well and replaced the DMEM F12. In Test 2, DMEM F12 was 

withdrawn from the well actively with the pump and replaced with water. Both tests were conducted with 

a flow rate of either 38.7 mL/min (maximum rate obtained by the pump) or 7 mL/min (literature perfusion 

rate for cell culture) 91 92 93. For good medium exchange, the color was expected to be clear or only slightly 

orange. 

For all pumping modes and flow rates, effective exchange did not happen, even at a high flow rate 

of 38.7 mL/min using 1500 mL of water (which was 75 times the total volume of 3 wells) (Table 7). When 

water was pumped into the wells, occasionally it generated bubbles and disrupted the two liquid layers, 

which might be due to the lag time when water was filling the valve before contacting the well plate. 

Otherwise, there were always 2 layers of liquid formed in the wells. This separation appeared a bit lower 

than the connected channel within wells, where the liquid exchanged occurs. Thus, due to the position of 

the connected channel in ratio to the well height, liquid exchange only occurred at the surface. There was 

little to no exchange of substances at the bottom of the wells, where the cells were positioned. Therefore, 

my internship with CellScale was set up to work on potential solutions to improve this mixing phenomenon 

in the MCTR. 
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Table 7- Mixing in the MCTR connected wells at different flow rates and pumping modes (n=1). 

Test 
Flow rate 

(mL/min) 

Volume of 

water (mL) 
Visual estimation 

TEST 1- Water is 

pumped into the wells 

 

38.7 1000 

 

38.7 1500 

 

7 200 

 

7 600 

 

TEST 2 – DMEM F12 

is drawn out of the 

wells 

 

38.7 550 

 

7 320 

 

 

From the layer formation in preliminary test, it seemed that medium exchange only occurred at 

around 2 mm below the connected channel, because the perfusion forces directed the flow in a straight line 

across the connected channel. Thus, an L-shape adapter was designed to insert into the channel to lower the 

medium output position, while leaving a sufficient gap apart from the bottom of the well, and allowing for 

fluid movement all the way to the well bottom (Figure 27). The adapter was used for one side of each well, 

resulting in a low input- high output pattern, which would ensure better fluid mixing. The material used to 
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create this adapter needed to be autoclavable, endotoxin-free and removable for easy clean-up and 

sterilization upon cell culture. The adapter also needed to fit and seal channel completely to allow fluid to 

move only in the desired pattern with fixed flow rate. 

 

 

 

 

 

 

A glass adapter was made in-lab with a silicone-ring to secure the adapter while inserted in the 

channel (Figure 28). The same colour estimation test was carried out with insertion of this single adapter. 

From the preliminary work (Table 7), the mode of withdrawing DMEM F12 worked better than pumping 

in water, as it did not generate bubbles. Thus, all subsequent tests were run in this mode. However, with 

insertion of the adapter, there were high and low positions for fluid perfusion in this tested well. Thus, 

different exchange patterns were also tested depending on the position that DMEM F12 was pumped out. 

In test 1, DMEM F12 was withdrawn from the lower position, leading to a high input-low output fluid 

movement. Contrastingly in test 2, DMEM F12 was pumped out from the higher position, giving a low 

input-high output pattern. For both movement patterns, a much better mixing rate with insertion of the 

adapter was obtained, compared to the neighboring well without an adapter (Table 8). However, for both 

patterns, it was observed that there was still a thin layer of DMEM (~0.1 mm) remaining at the bottom even 

with increased mixing time. This layer was due to the gap between the adapter end and the well’s bottom.  

 

             

 

 

 

 

 

0.9 cm 

1 cm 

0.2 cm 

Figure 27- Schematic diagram of adapters for connected channel. The perfused medium went through 

the adapter and entered the well at the bottom (low input) and left the well near the well surface (high 

output) 

Figure 28- In-lab custom glass adapter 

 

Direction of flow 
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Table 8- Color estimation tests with insertion of a single adapter, with different fluid movement patterns 

(n=1) 

Test 

Flow rate 

(mL/min) 

Volume 

of water 

(mL) 

Visual estimation 

TEST 1- 

DMEM F12 is 

withdrawn 

from lower 

position 

 

7 210  

Thin DMEM layer occurred at the bottom of the 1st well. 

Layer separation continued at the remaining 2 wells, 

closed to the connected channel. 

TEST 2- 

DMEM-F12 is 

withdrawn 

from higher 

position 

 

7 550  

Thin DMEM layer occurred at the bottom of the 1st well. 

Layer separation continued at the remaining 2 wells, 

closed to the connected channel. 

 

Nevertheless, the adapter proved to work. So, 3 new adapters were made and inserted into all 3 

wells, with increased in dimensions (1.1cm x 1.1cm) to address the gap issue occurred before. Complete 

mixing was finally obtained (Table 9). 
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Table 9- Colour estimation tests with insertion of 3 adapters, with different fluid movement patterns and 

flow rates (n=1). Complete exchange was observed unless noted otherwise. 

Test 
Flow rate 

(mL/min) 

Water 

Volume 

(mL) 

Time 

(min:sec) 

Actual 

Flow rate 

(mL/min) 

Visual estimation 

 

DMEM withdrawal 

 

High Input- 

Low Output 

 

1 7 50 5:42 8.77 

 

2 38.7 50 1:08 44.12 

 

 

DMEM withdrawal 

 

Low Input-  

High Output 

 

3 7 - - -  
Layer separation occurred that the right 

bottom corner of the well 

4 38.7 25 0:39 38.46 

 
 

Repeated test 3 with 

Teflon secured 

adapter 

3* 7 37.5 5:00 7.5 
 

2 patterns all 3 wells. Layer separation at well 

1 

 

Water injection 

 

High Input- 

Low Output 

 

5 7 37.5 5:07 7.33 

 
Layer separation at W3 (connected to pump) 

6 38.7 37.5 0:54 41.67 

 

 

Water injection 

 

Low Input- High 

Output 

 

7 7 37.5 4:52 7.71 

 

8 38.7 62.5 1:11 52.82 
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It appeared that good mixing could be obtained with both movement patterns and was faster with 

DMEM being withdrawn from the higher position. However, with that pattern, when the flow rate was low 

at 7 mL/min, layer separation occurred again, and good mixing could not be achieved. The layer separation 

only occurred in 2 wells further to the pump output, thus it might be due to the insufficient flow rate in 

these 2 wells as they are further away from the pump source. It was also observed that there were 2 

movement patterns occurring in these 2 wells. One was the straight fluid movement, similar to movement 

in the absence of the adapter. Another movement was low input- high output expected to be created with 

the adapter, yet this movement was much weaker than the straight pattern. Initially, it was thought to be 

due to the loosening of the silicone ring, thus the adapter was not tightly kept in place. However, the test 

was repeated twice, and the same layer separation still occurred.  

Overall, the in-lab made glass adapter had been proved to work. However, as it was handmade 

(bent with flame to create L-shape form and cut to dimension), the measurements for dimensions (1.1 x 1.1 

cm) and angle (90º) were not very accurate. In addition, the silicone ring was not very tightly fitted, and the 

adaptor moved out of place over time. Therefore, improvements needed to be done on the fitting of the 

adaptor to ensure complete seal of the connected channel. We then proceeded to 3D-print the adapters at 

the CellScale facility for more accurate specifications. The adapters were printed from soft flexible dental 

material (Figure 29). A change to design was made so that the part connected to the well-plate was 

decreasing in diameters, while the arch part was increasing in dimeter. This was to ensure that the adapters 

fitted the channel tightly without the need of Teflon-fitted tape. 
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Figure 29- Specification of 3D-printed adapters 

 

The colour estimation test was repeated with these 3D-printed adapters. Results showed that 

effective exchange was achieved at both high and low flow rate, given the low input- high output perfusion 

pattern (Table 10). These 3D- printed adaptors fit more securely to the well-plate and were more uniform 

in size. 
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Table 10- Repeated colour estimation test with 3D printed flexible adapters (n=2) 

Test 

Flow rate 

(mL/min) 

Water 

Volume 

(mL) 

Time 

(min:sec) 

Actual Flow 

rate 

(mL/min) 

Visual estimation 

 

Water 

injection 

 

Low 

Input- 

High 

Output 

 

1 7 220 22:54 9.6 

 

2 38.7 60 1:08 52.9 

 

 

Water 

injection 

 

Low 

Input- 

High 

Output 

 

3 7 37.5 6:28 60  

Fluid remained at corners even with increasing perfusion 

time 

4 38.7 62.5 22:53 220 

 

 

For long-term use, the well-plate was redesigned to mimic the connected channel pattern using 3D-

printed adapters (Figure 30). This would not only allow for better mixing pattern, but would also remove 

the difficulty with inserting, securing, removing and cleaning of the adapter over long culture periods.  
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Figure 30- New well-plate design 

 

Thus, this new well-plate design was ordered to be made by CellScale. However, due to technical 

difficulties of drilling the slanted channels at an angle, the resulted well-plate had a connected channel of 

diameter 0.4 mm. While the diameter of the gels was smaller at 0.3 mm, the gels moved from well to well 

during the perfusion period. In order to solve this problem, another set of adapters were 3D-printed then 

inserted into the channel. These new adapters occupied parts of the channel and decreased the overall 

diameter. A subsequent test on flow rate was done with the gels inside the well plate. It was found that any 

flow rate <10 mL/min would not cause the gels to move up the surface thus moving across the wells. 

5.4.4  Flow rate optimization 

ASC-encapsulated gels were then cultured inside the well-plates of the bioreactor. The low 

hydrostatic loading condition (0.2 MPa, 0.25 Hz) was first applied to the cells. Cell viability dropped 

significantly after 1 day of loading and continued to drop reaching ~20 % on day 7, with insufficient number 

of viable cells for RNA isolation (Figure 31). Cell recovery throughout 7 days of loading did not change 

significantly, indicating that the re-crosslinking protocol worked and there was no cell migration.  
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Figure 31- A) Cell viability and B) Cell recovery using Trypan Blue under loading of 0.2MPA, 0.25Hz for 

7 days (n=3). hASCs P4 were encapsulated in 2% Ca-alginate gels and cultured in MCTR bioreactor for 7 

days, with 20 h of perfusion at FR= 1mL/ min every day. Gels were subjected to a loading of 0.2 MPa at 

0.25 Hz for 2 hours every day, with a FR= 10 ml/min during the loading (2 hours in total). All gels were 

re-crosslinked on D1 and D4, 2 hours prior to the loading scheme. * indicates significant difference in cell 

viability compared to all other groups.  

  

 Since it was unclear whether the cell death was caused by the loading or the perfusion rate, another 

test was conducted under a transient condition at different flow rates (0, 1, 10 mL/min) for a period of 2 

days (Figure 32). Cell viability did not differ significantly under these different flow rates. The DNA 

quantification results showed inconsistent cell recovery, which might be due the gels not being re-

crosslinked for this short period of time. 
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Figure 32- A) Cell recovery using DNA quantification and B) Cell viability using Trypan Blue under 

different flow rate in MCTR (n=3). hASCs P4 were encapsulated in 2% Ca-alginate gels and cultured in 

MCTR bioreactor for 2 days, with 24 h of perfusion at different FR every day. D0 gels were counted 

immediately after crosslinking as controls. 

 

Thus, the study was repeated for a longer period of time (7 days), and under a new re-crosslinking 

protocol: the gels were re-crosslinked on days 1 and 4. Cells were subjected to different flow rate under 

transient condition in order to optimize the flow rate set for the bioreactor. Under the no loading condition, 

a flow rate of 1 mL/min resulted in significantly higher cell viability after 7 days (16.1 ± 3.7%), while all 

other flow rates (0.5, 2, 10 mL/min) resulted in similar cell viability (6.1 ± 4.0%, 5.2 ± 2.9%, 5.3 ± 4.0%, 

respectively) (Figure 33). Nevertheless, cell viability inside the bioreactor under all tested flow rates was 

significantly lower than inside the well plate of the TCPS control (63.9 ± 13.3%). In addition, cell viability 

appeared to remain constant throughout the 7-day culture inside the well plates of the TCPS control, while 

decreasing significantly inside the bioreactor. Under the low loading condition (0.2 MPa, 0.25 Hz), cell 

viability (21.0 ± 4.0%) did not differ significantly from viability at a flow rate of 1 mL/min, but was 

significantly higher compared to viability at all other flow rates. This result indicated that the low loading 
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condition did not cause any further cell death. Cell recovery appeared to remain constant throughout all 

conditions (Figure 34). Thus, it could be concluded that a flow rate of 1 mL/min appeared to be the most 

appropriate flow rate for cell culture inside the bioreactor. However, as cell viability was still very low (< 

20 %) and did not allow for subsequent RNA assays, and cell viability was significantly lower  than that 

inside the TCPS well-plate, the flow rate did not appear to be the main factor that resulted in low cell 

viability, and further tests were required to troubleshoot what exactly caused the significant cell death inside 

the bioreactor. 
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Figure 33- Cell viability under different conditions inside MCTR, using Trypan Blue exclusion assay (n=3). 

hASCs P4 were encapsulated in 2% Ca-alginate gels and cultured in MCTR bioreactor for 7 days, with 24 

h of perfusion at different FR every day. Except for the group that experienced loading of 0.2 MPa at 0.25 

Hz for 2 hours every day, the FR was set at 10 mL/min during the loading (2 hours in total) and 1 mL/min 

for the remaining 20 hours daily. * indicates significant difference in cell viability compared to other FR 

under no loading condition in the bioreactor. Gels were cultured in 24- well plate as controls. All gels 

whether in well-plate or MCTR were re-crosslinked on D1 and D4. 

 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

Day 1 Day 4 Day 7

%
 L

iv
e 

ce
ll

Well plate

0.5mL/min No loading

1mL/min No loading

2mL/min No loading

10mL/min No loading

0.2 Mpa 0.25Hz

* 



 

 

81 

 

 

Figure 34- Cell recovery under different conditions inside MCTR, using Trypan Blue exclusion assay (n=3). 

hASCs P4 were encapsulated in 2% Ca-alginate gels and cultured in MCTR bioreactor for 7 days, with 24 

h of perfusion at different FR every day. Except for the group that expereienced loading of 0.2 MPa at 0.25 

Hz for 2 hours every day, the FR was set at 10 ml/min during the loading (2 hours in total) and 1 mL/min 

for the remaining 20 hours daily. Gels were cultured in 24- well plate as controls. All gels whether in well-

plate or MCTR were re-crosslinked on D1 and D4. 

 

There was no literature found on bioreactors that had a similar design and size to the MCTR, or the 

same gel type and size with the similar encapsulated cell type. The closest one found was from Gorkosh 

and co-workers 122, where the cell chamber was also completely enclosed, with nutrient supplied through a 

perfusion pumping mode, and hydrostatic pressure generated through a piston controlled by pressurized air. 

The cell chamber contained 40 mL medium (19.8 mL in our bioreactor), and feeding was performed 1 hour 

daily (20 h daily in our case) at a perfusion rate of 1.4 mL/min (1 mL/min for our best results). Cells were 
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encapsulated in agarose at a concentration of 2x107 cells/mL (1.7x107 in Ca-alginate gels in our case) with 

the mold size of 7.5 mm in diameter, and 2 mm in height (4 mm x 1.5 mm in our case). The study did not 

report on cell viability, but there was no mention of significant cell death as in our case, and there was still 

evidence of cell proliferation and differentiation. The 2 bioreactors appeared to be quite similar; however, 

our MCTR perfusion rate appeared to be much higher for a much smaller-sized cell chamber volume. 

Therefore, the cells could potentially experience more shear force at the interface caused by perfusion, 

which might factor in the cell death. Studies have indicated that a shear stress greater than 1 N/m2 could be 

lethal to most animal cells and result  in cell lysis 123. Even when shear stress is below 1 N/m2, it could still 

trigger non-lethal, yet physiologically significant, effects in cells. In our MCTR, no evidence was observed 

that there was significant flow of fluid within the gels, which was required to generate shear stress, as the 

gels were placed far below the fluid flow channel. Nevertheless, shear stress occurred at the outside of gels 

appeared to be the only factor that differed between tests at different flow rates. The shear stress might have 

cause the cells at the gel surface to die, the perfusion might have caused the cells to migrate out of the gel 

and cells were lysed due to the shear stress easily inside perfusion tube as they were not protected by the 

gel anymore. This explanation would account for the high cell death; however, it cannot explain why there 

was no change in cell recovery through 7-day culture period. Moreover, the lower cell viability at lower 

flow rate (0.5 mL/min) compared to results at 1 mL/min also do not agree with this explanation. 

 In addition Gokorsch et al. used a woven steel mesh support, which not only fixed the gel in place 

but also allowed medium to contact the bottom of the gel easily. Thus, a mesh made from a histological 

cassette was added at the bottom of the gels to see whether cell viability could be improved for our MCTR. 

The mesh was provided to allow for a greater surface area over which nutrient diffusion into the gels could 

occur. In this test, spherical gels were also tested to see if the shape of gel bottom affected viability. 

Spherical gels were made by dropping 19 µL of cell- Na-alginate suspension from a P200 pipet directly 

into a CaCl2 bath. The results (Figure 35) showed that in the MCTR, there was no difference in cell viability 

whether with raised cassette bottom (17.6 ± 5.8 %) or without raised cassette (16.1 ± 3.7 %), or with 
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spherical gel (21.1 ± 7.1 %). Cell viability was significantly higher inside the well plate compared to inside 

the MCTR as usual, but there was no significant difference between the cylindrical gel (42.6 ± 7.1%) and 

the spherical gel (35.5 ± 4.4%). Thus, both raising the cylinder gel bottom with mesh cassette and using 

spherical gels did not improve cell viability, or there should not be any diffusion limitation at gel bottom 

with the current cylinder gels in MCTR. 

 

 

Figure 35- Cell viability of different gel shapes and gel bottom, using Trypan Blue exclusion assay (n=3). 

The test was under no loading condition, FR= 1mL/min perfused for 24 hours daily. hASCs P4 were 

encapsulated in 2% Ca-alginate gels and cultured in MCTR bioreactor for 7 days. Gels were cultured in 24- 

well plate as controls. All gels whether in well-plate or MCTR were re-crosslinked on D1 and D4. 

 

Another similar bioreactor was reported by Maxson & Burg, 2012, where HP was generated with 

pressurized air deflecting a silicone diaphragm in the bioreactor chamber that was enclosed. The cell 

scaffold was made with murine MSCs in 2 % agarose at a concentration of 2x106 cells/mL. The gel was 
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cylindrical with a 6 mm diameter and 6 mm height. The perfusion rate was 0.7 mL/min for a total of 20 

hours and through a bioreactor chamber containing 40 mL medium, with complete medium change every 

7 days. This study used a lower flow rate for a larger bioreactor chamber volume with less frequent medium 

change than our experiment. There was no viability reported, but they obtained enough RNA for RT-PCR 

assessments. It appeared that this similar bioreactor design to our MCTR used a very low flow rate to 

bioreactor chamber volume ratio (0.035 in Gokorsch et al, 0.018 in Maxson & Burg, and 0.051 in our 

MCTR). This study again suggested flow rate might be the cause of the cell death observed. Thus another 

test was conducted inside the MCTR, this time without any perfusion and the  medium was changed every 

day to ensure a sufficient oxygen supply (Figure 36). Surprisingly, without any perfusion in the MCTR, 

cell viability was much higher (52.1 ± 6.1%) compared to a perfusion rate of 1 mL/min (24.2 ± 6.4%) and 

was similar to well-plate viability (64.5 ± 7.5). At this point, flow rate appears to be the main cause for low 

cell viability observed in the MCTR. There was also a chance that the perfusion system might be responsible 

for the cell death. Some chemicals might leach from the tubing or from the medium flask that might interfere 

with the cell culture. However, consideration was taken when setting up the system. The tube was made 

from silicone, while the flask was made from glass, and both were biocompatible grade. 
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Figure 36- Cell viability with and without perfusion inside MCTR, using Trypan Blue exclusion assay 

(n=3). hASCs P4 were encapsulated in 2% Ca-alginate gels and cultured in MCTR bioreactor for 7 days. 

Gels were cultured in 24- well plate as controls and media change was done daily. For the group that 

experienced FR of 1mL/min, perfusion was carried 24 hours daily, with complete medium change from the 

stock bottle on D1 and D4 only. While for gels in the MCTR that experience no FR, medium was changed 

manually every day. All gels whether in well-plate or MCTR were re-crosslinked on D1 and D4. 

 

However, it was still unclear why 1mL/min had better viability than all other flow rate (0.5, 2, 10 

mL/min). Study on effects of varying flow rate towards cell viability suggested that the shear stress force 

that the cells were exposed to in the channel was not the only critical factor for viability, but also shear 

stress distribution on cell surface, shear gradient across the channel width, as well as location of cells 

pertaining to shear force 124. All the FR tested might cause some shear stress to the cells, which was why 

significant lower cell viability was observed with perfusion. Meanwhile, an optimal flow rate inside a 
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bioreactor should enhance nutrient supply and metabolic waste removal, but not at a cost of depleting vital 

growth factors generated by cells at the scaffold’s surface 125. The results at a flow rate of 1 mL/min might 

support the favorable balance between nutrients, waste and growth factor, thus resulting in the highest cell 

viability among all tested flow rates. 
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Chapter 6 

Conclusion and future direction 

6.1 Conclusion 

Intervertebral disc degeneration (IVDD) is a common cause of chronic pain for ~80% of worldwide 

population, with no complete cure. IVDD mostly initiates in the nucleus pulposus (NP), and NP 

regeneration is essential to resolve the problem at its roots. Thus, adipose-derived stem cells (ASCs) have 

been studied extensively, as they can differentiate into NP cells (NPCs), can be harvested easily, 

abundantly, and applied allogeneically. However, undesirable differentiation and ineffective long-term 

survival in native hostile NP environment requires pre-differentiation of ASCs prior to implantation. This 

research aimed to establish a validated method for obtaining NP-like cells from ASCs, through optimizing 

culture conditions inside a MCTR bioreactor. Five conditions were to be tested in a full 25-factorial design, 

based on their physiological values: loading amplitude (0.8 vs. 0.2 MPa), strain frequency (1 vs. 0.25 Hz), 

oxygen tension (20 vs. 2%), presence of NP-specific extracellular-matrix-particles (DNPT) and 

immortalized human chordoma U-CH1 cells.  

So far, human ASCs encapsulated within reversible Ca-alginate hydrogel were preliminarily 

subjected to 4 out of these 5 factors within the MCTR bioreactor, namely: loading amplitude, strain 

frequency, oxygen tension and co-culture with U-CH1. Assessments were done using % live cell with 

Trypan Blue hemocytometer counting, and total DNA quantification using Hoechst 33258 assay  

Firstly, the encapsulation process was optimized for the crosslinking and decrosslinking of Ca-

alginate gels, centrifugation, and Na-alginate pre-solution component. The current encapsulation process 

used the crosslinking solution of CaCl2 100 mM and HEPES 10 mM, and the decrosslinking solution of 

NaCO3 100 mM supplemented with HEPES 20 mM at room temperature for 30 minutes. The centrifugation 
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protocol used throughout the entire workflow was 685 g for 8 minutes. The Na-alginate suspension was 

created using NaCl 0.9 % w/w solution supplemented with 20 mM HEPES. This encapsulation process 

gave the best cell recovery of 66.5 ± 20.8 % and cell viability of 69.1 ±15.0 % for hASCs.  

In addition, for RNA isolation process, 2-time charcoal purification of Na-alginate was needed to 

minimize the endotoxin level. A seeding density of 1.7x106 cells/mL and 3 gels to be harvested per run 

were also decided. This combination of RNA isolation conditions provided qualified RNA samples for 

subsequent analyses. 

 Thirdly, the MCTR bioreactor valves, flow pattern and perfusion protocol were optimized. The 

valves were re-designed into chrome-plated stainless-steel valves connected to poly(vinyl chloride) 

adapters, which allowed for fluid and gas complete enclose during loadings, with quick release by opening 

the valves after loadings. The flow pattern of MCTR was also changed from straight pattern to low input- 

high output pattern, which resulted in complete exchanging of media. And a perfusion system was set up 

using a peristaltic pump, that created a closed system for control of oxygen level. Thus, the MCTR system 

could now allow not only for medium perfusion between loading cycles for nutrient and oxygen exchange, 

but also for re-crosslinking of Ca-alginate gels to maintain their integrity, while withstanding up to 0.9 MPa 

hydrostatic pressure with no medium leakage during loading. 

Lastly, the flow rate (FR) through the bioreactor was also optimized, with the highest cell viability 

of 52.1 ± 6.1 % at no perfusion, and best cell viability of 16.1 ± 3.7 %. under a FR of 1mL/min. The re-

crosslinking protocol of Ca-alginate gels was also determined at every 3 days, starting at D1, 2 hours post 

HP loading. With this re-crosslinking protocol, Ca-alginate gels maintained their compressive modulus of 

20.62 ± 3.28 kPa, after 7 days of intermittent loading at 0.8MPa, 1Hz for 2 h, at 5-15% strain region. 



 

 

89 

 

6.2 Future directions 

Overall, this research set the first few steps in the design of a bioreactor- based strategy for ASC 

differentiation towards NPC. Currently, a computer-based simulation using COMSOL software has been 

carried out in co-operation with Dr. Louise Meunier’s lab. This project would simulate different forces 

applied and their distribution throughout the gels inside the MCTR under different FR conditions. 

Hopefully, it would be able to troubleshoot the low cell viability under perfusion condition. Then the full 

25 factorial design would be able to be completed, with the addition of gene expression assessment. RT-

PCR would be carried out as planned for the detection of early markers for NPCs using RT-PCR with 5 

genes (FOXA1, CD24, brachyury(T), SOX5, SOX6).  

In the worst scenario, when it could not be figured out why the perfusion set up led to such low cell 

viability, oxygen tension would be removed out of the factorial design. The medium would be changed 

manually by opening the MCTR. The factorial design would become 24, as shown in Table 11.  
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Table 11- 24 Factorial Design 

Experiment Load (MPa) Strain frequency (Hz) U-CH1 DNPT (%) 

1 0.2 0.25 0 0 

2 0.7 0.25 0 0 

3 0.2 1 0 0 

4 0.7 1 0 0 

5 0.2 0.25 1 0 

6 0.7 0.25 1 0 

7 0.2 1 1 0 

8 0.7 1 1 0 

9 0.2 0.25 0 5 

10 0.7 0.25 0 5 

11 0.2 1 0 5 

12 0.7 1 0 5 

13 0.2 0.25 1 5 

14 0.7 0.25 1 5 

15 0.2 1 1 5 

16 0.7 1 1 5 

17 0 0 1 0 

18 0 0 1 5 

19 0 0 0 0 

20 0 0 0 5 

 

For future direction, later-stage NP gene markers of ASC differentiation (HIF-1α, Glut-1, Shh, 

KRT18/19, CA12, and CD24) could be quantified to measure successful differentiation. HIF-1α is a 

transcription factor that tunes cells to survive the hypoxic conditions of the NP and is absolutely necessary 

for NP cell survival. Glut-1, whose expression is regulated by HIF-1, is a glucose transporter expressed in 

hypoxic tissues. Active Shh expression for the first few weeks is required for proper functioning of NPCs. 

KRT18/19 refers to cell-surface cytokeratins that are essential for structural integrity and possibly signaling. 

CA12 gene produces carbonic anhydrase 12, which allows acid-base balance for survival of NPCs under 

acidic surroundings. Another future approach would be to analyze the biochemical composition of ASCs’ 
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extracellular matrix accumulated within hydrogels, so as to identify essential paracrine factors. This would 

allow further development of U-CH1 free culture conditions for hASC differentiation. 

It would be interesting to look closely into the role that the investigated factors have on IVD 

development. Especially in the case of mechanical forces, as children would not experience loads as high 

in amplitude and frequency as adults. Younger NPCs, especially in early ages, could also generate a 

completely difference ECM matrix and experience different cell signaling in the human body. Another set 

of NPC genes, which are expressed more specifically towards children, could be assessed to give some 

insights towards the developmental biology of NPCs. 

A sequence of experiments could also be tested to investigate the response surface of five factors 

(loading amplitude, strain frequency, oxygen tension, co-culture with U-CH1 and incorporation of DNPT) 

towards differentiation of ASCs into NPCs. A two-level factorial design is initially used to assess the design 

space for 5 factors (Figure 37, green box). If the model suggests that optimum is outside of this range, an 

expanded 25 is carried out in the direction of the steepest ascent to ensure that optimum is within the new 

design region (Figure 37, blue box). Finally, a Central composite design (CCD) experiment (full 2k factorial 

design + axial points + center replicates) is run in a smaller arear of design region, in order to establish a 

more accurate model taking into account of non-linear responses (Figure 37, pink area). An optimal 

combination of culturing conditions for maximizing differentiation of ASCs into NPCs is located by the 

end of the study (Figure 37, orange point).  

 

 

Figure 37- Summary of experimental design for optimization of ASC differentiation into NPCs in 

bioreactor system. Green box represents the initial factorial design. Blue box represents a subsequent design 

region in the direction of the steepest accent. Pink box represents a design region for CCD experiment. 

Orange point represents the final optimal point.  
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