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Abstract 

Regulatory T Cells (Tregs) have been used as a cell therapy to prevent graft rejection in organ 

transplantation, by expanding populations of these cells in vitro, after selecting them from a 

patient’s blood sample, and injecting the large population (0.4x106 to 6.4x106 cells kg-1) back 

to the patient. To date, there is no gold standard method for expansion so the aim of this 

thesis was to design a fluidized-bed bioreactor (FBB) for ex vivo Treg expansion. The FBB 

design in this study was divided into three stages. First, the study of cell culture conditions 

using HL-60 as a cell model. Second, the application of cell culture conditions for 5- and 7-

days HL-60 expansion. Third, the application of the FBB for Treg expansion and the 

development of the Treg expansion protocol. The important parameters during the first stage 

of the FBB design were the minimum fluidising velocity (umf) and terminal velocity (ut) of 

the cell culture media. The study of umf and ut found that the values from the experiment were 

different from the numerical model (Carman-Kozeny equation). The umf from the experiment 

was 1.44x10-6 m s-1 and ut was 2.88x10-6 m s-1, while the umf from the numerical model was 

6.92x10-8 m s-1 and ut was 6.52x10-6 m s-1. Based on the experiment and the correlation, three 

working velocities (2.41x10-6 m s-1; 3.20x10-6 m s-1 and 4.90x10-6 m s-1) were selected to 

study the effect of flow velocity on cell proliferation during 48 hours HL-60 cell expansion. 

The factors that affected HL-60 expansion were the diameter of the FBB, initial cell density, 

and working velocity. Of the operating conditions tested, a 50 mm cylindrical column at 

2.41x10-6 m s-1 with the initial cell number of 5x106 cells provided the highest fold expansion 

after 48 hours (1.85-fold). Further refinement during the 5- and 7- day HL-60 expansion 

studies resulted in a revised set-up that used 4.5x104 cell mL-1 at the velocity of 4.9x10-6 m s-1. 

At these conditions, it was confirmed that glucose was sufficiently supplied (> 700 mg L-1) 

and lactate and ammonia were lower than the toxic level (< 1800 mg L-1 lactate and < 4 mM 

ammonia). Based on the data from the HL-60 study, the FBB was utilized for 14 days of ex 

vivo Treg expansion. The Treg population in this study was CD4+CD25+FoxP3+CD127high 

which was isolated from the PBMCs. The protocol was developed using the step-wise 

approach, with the key steps to take forward being an initial cell density of 5x105 cell mL-1 

operated at 4.9x10-6 m s-1and 2-days inoculation in well plates. As a limitation of the initial 
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cell number (< 5x105 cell mL-1) during the protocol development, the Tregs were lost from 

all cell culture devices. This might be due to apoptosis when the cell was cultured at low cell 

density, lack of cell-to-cell contact and less catalase against oxidative apoptosis and these 

studies would be part of the future work, alongside repeats and suppression testing to analyse 

the Treg function. In conclusion, the study found that an FBB has potential for ex vivo Treg 

cells expansion, however further studies are required before knowing whether it is a better 

option than current systems.  
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Chapter 1: Introduction and Overview of the Thesis 

1.1 Background 

Graft rejection is a major challenge in organ transplantation. Nowadays, the prevention of 

organ rejection is done by using immunosuppression which can/does cause side effects such 

as vascular diseases and nephrotoxicity. Regulatory T cells or Tregs are a population of T 

cells that plays a crucial role in immunosuppression. The cells were studied in patients after 

organ transplantation and found that the cell can be used to prevent the rejection of the liver 

and kidney (Chandran et al., 2017; Mathew et al., 2018). Tregs can be isolated from 

peripheral blood with the expression of CD4+CD25+FoxP3+ phenotype. However, a low 

number of Tregs, approximately 5 to 10% of CD4+ T cells, presents in peripheral blood. 

Therefore, ex vivo cell expansion is needed to increase the cell number for the treatment.  

The production process for Treg is composed of cell isolation, cell stimulation using 

magnetic beads-coated anti-CD3/CD28 antibodies and expansion. Bioreactors - closed 

system devices - have been used for ex vivo cell expansion such as red blood cells, 

mesenchymal stem cells and chimeric antigen receptor (CAR) T cells to increase cell number 

for the therapeutic dose. Different types of bioreactors were studied for Tregs expansion such 

as G-Rex®, cell expansion bag and CliniMACS Prodigy®(Chakraborty et al., 2013; Marín 

Morales et al., 2019). The aspects that need to be considered during bioreactors design 

include mixing, mass transfer and shear stress. In addition, the bioreactor should be easy to 

operate. A fluidised-bed bioreactor (FBB), the bioreactor that works under the fluidisation 

stage when the cells are suspended in a cell culture media, is utilized in this thesis. The culture 

media is fed upward through the cells at a minimum fluidising velocity (umf), the cells 

separate from one another and freely float in the media. Increasing the velocity until terminal 

velocity (ut), cells will flow out from the bioreactor. The velocities between umf and ut can be 

selected to operate ex vivo cell cultivation with consideration of cost-effectiveness.   

Conventional cell culture or static culture in tissue culture flasks has a limitation on nutrient 

supply and toxic metabolite removal. In addition, it lacks of the controlling cell culture 
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environment such as oxygen supply, pH and temperature to support a high cell density 

production. Using a bioreactor for ex vivo cell expansion include the design of parameters 

which is different between each type of bioreactor. For example, agitation in spinner flask, 

angle of oscillations in wave bioreactor, agitation time in CliniMACS Prodigy® and perfusion 

rate in hollow fibre. As no particular system has to date been established as a gold standard 

for Treg expansion, the study of FBB will be useful to expand the knowledge for ex vivo Treg 

expansion.  

1.2 Scope of Research and overview of the thesis 

The research question for this study was: can a fluidised bed bioreactor be used to expand 

Tregs more efficiently compared to the static cell culture. The aim of this research was to 

design the FBB and obtain cell culture conditions for ex vivo Treg expansion and compare 

results to those found in the literature. The FBB design in this study was divided into 3 

objectives;  

1. The study of cell cultures conditions in the FBB using HL-60 as a cell model. This is 

detailed in Chapter 4. 

2. The application of the cell culture condition for 5 and 7 days HL-60 expansion and 

monitoring dissolved oxygen (DO), pH, nutrients and metabolites. This is detailed in 

Chapter 5. 

3. The application of the FBB for ex vivo Treg expansion and protocol development for 

14 days Treg expansion in the FBB. This is detailed in Chapter 6. 

The thesis begins by providing the background of bioreactors in cell expansion, ex vivo Treg 

expansion process and the principle of FBB in Chapter 2 ‘Literature Review’. Materials and 

methods are collated in Chapter 3, with further details of method development in the results 

chapters. The results chapters are chapters 4 – 6 and these contain results from the three 

objectives of the FBB design, plus critical reviews to compare to the literature explaining the 

benefits and limitations of this work. Finally, Chapter 7 provides the overall conclusions and 

future work to improve and conduct further the study. 
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Chapter 2: Literature review 

2.1 Introduction 

Human cell products are a new class of medical products for treating acute and chronic 

diseases such as cancers and cartilaginous defects (Yano et al., 2015). The European 

Medicines Agency defines cell products as “cells or tissues that have been manipulated to 

change their biological characteristics. They can be used to cure, diagnose or prevent 

diseases” (European Medicines Agency, 2022). In the United States, these products have 

been controlled by the Center for Biologics Evaluation and Research, U.S. Food and Drug 

Administration (Ciccocioppo et al., 2021). Pharmaceutical regulatory agencies have 

approved more than 50 cell-based products around the world and the example of the 

products are presented in Table 2-1. However, the studies on cell therapy are ongoing to 

investigate new products and develop novel production processes. Recently, 

immunomodulation cells such as regulatory T cells were found to be a new treatment to 

prevent graft rejection in organ transplantation patients. 

Organ transplantation is the treatment for end state organ failures, such as liver and kidney 

failure. A major challenge of organ transplantation is graft rejection by patients’ 

(recipients) immune systems, which can be prevented by using immunosuppressive 

medications. However, side effects such as nephrotoxicity and vascular disease may 

develop after long term treatment from the prescribed medicines (Van Der Net et al., 

2016).  Accordingly, new therapies have been sought with increased efficacy and fewer 

side effects.  One novel approach has been to target specific regulatory elements of the 

patient’s immune response that naturally function to suppress immunity and thus would 

be predicted to prevent graft rejection. In this regard, regulatory T lymphocytes (Tregs) 

play an essential role in immune suppression and retain immune homeostasis (Chaplin, 

2010), and it has been studied and proved that the cells can be used to prevent graft 

rejection (Chandran et al., 2017; Safinia et al., 2016). A low number of Tregs are  (5 to 

10% of CD4+ T cells) present in peripheral blood (Boyce et al., 2010) or approximately 

3.27x104 cells mL-1 of peripheral blood (Niu et al., 2020), while up to a hundred million 
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cells are required for the treatment (Chandran et al., 2017). Therefore, ex vivo cell 

expansion is needed to increase the cell number. 

Several studies have developed ex vivo cell expansion processes in different types of 

bioreactor such as spinner flask (Carswell and Papoutsakis, 2000), Gas-permeable Rapid 

Expansion device (G-Rex) (Bajgain et al., 2014) and Cell Expansion Bag (Safinia et al., 

2016). However, the capabilities of bioreactors such as mixing capacity, nutrients and 

oxygen transfer and a generation of shear stress are needed to be considered for high cell 

density production. Therefore, this study selected a fluidized-bed bioreactor (FBB) for 

Treg expansion as the system provides a well-mixing condition with low shear force 

(Michaelides et al., 2013; Catapano et al. 2009).   

This chapter first gives a brief overview of the human immune system and Treg 

characterization. Then, the ex vivo Treg expansion and the application of Tregs in organ 

transplantation are discussed. The parameters of bioreactor design for mammalian cell 

culture is defined. The principle of FBB and the factors that influence cell proliferation in 

FBB is stated. A background of HL-60 is also discussed as they were used for the early 

stage FBB design and optimisation. 
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Table 2-1 List of approved cell-based products (Ramezankhani et al., 2020). 

Trade Name Manufacturer Indication Approval by/date Product Description 

Hemacord  

New York Blood Center Inc. 

(United States) HSCT 

US FDA/              

November 2011 Human cord blood-derived HPCs 

Azficel-T laViv 

Fibrocell Technologies, Inc. 

(United States) Moderate to severe NLF wrinkles 

US FDA/                       

June 2011 Human fibroblasts 

Provenge Sipuleucel-T 

Dendreon, Corp.               

(United States) 

Asymptomatic or minimally 

symptomatic metastatic castrate-

resistant (hormone-refractory) PCA US FDA/ April 2010 

PBMCs(primarily DCs) activated 

with PAP and GM-CSF 

Alofisell (Cx601) 

TiGenix (United States) and 

Takeda (United Kingdom) Complex perianal fistulas in CD EMA/ March 2018 Human adipose tissue-derived MSCs 

Prochymal BM-MSCs 

Mesoblast, Ltd., 

International (Australia) Acute and refractory GvHD EMA/September 2018 Human BM-MSCs 

KeralHeal 

Biosolution, Co., Ltd.        

(South Korea) Deep 2nd snd 3rd degree burn 

South Korea MFDS/     

May 2006 Human skin-derived keratinocytes 

Queencell Anterogen (South Korea) Subcutaneous tissue defects 

South Korea MFDS/ 

March 2010 

Human adipose tissue-derived 

adipose cell 

Cartigrow 

Regrow Biosciences, Pvt. 

Ltd. (India) Knee/ankle cartilage loss India DCGI/April 2017 Human chondrocytes 

Ossgrow 

Regrow Biosciences, Pvt. 

Ltd. (India) Early-stage AVN of hip India DCGI/April 2017 Human osteoblasts 

Chondrocytes-T-Ortho-ACI 

Cartogen Orthocell (Australia) Cartilage damage 

Australia TGA/          

March 2017 Human chondrocytes 

Temcell HS 

JCR Pharmaceuticals 

(Japan) Acute and refractory GvHD 

Japan PMDA/     

September 2015 Human BM-MSCs 

Kymriah  

Novartis Pharmaceuticals 

Corp. (United States) B-cell lymphoma 

US FDA/August 2017 

EMA/August 2018 

CD-19-targeted genetically modified 

T-lymphocytes 

Yescarta 

Kite Pharma, Inc.        

(United States) B-cell lymphoma 

US FDA/October 2017  

EMA/August 2018 

CD-19-targeted genetically modified 

T-lymphocytes 

AVN, avascular necrosis; BM-MSC, bone marrow-derived mesenchymal stem cell; CD, Crohn’s disease; GM-CSF, granulocyte-macrophage 

colony-stimulating factor; GvHD, graft-versus-host disease; HPC, hematopoietic progenitor cell; HSCT, hematopoietic stem cell transplantation; NLF, 

nasolabial fold; PAP, prostatic acid phosphatase; PCA, prostate cancer.
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2.2 The Human Immune system 

The immune system is a network of cells and organs that protect humans from exogenous 

pathogens or foreign antigens. Under normal circumstances, the system can distinguish 

between self-tissue antigens (a situation termed “tolerance”) and foreign antigens, 

ensuring only foreign cells will be destroyed. Losing the host defence mechanism of the 

immune system can be the cause of immunodeficiency diseases. However, overacting in 

protection leads to autoimmune diseases.  

 

 

Figure 2-1 The Human immune system. The immune system is divided into two types based on 

the immune responses: innate immune system and adaptive immune system. Innate immunity is 

composed of physiological barriers, phagocytic and inflammatory. Adaptive immunity is 

subdivided into the humoral immune system and cell-mediated immune system. (Tomar and De, 

2014) 

The immune system is composed of two parts; innate immunity and adaptive immunity 

(Figure 2-1). The difference between these two systems is the onset and specificity. Innate 

immunity occurs immediately after exposing non-self-antigens but lacks specificity, while 

adaptive immunity has an antigen-specific reaction but it takes several days to develop. 
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Despite this, these two components are working as a network. For example, immune cells 

in innate immunity produce chemical substances that activate adaptive immunity and 

adaptive immunity induce several cells from innate immunity to eradicate microbes. 

(Parkin, J. and Cohen, 2001; Chaplin, 2010) 

2.2.1 Innate Immunity 

Physical barriers such as epithelial cell layers, the secreted mucus layer and the epithelial 

cilia are the first part of innate immunity that prevent the entry of foreign pathogens. If 

the pathogens manage to enter the body, they can be eliminated by cells such as 

macrophages and natural killer (NK) cells. Dendritic cell (DC) is a source of antigen-

presenting cells (APC) that display antigens to T lymphocytes. The antigen will then be 

destroyed by T cells or the other relevant immune cells. Innate immunity also includes 

soluble proteins (e.g. cytokines and chemokines) which are present in the biological fluid 

or released from several cells in the immune system. Each cytokine has its functions; for 

example, interleukin 2 (IL-2) activates T cells and support their growth, interferon γ (IFN-

γ) activates macrophages to kill pathogens, and IL-10 inhibits the production of IFN-α, 

IL-1, IL-6, and stops antigen presentation (Parkin, J. and Cohen, 2001; Chaplin, 2010).  

2.2.2 Adaptive Immunity 

Adaptive immunity is divided into two parts; the humoral immune system and the cell-

mediated immune system. The humoral immune response (also known as antibody-

mediated immunity)  is primarily driven by  B lymphocytes, while the cell-mediated 

immune response is dependent on  T lymphocytes. Both B and T lymphocytes are 

developed in the bone marrow. B cells circulate in the bloodstream and the lymphatic 

system while T cells move to the thymus. Overall, when antigens are presented to B or T 

cells, B cells produce antibodies, while T cells differentiate to mature cells such as 

cytotoxic T cells. Then antigens are eradicated, either by antibodies or effector T  cells 

(Parkin, J. and Cohen, 2001; Ollila and Vihinen, 2005; Tomar and De, 2014). 
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Humoral Immune system (Antibody-Mediated Immune System; B lymphocyte) 

After the development process in bone marrow, mature B cells circulate through the 

bloodstream and lymphatic system (Ollila and Vihinen, 2005). When binding with 

antigen, B lymphocyte differentiates into antibody-producing plasma cells that produce 

immunoglobulins (Ig) or antibodies (Ab). There are five classes of Ig (IgM, IgD, IgG, IgA 

and IgE.) which contain their mechanism of action and can be found in different body 

compartments (Parkin, J. and Cohen, 2001; Tomar and De, 2014). B cell responses are 

classified as either T cell-dependent or T cell-independent responses, based on the helping 

of T cells. In T-cell dependent response, cytokines are produced from T cells lead to B 

cell maturation. At the same time, the binding of T cells on B cells receptors leads to 

isotype switching from IgM (which is the first produced immunoglobulin) into other 

isotypes. Once class switching occurs, some of the cells become memory cells and are 

long-living.  On the other hand, B cells secrete Ab after being activated by antigen without 

helper T cells, and this is T cell-independent response (Janeway et al., 2001). 

Cell-Mediated Immune System (T lymphocyte) 

T lymphocytes play an essential role in the cell-mediated immune response. There is a 

subpopulation of T cells; helper T cells (Th) and cytotoxic T cells (Tc). The classification 

of T cells into Th and Tc is based on the expression of cell surface markers CD4 and CD8, 

respectively. When T cell migrates to the thymus, it expresses an antigen-binding 

molecule called T cell receptor (TCR). TCR can recognise antigens that are present 

through APC. After binding, Th secretes cytokines that activate various cells in the 

immune response while Tc proliferates and differentiates into cytotoxic T lymphocytes 

which has cytotoxic activity and eliminate antigen-displaying cells such as cells of foreign 

tissue and infected cells (Tomar and De, 2014). T cell activation through TCR is involved 

with the CD3 complex that transmits a signal into the cell. Co-receptors on the cell surface 

such as CD28, CTLA-4 and CD40 also enhance the function of T cells (Parkin, J. and 

Cohen, 2001). A population of  CD4+ T cells known as regulatory T cells (Tregs) act to 

suppress excessive immune activation, thus maintaining immune homeostasis and 

preventing autoimmunity (Chaplin, 2010). Due to this function, Treg cells have gained 
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some traction as a potential therapeutic option for modulating the immune response in 

organ transplantation patients. 

2.3 Organ transplantation and graft rejection 

Organ transplantation is a crucial treatment protocol for several severe conditions. For 

example, severe skin injury (Benichou et al., 2013) and hematopoietic stem-cell 

transplantation for acute leukaemia (Rocha et al., 2004). However, the capability of the 

immune system to eradicate foreign antigens becomes a barrier in organ transplantation 

because the organ is non-self-tissue and that leads to organ rejection and treatment failure. 

Therefore, one critical challenge after organ transplantation is graft rejection, which is 

involved with the activation of the recipients’ immune system. Immunosuppressants such 

as corticosteroids (methylprednisolone and prednisolone) and calcineurin inhibitors 

(cyclosporin-A and tacrolimus) have been used to prevent graft rejection. Corticosteroids 

decrease cytokine production and lymphocyte proliferation, while calcineurin inhibitors 

inhibit T lymphocytes activation (Malvezzi and Rostaing, 2015; Steiner and Awdishu, 

2011). However, there are side effects after long-term treatment, for instance, life-

threatening infections, nephrotoxicity, and cardiovascular diseases (Malvezzi and 

Rostaing, 2015; Helderman et al., 2003; Tang and Bluestone, 2013). In addition, 

immunosuppressive treatment might not be effective in some organ types such as skin 

transplantation (Benichou et al., 2013). Consequently, modulation of the host immune 

system by using their cell has been extensively studied to replace the conventional 

treatment. 

2.4 Regulatory T cells 

2.4.1 Treg characteristics 

Treg is a CD4+ T cell population that plays a key role in immune homeostasis. Treg 

represents approximately 5 to 10% of CD4+ T cells in peripheral blood. The cell can be 

divided into two main types: thymus-derived or natural Treg (nTreg) and adaptive or 

inducible Treg (iTreg). nTreg originate in the thymus as CD4+ cells expressing FoxP3+ 
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and high level of CD25 (CD4+CD25+FoxP3+ phenotype). iTreg derives from the 

differentiation of conventional CD4+ T cells in the periphery into CD25+FoxP3+ under 

antigenic stimulation (Boyce et al., 2010). Forkhead box P3 (FoxP3), a member of the 

forkhead/winged-helix family of transcription factors, is involved in the development and 

suppressive function of Treg (Sakaguchi et al., 2008). Hori 2003 studied the effect of the 

FoxP3 gene and found that without FoxP3, the suppressive function of Treg is lost and 

leads to autoimmune disease in both humans and mice.  

Tregs have several modes of action to suppress the cells that involve inflammation (Figure 

2-2). Treg cells have to be TCR-activated in the presence of IL-2 to be functional. Treg 

suppresses Tcon (CD4+CD25- T cells) by different mechanisms. Treg directly suppress 

Tcon through cell-to-cell contacts, transfer cAMP to Tcon, suppress TCR-induced Ca2+, 

NFAT, and NF-κB signalling. Cell-to-cell contact on CTLA-4-CD80/CD86 interaction 

induces DC to release indoleamine 2,3-dioxygenase (IDO) resulting in suppression of 

Tcon. In the context of NK cells, Treg inhibits IFN-γ production and proliferation of NK 

cells through membrane-bound TGF-β. Treg inhibits B cell proliferation and induces B 

cell apoptosis via interaction between surface molecules PD-1 on B cell and PD-L1 on 

Treg. Treg suppresses monocytes/macrophages under the presentation of IL-10, IL-4, and 

IL-3. Granzyme and perforin that released from Treg induce apoptosis of neutrophils and 

suppress Tcon (Hoffmann et al., 2009; Gliwiński et al., 2017; Schmidt et al., 2012). 
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Figure 2-2 The mode of action of Tregs. Tregs can suppress several immune cells including NK 

cells, DC, Tcon, B cells, monocyte and macrophage. Based on a direct inhibition via cell-cell 

contact, Tregs inhibits DC, Tcon and B cells. Cytokines that secrete from the Tregs inhibit NK 

cell, Tcon, monocyte and macrophage.  

2.4.2 Treg expansion 

As a result of a low number of Treg circulating in peripheral blood, it is necessary to 

increase cell number by in vitro expansion. Milward et al. (2017) reviewed that the aspects 

which need to be considered in in vitro Treg expansion include yield, potency, purity, 

specificity and safety. Therefore, the expanded Tregs need to be analysed for the cell 

number, suppressive function, phenotypes, and the contamination of undesired cells or 

foreign particles before injecting them to patients at the end of the production process.   

Several studies have developed the production process which complies with Good 

Manufacturing Practice (GMP) to obtain clinical-grade Tregs for clinical application 

(Fraser et al., 2018; Seay et al., 2017; Wiesinger et al., 2017). The general process for in 

vitro Treg expansion is composed of isolation, activation, and expansion (Duggleby et al., 

2018; Milward et al., 2017). The general process for in vitro Treg expansion is shown in 

Figure 2-3. 
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Figure 2-3 In vitro Treg expansion. PBMCs were isolated from PB, then Treg cells were isolated 

and enriched. Finally, Tregs were activated and expanded to increase cell number before 

harvesting. 

Treg can be isolated from umbilical cord blood (UCB) or peripheral blood (PB) and 

efficiently expand in vitro (Fan et al., 2012). However, PB is the most common source of 

Treg because it is more convenient than isolation from UCB and the number of Treg in 

UCB is limited (Hippen and Merkel, 2011). In vitro Treg expansion begins by isolation 

of peripheral blood mononuclear cells (PBMCs) from PB by Ficoll density gradient 

centrifugation (Chandran et al. 2017; Velaga et al. 2017). Treg cells were isolated from 

PBMC by fluorescence-activated cell sorting (FACS) (Chandran et al., 2017; Putnam et 

al., 2009) or magnetic beads cell sorting. A two-step protocol using antibody-coated 

magnetic beads has been widely used for cell isolation and purification, whereby CD4+ 

cells were enriched by CD19/CD8 depletion followed by a selection of CD25+ cells 

(Velaga et al., 2017; Hippen and Merkel, 2011). Additional cell surface markers have 

been studied to obtain a highly purified population of Treg. Liu et al. (2006) found that 

CD127 has inversely correlated with FoxP3 and it expresses with CD4+ with or without 

CD25 expression. The most commonly used Treg markers are summarised in Table 2-2. 

Based on the expression of cell markers, several studies have isolated CD4+CD25+CD127- 

population for in vitro expansion (Liu et al., 2006; Nadig et al., 2010a; Ukena et al., 2011). 

Because of Treg heterogeneity, the cells can be subdivided into naïve cells (nTregs), 

central memory cells (cmTregs), effector memory cells (emTregs) and effector Tregs 

(eTregs) (Table 2-3) (Shevyrev and Tereshchenko, 2020). 
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Table 2-2 The most commonly used Treg markers. The markers were used to select Treg 

cells during cell isolation and characterisation (Shevyrev and Tereshchenko, 2020; Raffin et al., 

2020; Staats, 2019). 

Markers Function 

CD3 TCR signaling 

CD4 Treg co-receptor 

CD25 Treg coreceptor (IL-2 recepter) 

FoxP3 Treg development, maintenance and function 

CD127 IL-7 receptor. Low expression of CD127 improve suppressive activity 

CCR7 Treg homing into the secondary lymphoid organs 

CD62L Treg homing into the secondary lymphoid organs 

CTLA-4 Suppressive activity 

CD45 Treg development.  

CD194 Chemokine receptor for Treg migration to inflammatory tissue. 

CCR4 Chemokine receptor for Treg migration to inflammatory tissue (skin). 

CXCR3 Treg migration to inflammatory tissue 

CCR2 Treg migration to inflammatory tissue 

 

Table 2-3 Treg subpopulations and their phenotype based on cell differentiation.  nTreg 

and cmTreg are present in lymph nodes. eTreg is present at the site of inflammation and emTreg 

is found in tissue.  (Shevyrev and Tereshchenko, 2020). 

Subpopulation Phenotype 

nTreg CD3+CD4+CD25+CD127lowFoxP3+CD45RA+CCR7+CD62L+CTLA-4- 

eTreg CD3+CD4+CD25+/-CD127lowFoxP3+CD45RA-CCR7-CD62L-CTLA-4+ 

cmTreg CD3+CD4+CD25+CD127lowFoxP3+CD45RA-CCR7+CD62L+ 

emTreg CD3+CD4+CD25+CD127lowFoxP3+/-CD45RA-CCR7-CD62L-CTLA-4+ 
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After the isolation step, Tregs were stimulated with anti-CD3/anti-CD28-coated 

microbeads with the presence of IL-2 (Velaga et al., 2017; Hippen and Merkel, 2011). 

The incorporation of antibody-coated microbeads during Treg expansion aim to mimic 

stimulation by APC (Trickett and Kwan, 2003). Loss of FoxP3 expression in Treg can be 

found after in vitro re-stimulation, leading to loss of suppressive function. Boyce et al. 

(2010) found that FoxP3 expression remains in the CD45RA+ Treg population. In 

addition, several studies have used the immunosuppressive drug rapamycin for Treg 

expansion and to increase the purity and suppressive ability of Treg (Battaglia et al., 2006; 

Fraser et al., 2018). Rapamycin inhibits the mammalian target of rapamycin (mTOR), a 

serine/threonine-protein kinase on T cells. mTOR plays an important role in T cell 

proliferation.  (2012) reviewed that Treg might be less sensitive to mTOR inhibition than 

Teff; therefore, adding rapamycin inhibits Teff cell proliferation via the mTOR pathway. 

In addition, the study found the different responses to rapamycin between Treg and Teff. 

Treg cells were resistant to rapamycin-accelerated apoptosis, while the proliferation of 

Teff was inhibited by rapamycin (Strauss et al., 2007).  

2.4.3 Tregs in organ transplantation 

Previous studies have investigated the suppressive function of Tregs in animal models. 

For example, Milward et al. (2013) found that Treg prevents the rejection of a human skin 

allograft in a PBMC-humanized mouse model with median survival times (MST) of 41 

days and 73 days from APB- and UCB-derived Tregs, respectively. Similarly, Issa et al. 

(2010) found that mice that received Treg present stable long term human skin graft 

survival. Treg cells have been used in solid organ transplantation such as liver and kidney 

transplantation (Table 2-4) in clinical studies. The infusion of Tregs into the patient 

peripheral vein on day 13 post-liver transplantation found that Treg cell product was safe 

and effective as no significant adverse events and patients stopped taking immunosuppressive 

drugs for 16 to 33 months (Todo et al., 2016).  Similarly, Treg cell product was safe to 

infuse in kidney transplantation patients as no serious adverse events and no sign of graft 

rejection after 1 year follow up (Chandran et al., 2017; Mathew et al., 2018). However, 

the recommended dose is yet to be defined as it can be seen from Table 2-4 that the 

different doses of Tregs up to 5x109 cells were safe and effective.  
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Table 2-4 The clinical study of Treg in solid organ transplantation. Treg products were studied 

in liver and kidney organ transplantation patients. The Phase I/II clinical trials were to study the 

safety and efficacy of Treg in different doses (ClinicalTrials.gov, 2020). 

 

Before injecting the expanded cells back into the patient, the cell product is needed to be 

tested and pass the releasing criteria such as purity, potency and safety to ensure efficacy 

and safety.  A number of tests outlined in Table 2-5 are needed to be carried out to ensure 

that the product is effective and safe to be used in humans. Treg drug product identity was 

determined to ensure that the cells are maintained the Treg phenotype. A purity test is 

conducted to ensure that the remaining CD8+ and anti-CD3/CD28 coated beads used 

during the manufacturing process are at an acceptable level. The widely used method to 

determine cell markers is staining with antibodies against cell surface markers and 

analysis by flow cytometry (Safinia et al., 2016; Wiesinger et al., 2017). Suppression 

assay used for the potency test can be analyzed by co-culture expanded Tregs with 

responder CD4+CD25- T cells (Safinia et al. 2016; Wiesinger et al. 2017). Safety tests 

proved that no contamination occurred from bacteria, endotoxin and mycoplasma. As 

mentioned earlier, Treg products need to pass releasing criteria and follow the product 

specification before using in the clinical study. The challenge found from the previous 

study was the insufficient cell numbers and bacterial contamination. As a result, the 

products failed approval for the clinical study (Safinia et al., 2018). However, at the stage 

of bioreactor development in the laboratory, viability, identity and potency test might be 

the minimum criteria (Issa et al. 2010; Milward et al. 2013; Putnam et al. 2013).  

 

Study Code Organ transplantation Cell Product Dose                                    Study Phase Ref.

UMIN-

000015789
Liver Alloantigen 

specific Tregs

0.43x10
6 

cells/kg to              

6.37x10
6 

cells/kg
I/II Todo et al., 2016

NCT0288931 Kidney Polyclonal Tregs Mean 320x10
6
 cells I Chandran et al., 2017

NCT02145325 Kidney Polyclonal Tregs 0.5, 1 and 5x10
9
 cells I Mathew et al., 2018

I/II Safinia et al., 2016
ThRIL 

(NCT02166177)
Liver Polyclonal Tregs Max. 4.5x10

6
 cells/kg
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Table 2-5 The releasing criteria of Treg from different studies. Treg products were needed to 

be tested for the phenotype (identity), purity, viability, potency and microorganism contamination 

(safety) to ensure the efficacy and safety before injecting to patients. (ClinicalTrials.gov, 2020). 

 

2.5 Fluidised-bed bioreactor 

The Fluidised-bed bioreactor was first operated commercially for fluidised catalytic 

cracking in 1942 (Yates & Lettiri, 2016). Since then, the FBB has been developed for 

chemical and engineering systems such as chemical reactors, combustors, and dryers 

(Michaelides, 2013). However, only a few numbers of studies are present in tissue 

engineering. Recently, FBB has been utilised in the tissue engineering group at the 

University of Bath for mammalian cell cultivation. 

2.5.1 Fluidised-bed bioreactor design 

A generalized design of FBB for mammalian cell culture is presented in Figure 2-4 

(Nikravesh et al., 2017). The FBB is a cylindrical glass vessel with a top and bottom 

heading. To prevent solid particles from escaping the column, Polytetrafluoroethylene 

(PTFE) frits with 100 µm pore size were added to the bottom and top of the column. 

However, a frit or membrane with a smaller pore size will be needed when applied to a 

single cell suspension.  

ThRIL(NCT02166177 NCT02088931 NCT02145325

Identity
Positive for 

CD4CD25FOXP3

FOXP3 >60% 

CD4>95%

FOXP3 >80% 

CD4CD25≥99.0%

Purity

≤10% CD8                       

≤100 beads per 3x10
6 
cells

<5%CD8 ≤0.56%CD8                         

≤0.07%CD20                        

≤196.33 beads per 1x10
8 
cells

Viability ≥70% >85% ≥98.3%

Recovery (live) ≥70% NA NA

Potency ≥60% suppression No Data ≥87.6% suppression

Safety Test Sterile-no growth 

Endotoxin≤175 IU/mL 

Mycoplasma-no detected

No Data Sterile-Negative 

Endotoxin≤0.016 RU/kg 

Mycoplasma-Negative

Product Specifications (Study)
Test
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Figure 2-4 The composition of FBB. The typical FBB is composed of a cylindrical column, top 

and bottom heading and PTFE frits. (Modified from Nikravesh et al. 2017). 

Adding a distributor at the bottom of FBB also provides uniform fluid distribution. As a 

result, the reliability and stability of operation are achieved (Agu and Moldestad 2018; 

Cocco et al. 2014). However, the distributor occupies space in FBB and influences 

pressure drop (Cocco et al., 2014). Agu and Moldestad (2018) review that distributor 

selection depends on the particle size and the operation. The group found that good bed 

distribution can be achieved without the distributor. On the other hand, Shukrie et al. 

(2016) reviewed that the distributor affects the fluidised bed operation such as flow 

dynamics, solid mixing and fluidisation quality. The group also indicated that the 

fluidisation was stable at a low perforation ratio distributor due to uniform gas 

distribution.  

A fluidized-bed column also influences the quality of fluidization. Mohanty et al. (2009) 

studied the effect of internal column diameter (ID) on bed expansion. The study found 

that the larger ID column provides less bed expansion fluctuation in the lower mass 

velocity range and the expansion ratio have inverse relation with the ID. Rao et al. (2010) 

study showed that the column diameter affects the minimum fluidization velocity (umf). 

The umf increases as the column diameter is reduced.  The shape of the column (circular, 

square, and rectangular type) was also investigated by Park and Choi (2013). At the low 

superficial velocity, the circular bed column provides the lowest mixing index. However, 
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when the superficial velocity was increased, the rectangular-shaped column had the 

lowest mixing index. Static bed height is another factor that might affect the fluidization 

operation. While Rao et al. (2010) indicated that umf increases as the bed height increases, 

Escudero and Heindel (2011) found that the umf is not affected by changing the bed height. 

The behaviour of particles at the fluidization stage is different between each particle and 

depends on particle size and particle velocity (Khawaja, 2015). Therefore, understanding 

the foundation of particles help in designing the FBB. Geldart (1973) classified particles 

into one of four groups based on particle size and density (Table 2-6) and the behaviour 

at fluidization state is in Figure 2-5. Group A particle has a small mean size and low 

particle density. The bed expands before bubbling and uniform fluidization (Figure 2-

5(c)) usually occurs with small particles fluidized at relatively low superficial velocities. 

In Group B particle, bubbles start to form slightly above umf (Figure 2-5(d)) and turn 

slugging at high velocity (Figure 2-5(e), 2-5(f)). Group C particle is difficult to fluidize 

and the particles might agglomerate and lift as a plug in small diameter column. These 

occur in small particle sizes or in the bed of very wet or sticky material.  Group D is the 

largest particle diameter and typically high densities. This group requires high fluid 

velocity to fluidise.  

Table 2-6 Geldart particle. Particles are classified based on particle size and density. The 

behaviour of particles at the fluidisation is different between each Geldart group. 

Geldart 

Group 

Particle Diameter 

(µm) 

Particle Density 

(kg/m3) 

Behaviour at 

Fluidisation 

A 20 -100 1400 Bed expansion after umf 

and before bubbling bed 

phase 

B 40 -500 1400 -4500 Bubble at umf 

C 20 – 30 NA Difficult to fluidise 

D > 600 NA Require high velocity 
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Figure 2-5  The behaviour of material when fluidise. (a) the particles behave like a packed bed 

at low velocity; (b) bed start to expand at umf; (c) bed expands uniformly when the small particles 

are fluidised; (d) larger particles will bubbles; (e)(f) when bubbles form bigger bubbles until the 

size of the bubble reaches the column diameter, slugging is observed; (g) the bubbles are break 

up at high velocity leads to turbulent fluidisation and (h) is the transportation of particles  

(Khawaja, 2015). 

2.5.2 Principle of FBB 

The FBB operates under the fluidisation stage when the particles are suspended in a fluid. 

Without fluid (media) flow, particles (cells) behave as a packed bed inside the reactor 

because of the gravitational force. When the culture media is pumped upward through the 

cells at low velocity, the cells remain as a packed bed. By increasing the media velocity, 

cells will re-arrange and start to expand. If the velocity is increased further until drag force 

balances the downward gravitation force, the cells separate from one another and freely 

float in the media, this state is defined as the fluidisation stage and the velocity at this state 

is defined as a minimum fluidising velocity (umf) (Howard 1989; Coulsonet al 1991). 

Further increasing the velocity, cells will flow out from the top of the reactor and that 

point can be defined as a terminal velocity (ut). Notably, bed behaviour is stable between 
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umf and ut (Legallais, 2000); therefore, the velocities between umf and ut can be selected to 

operate ex vivo cell cultivation with consideration of cost-effectiveness.   

2.5.3 The estimation of Minimum fluidising velocity and Terminal velocity 

Two important parameters, umf and ut, are needed to determine at the early stage of FBB 

design for cell culture. The umf and ut can be determined by experiment or using the 

established correlation. However, undertaking both procedures could help to obtain 

accurate values.   

The estimation of umf and ut by experiment  

Fluid flow through the bed generates pressure drop (∆P) across the bed. When the fluid 

flows slowly (low velocity), the flow presents a streamlined pattern and generates a linear 

relationship between pressure drop and flow velocity (Figure 2-6). When the flow velocity 

is increased up to umf, the bed starts to expand and the solid particles lose physical contact 

with one another, the pressure drop becomes lower because the increased voidage and the 

weight of particles per unit height of a bed are smaller (Coulson et al., 1991; Kunii, D. 

and Levenspiel 1923). The pressure drop remains constant until the velocity reaches ut, 

where the solid particles are carried out of the system.  
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Figure 2-6 The graph of pressure drop (∆P) against fluid flow. With the increase of fluid flow 

at low velocity, the graph presents linear relation until the fluidisation point. Then the pressure 

drop remains constant until the fluid flow reaches the terminal velocity, the pressure drop is 

decreased. 

The minimum fluidising velocity and terminal velocity can be determined in an 

experiment by measuring the pressure drop while increasing the fluid flow rate. The 

resulting plot of velocity against pressure drop is shown in Figure 2-7. It can be seen from 

the graph that the relation between velocity and pressure drop is linear until the bed starts 

to expand (A) and the highest point can be estimated as minimum fluidised velocity (B). 

Further increasing velocity, the pressure drop slightly drops, then remains constant 

(Coulson et al., 1991). The estimated terminal velocity from the graph is presented in 

Figures 2-6 when the pressure drop decreases after remaining stable. 
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Figure 2-7 The determination of umf from the graph of velocity against pressure drop (Coulson 

et al., 1991). 

The estimation of umf and ut by the established correlation 

The pressure drop at the fluidised state can be calculated by Equation 2-4 (Howard, 1989).  

∆P = 
𝑀

𝜌𝑝𝐴
(𝜌𝑝 − 𝜌𝑓)g          Equation 2- 1 

Where M is the mass of particles, 𝜌𝑝 is the particle density, 𝜌𝑓 is the fluid density, A is 

the cross-section area of the bed containment and g is the gravitational acceleration. 

When an upward flow of fluid through a packed bed of spherical particles is increased 

until reaching the fluidized state, the umf can be calculated by Equation 2-5 and Equation 

2-6 which is based on the Carman-Kozeny equation (Coulson et al., 1991; Howard 1989). 

umf = 0.0055 (
𝑒𝑚𝑓

3

1−𝑒𝑚𝑓
) (

𝑑2(𝜌𝑝−𝜌𝑓)𝑔

𝜇𝑓
)    Equation 2- 2 

Where emf is voidage corresponding to minimum fluidising velocity, d is particle diameter 

or diameter of a sphere with the same surface and µf is a fluid viscosity. 

Remf = (
𝜌𝑓𝑈𝑚𝑓𝑑

𝜇𝑓
)           Equation 2- 3 
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The equation is applied to a condition of laminar flow and low values of the Reynolds 

number (Rep <10) for flow in the bed. Where d is particle diameter.  

The terminal velocity (ut) of spherical particles can be calculated by Equation 2-7 or 2-8 

and 2-9 (Howard, 1989). 

  ut =  
(𝜌𝑝−𝜌𝑓)𝑔𝑑2

18𝜇𝑓
  for  Rep < 0.4    Equation 2- 4 

  ut = (
4(𝜌𝑝−𝜌𝑓)2𝑔2

225𝜇𝑓𝜌𝑓
)1/3𝑑𝑠   for  0.4 < Rep < 500   Equation 2- 5 

Rep = (
𝜌𝑓𝑈𝑡𝑑

𝜇𝑓
)       Equation 2- 6 

The optimal velocity or working velocity for mammalian cell expansion is selected from 

the velocity between umf and ut. The summary of FBB design for mammalian cells 

expansion is in Figure 2-8, where umf and ut were investigated at the beginning of the FBB 

design. The working velocity where cells are fluidised inside FBB without losing them 

from the column is selected. And the ex vivo expansion of mammalian cells in FBB is 

operated at the working velocity for a designed cultivation time.  

 

Figure 2-8 The principle of FBB design. Firstly, umf and ut are investigated. Secondly, the 

selecting of working velocity. Lastly, the cultivation of mammalian cells at the working velocity. 

2.5.4 FBB in tissue engineering  

As mentioned earlier, FBB works under fluidised conditions where the particles are 

suspended in the liquid. The application of FBB in mammalian cell culture is operated by 

feeding culture media upward at the velocity that the cells are fluidized. Then the system 

is kept running at that velocity throughout the cultivation period. A large cell culture 

system requires mechanical support to generate a uniform distribution of nutrients such 
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as a rocking device in the bag bioreactor or stirring in stirred tank bioreactor (Bajgain et 

al., 2014). However, mechanical support is unnecessary for FBB operation as the nutrients 

are transferred to the cell by fluid flow. Michaelides (2013) indicates that FBB is the well 

mixing system, high nutrient and oxygen supply throughout the system with a low 

gradient. In terms of continuous operation, the system can operate continuously when the 

media supply and the wastes are removed continuously, therefore, achieving a more 

uniform production process than other systems. Likewise, Catapano et al. (2009) have 

shown that FBB has the potential for biopharmaceutical production because the FBB 

provides a high volume-specific cell density, high volume-specific productivity during 

long-term cultures and low shear forces.  

Considering the advantages of FBB, several studies have attempted to develop FBB for 

cell cultivation. Wang et al. (2002) used Cytopilot, a type of FBB, to produce 

erythropoietin (EPO) by cultivating a Chinese hamster ovary (CHO) cell that expresses 

human erythropoietin. The study found that the EPO concentration was significantly 

higher in Cytopilot than in a stirred-tank bioreactor, a spinner flask, or a stationary flask. 

The study of sodium cellulose sulfate and poly-diallyldimethylammonium chloride 

(NaCS/PDADMAC)-encapsulated Jurkat cells was conducted in the spinner flask and T-

flask by (Kaiser et al., 2014). The group considered that the challenge of cell culture in 

the bioreactor is the lack of control over pH and DO concentration. Consequently, they 

studied the cultivation of NaCS/PDADMAC-encapsulated Jurkat cells in FBB and 

obtained 180x106 cell/gcapsule without noticeable capsule debris/fines. The applications of 

FBB in bioartificial organs, especially bioartificial liver were studied by Legallais et al. 

(2000) and Naghib et al. (2017). FBB was designed to cultivate encapsulated-hepatocyte 

by optimizing operating conditions, bead volume, perfusion flow rate, the bioreactor 

cross-section and height (Legallais et al., 2000).  

2.6 Bioreactors for tissue engineering and cell therapies 

There is a steadily increasing number of cell-based product studies for therapeutic 

purposes. The treatments require large cells per dose (108-1010) for effective treatment 

(Grayson and Stephenson, 2018). However, standard cell cultures using tissue culture 
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flask approaches are limited in their ability to achieve these numbers. This has driven the 

development of suitable manufacturing process developments using  ex vivo cultivation 

in bioreactors that can more readily produce the quantities of cells required for therapeutic 

application. 

2.6.1 Bioreactor design 

Conventional cell culture or static culture is the culturing of cells in a static condition such 

as in culture flasks. Nutrients are fed at the beginning without nutrient flow during the 

whole culture period. Mass (nutrients) transfer is based on diffusion, resulting in the 

limitation of nutrient supply to the cells (Salehi-nik et al., 2015). To overcome the 

limitation, bioreactors have been applied for ex vivo cell expansion (Figure 2-9). In 

addition, the devices provide an optimal condition for cell growth such as oxygen supply, 

pH, temperature, and shear stress (Pörtner et al., 2005). 

A bioreactor is a closed system device in which biological processes such as cell 

metabolism and proliferation take place under a monitored and controlled environment 

(Partap et al., 2010). The bioreactors are used for cell expansion such as chimeric antigen 

receptor (CAR) T cells, induced pluripotent stem cells, and mesenchymal stem cells 

(Grayson and Stephenson, 2018). Stirred flask and rotating wall are widely used in the 

tissue engineering area. Stirred flask bioreactor is composed of a magnetic stirrer that 

provides continuous mixing and improves nutrient diffusion. Convective flow in stirred 

flask generates turbulent flow and high shear stress which might need to be optimized for 

sensitive cells Salehi-nik et al. (2015). Varley and Birch (1999) stated that what needs to 

be addressed when designing stirred tank bioreactors for mammalian cell cultivation is a 

balance between mixing, shear effects, and mass transfer. Rotating wall provides laminar 

flow and lower shear stress than stir flask Salehi-nik et al. (2015).  

Perfusion bioreactors enhance nutrient and oxygen supply as the cell culture medium 

continuously feed through the cells during the cell culture period. Mass transfer (oxygen, 

nutrients and metabolites) in stirred flask bioreactor depended on the convection (high), 

while mass transfer in perfusion bioreactors relied on diffusion and moderate level 
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convection. Therefore, shear stress in perfusion bioreactor is lower than in stirred flask 

(Salehi-Nik et al., 2013).  

A number of bioreactors supporting high fold expansion for mammalian cell expansion 

(such as gas-permeable Rapid Expansion device (G-Rex), MACS® GMP Cell Expansion 

Bags, and ReadyToProcess WAVE™ 25 system), have been developed and are now 

commercially available (Bajgain et al., 2014; Safinia et al., 2016; Wierzchowski et al., 

2019). However, each type of bioreactor provides different flow patterns, shear stress 

levels, and nutrient supply, so these factors need to be considered when selecting 

bioreactors for ex vivo cell culture. In addition, there are particular parameters to design 

different types of bioreactor such as agitation in spinner flask (Carswell and Papoutsakis, 

2000), angle of oscillations in wave bioreactor (Wierzchowski et al., 2019), and fluid flow 

in hollow fibre (Nankervis et al., 2018). 

 

 

Figure 2-9 The different types of bioreactors that have been used for cell culture. The 

conventional cell cultures such as petri dish and tissue culture flask are not supporting high cell 

density production and high risk of contamination. The mechanically driven bioreactors improve 

the mixing and mass transfer but the shear stress also increase. Hydraulically driven bioreactors 

improve the mixing with low shear stress.  
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The factors which need to be considered when selecting bioreactors is following;  

Mixing and shear stress 

Mixing is one important factor for mammalian cell culture as the cells are sensitive to 

shear which can be a limitation for the operation. The mixing should balance between 

homogenisation distribution and low shear stress (Xu et al., 2018). Sakaguchi et al. (2016) 

developed a spinner flask for suspension cell culture by introducing a section that provides 

a laminar flow inside the bioreactor to reduce shear stress. In the Wave bioreactor, the 

mixing is based on a wave-like movement of the media. Two parameters that affect the 

quality of mixing and shear stress when using wave bioreactor are rocking angle and 

rocking speed were studied by (Zhan et al., 2019) using computational fluid dynamics 

(CFD). The group found that the mixing and shear stress increase with the increasing 

rocking angle. In perfusion bioreactors such as FBB, the mixing relies on fluid flow. The 

optimal flow velocity provides a better mixing system with low shear stress. 

Mass transfer 

Mass transfer in mammalian cell culture is important for oxygen and nutrients distribution 

and removing toxic products. Oxygen is a vital element for cell metabolism, generally 

known that low soluble in the culture medium. Catapano, G., et al (2009) indicates that 

the systems such as stirred tanks or bubble columns operate under control oxygen level, 

the oxygen might not significantly impact cell growth.  On the other hand, the system 

which the mass transfer might limitations, for example, fixed bed or hollow fibre 

bioreactor, the oxygen supply might need to be paid attention. High cell density can be 

achieved by providing adequate nutrients, especially glucose and glutamine and removing 

the toxic metabolite to the cells (lactate or ammonia). The advantage of using perfusion 

bioreactors (FBB or hollow fibre) is that the fresh media continuously pump through the 

bioreactor and the metabolites are removed at the same flow rate (Catapano, G. et al., 

2009).   
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As discussed above, the factors which need to be considered when designing bioreactors 

are mixing quality, gas and nutrient distribution, and shear effect. In addition, the system 

should be able to operate under aseptic conditions, easy to operate and scale up, easy to 

upstream and downstream, and should be enabled for automated operation for further 

manufacturing (Varley and Birch, 1999; Pörtner et al., 2005). Selecting materials for 

bioreactors is also important; the materials must be biocompatible and easily sterilizeable 

to re-use in the system (e.g. disinfection in alcohol or autoclave) (Partap et al., 2010). The 

concept of using disposable bioreactors has been introduced such as bag bioreactors, to 

reduce the contamination and remove the sterilization process (Scheper et al., 2009).  

2.6.2 Key Parameters in Ex Vivo Cell Expansion 

To achieve efficient productivity, several parameters are needed to be monitored and 

controlled during the cell culture in bioreactors and further in the manufacturing plant. 

The most common parameters are cell density and viability, pH, dissolved oxygen (DO) 

and nutrients and metabolites concentration in the culture medium.   

Cell Density and Viability  

The proliferation of cells in the bioreactor can be monitored by several methods. The 

accurate determination method is crucial to assess the efficiency of the production 

process. Direct methods such as microscopic counting, electronic particle counting and 

image analysis work by taking the sample from suspension culture. And the indirect 

method is the analysis of a culture component such as nutrients and metabolites. However, 

the value from chemical analysis and the cell number may not be a linear relationship 

throughout the cultivation period (Butler et al., 2014). 

During bioreactor design in lab-scale, the cell viability is generally measured by manual 

microscopic counting using a hemocytometer or trypan blue exclusion (Figure 2-10). The 

sample is diluted in trypan blue dye and counted under a microscope. The dye is 

membrane-impermeable; therefore, viable cells are unstained, while dead cells are stained 

blue. The method depends upon sampling a cell suspension from the culture system; thus, 

it is important to ensure that the culture is well mixed when taking the sample (Butler et 
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al., 2014). Moreover, to prevent microorganisms contamination during the sampling 

process, aseptic sampling is required (Catapano, G. et al., 2009).  

Cell density using hemocytometer is based on sample volume and dilution factor and can 

be calculated using Equation 2-1 

Cell density (cells mL-1) = 
total cells counted from 4 corner squares

4
x 104x DF      Equation 2- 7 

Where 104 is the volume of squares on the hemocytometer and DF is the dilution factor 

derived from the volume of sample volume and trypan blue (Equation 2-2) 

DF = 
Sample volume+Trypan blue volume

Sample volume
  Equation 2- 8 

 

Figure 2-10 The hemocytometer. A sample of cells is loaded between the plate and the coverslip; 

then, the cells are counted over four large grids.  

pH 

Bioreactors should be able to control pH as the optimal pH range for mammalian cell 

culture is generally between 7.0 and 7.4 (Catapano, G. et al., 2009). Changes in pH affect 

cell proliferation; therefore, monitoring and controlling pH is part of the bioprocess. 

Sodium bicarbonate, the pH buffer, is widely used to control pH. In addition, the 

introduction of CO2 into the system can be used to control the pH (Equation 2-3)  
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(Catapano, G. et al., 2009). Generally, cell culture media contain indicator dye Phenol 

Red, which turns yellow when the environment becomes acidic.  

CO2 + H2O  <=>  H2CO3  <=>  HCO3
- + H+                Equation 2- 9 

Dissolved Oxygen (DO) 

Oxygen is an essential element used by cells to produce energy from carbon sources. The 

oxygen needs to be dissolved in the culture media before being consumed by the cells. 

However, the low solubility of oxygen in culture media can be a challenge for cell culture. 

Catapano et al. (2009) reviewed that the solubility of oxygen is approximately 7 mg L-1 

with an uptake rate of 2x106 cells mL-1 in one hour. However, the estimation of oxygen 

consumption rate depends on cell type (Wagner et al., 2011). In static culture, only the 

surface of media contacts oxygen, which may be a limitation, especially for high cell 

density production. The application of FBB in mammalian cell culture has shown to 

overcome the limitation as the oxygen is in continuous supply (Kaiser et al., 2014). 

Nutrients and Metabolites 

Understanding basic cell metabolism helps to select the key nutrients and metabolites to 

monitor the bioprocess. The carbohydrate (glucose) and the amino acid (glutamine) are 

the two key nutrients in cell cultures, while ammonia and lactate are the two main 

metabolites. 

While cell viability determination using a haemocytometer is a direct method to measure 

cell number, measuring nutrient consumption or metabolite accumulation is an indirect 

method to monitor viable cells. The application of both methods provides complementary 

information in cell-based therapy manufacturing (Tsao et al., 2005). Glucose and 

glutamine are the main sources of energy for cell growth, while lactate and ammonia are 

metabolites from glucose and glutamine metabolism (Ozturk and Hu, 2006). Therefore, 

glucose, glutamine, lactate, and ammonia level are the common substances used to 

monitor cell viability.  
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Figure 2-11 The glucose metabolism pathway. The main metabolic partway of glucose 

consumption is composed of glycolysis and the pentose phosphate cycle. The end product of 

glucose metabolism is pyruvate which can be converted to lactate. 

The metabolism of nutrients is a combination of several mechanisms: the transportation 

of glucose and glutamine into the cells, the metabolism of glucose and glutamine, the 

tricarboxylic acid cycle (TCA cycle), and phosphorylative oxidation (Ozturk and Hu, 

2006). Glucose metabolism or glycolysis is the conversion of glucose to pyruvate to 

generate the intermediates for biosynthesis and energy (Figure 2-11). Pyruvate is then 

incorporated into the TCA cycle or is converted to lactate under aerobic and anaerobic 

conditions, respectively (Figure 2-12). However, when the rate of glycolysis is high, 

pyruvate can be converted to lactate even under aerobic conditions (Tsao et al., 2005; 

Godia & Cairo, 2006). It is widely known that the accumulation of lactate leads to 

acidification of the culture environment and be toxic to cells.  Patel et al. (2000) studied 
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the effect of lactate on hematopoietic cell culture and found that cell proliferation is 

inhibited when the lactate level exceeds 20 mM together with a decrease in culture pH. 

The same trend was found in the BHK cell culture study, where cell growth decreased 

with the increase in lactate concentration (Cruz et al., 2000). 

Most of the energy in the metabolic pathway is generated through the TCA cycle where 

pyruvate from glycolysis is converted into several intermediates, including α-

ketoglutarate. The incorporation of glutamine into the TCA cycle is illustrated in Figure 

2-12.  As previously mentioned, when pyruvate is converted to lactate, a small amount of 

pyruvate pass through the TCA cycle. Glutamine metabolism (glutaminolysis) is another 

pathway for cells to compensate the energy generation. Glutamine is converted to 

glutamate, and further to α-ketoglutarate which accomplish the TCA cycle. Unfortunately, 

the conversion of glutamine to α-ketoglutarate also generate ammonia which is toxic to 

the cell (Cruz et al. 2000; Tayi and Butler 2014). 

 

Figure 2-12 The incorporation of glutamine into the TCA cycle through glutaminolysis. 

Glutamine convert to glutamate, and further to α-ketoglutarate. The metabolism of glutamine 

provides ammonia which is toxic to the cell. 
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Monitoring nutrients and metabolites during bioreactor design help in determining the 

volume of cell culture media to be uses throughout the cell culture period. The minimum 

volume that provides the maximum density would be ideal for cost-effective production. 

In addition, monitoring nutrients and metabolites also help in designing a feeding strategy 

such as starting the media perfusion and the perfusion rate to ensure efficient nutrients are 

supplied and the metabolites are removed to under a toxic level. 

Cell Proliferation Using Carboxyfluorescein Succinimidyl Ester (CFSE) Staining and 

Flow Cytometry 

CFSE is a fluorescent cell staining dye that is used to study cell division related cell 

proliferation. Before entering the cell, CFSE is non-fluorescent and membrane-permeant. 

The dye consists of a fluorescein molecule which is composed of acetate moieties and 

succinimidyl ester group. After the dye diffuses into the cell, endogenous esterases in 

intracellular remove the acetate groups and the molecule becomes fluorescent and non-

permeant (Lyons, 2000). The succinimidyl group of CFSE reacts with the amino group of 

protein inside the cells to form a covalent bond that makes the dye highly stable and 

remain inside the cells (Quah et al., 2012). The principle of the dye dilution method is the 

serial halving of a fluorescent dye as cells divide which can be detected by flow cytometry. 

Each fluorescent peak represents each cell division and the method allows up to 8 to 10 

divisions before returning to autofluorescent level (Garza et al., 2011; Quah et al., 2012). 

CFSE dye can be used with several fluorescent dye analyses such as phenotypic 

immunostaining and cell viability using 7-Aminoactinomycin D (7AAD staining) (Garza 

et al., 2011). The study of cell proliferation provides information during cell proliferation 

such as the number of cell divisions, and division and death rates (Hawkins et al., 2007). 

Incorporating the dye dilution method in the FBB design will provide information on 

whether the bioreactor accelerates cell proliferation compared to static culture.  

Immunophenotyping Analysis Using Flow Cytometry 

As mentioned earlier, a number of molecules can act as phenotypic markers of Treg (Table 

2-2). The immunophenotyping analysis is based on the expression of the markers, 
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especially CD3, CD4, CD25 and FoxP3, and low expression of CD127 (Santegoets et al., 

2015; Staats, 2019). Therefore, a combination of fluorochrome-conjugated antibodies that 

bind those markers can be used to characterise Treg. The different fluorochromes with 

distinct fluorescence excitation and emission are selected for each marker and detected by 

flow cytometer (O’Donnell et al., 2013). CD3, CD4, CD25 and CD127 are cell surface 

markers, therefore it is directly stained. On the other hand, FoxP3 is the intracellular 

marker requiring cell fixation and permeabilization before staining (Santegoets et al., 

2015). 

2.6.3 Bioreactor for in vitro Treg cell expansion 

As mentioned earlier, Treg cells were cultured as suspension cells without encapsulation 

and activated with antibody-coated beads supplemented with IL2 to mimic the cell 

expansion environment in humans. The cell culture period was between 14 and 36 days 

with a minimum of 2 rounds of stimulation with antibody-coated beads. In vitro Treg 

expansion has been studied in different types of bioreactors with different starting cell 

numbers, media supplements, additives, and cultivation conditions (Table 2-7). However, 

each bioreactor include advantages and disadvantages (Table 2-8). Stirred-Tank 

bioreactor is a well mixing system that improves nutrient diffusion. However, the 

impellers generate high shear stress that could damage cells that are sensitive to shear 

force (Wang and Zhong, 2007). Bag type bioreactor generates lower shear stress 

compared to stirred-tank. Safinia et al. (2018) used bag type bioreactor for ex vivo Treg 

cells expansion and the cells were applied in a clinical trial. This type of bioreactor 

supports the cell culture at high cell density but the study was limited by variable cell 

numbers between batches and bacterial contamination. In addition, the bag bioreactor 

needs external equipment (rocking tray) for mixing. Compared to the FBB, where mixing 

relies on fluid flow and does not require external tools for mixing. Although bag type 

bioreactor generates a gentle mixing motion, the rocking speed and motion are needed to 

obtain homogenous mixing with low shear stress ( Wierzchowski et al., 2019, Zhan et al., 

2019). The automated fully closed systems, CliniMACS Prodigy®
,
 have recently been 

developed for Treg expansion to minimize open handling and reduce contamination risk 

(Marín Morales et al., 2019). However, the culture device needs to be agitated to ensure 
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optimal gas supply which might generate a shear force.  While the complexity of the 

CliniMACS Prodigy® during setup might be inconvenient for the operation, the FBB is 

easy to assemble as it only needs three main compartments: the feeding bottle, cell culture 

compartment (cylindrical column) and pump. The FBB is easy to scale up as the cells are 

cultured at the same velocity when the cell culture compartment is scaled up. Another 

system that provides sufficient cells for treatment is the G-rex® bioreactor. However, the 

system is operated as the batch culture which is a high possibility of lactate and ammonia 

accumulation compared to the FBB that the metabolites are continuously removed from 

the system. Consequently, the FBB seems to be a promising system for in vitro Treg 

expansion. 



36 

 

Table 2-7 Cell expansion in different types of bioreactor; Cell expansion bag, G-rex bioreactor and CliniMACS Prodigy®. Cells were activated 

by antibody-coated beads supplemented with IL-2 to mimic the environment in the human body. The cultivation time was from 14 to 36 days. 

 

 

Device
Initial Cell Number/ 

Cell Density

Final Cell Number/ 

Cell Density

Media, Supplements and 

Additives
Protocol

Cultivation 

Time (days)
Ref.

TexMACS Medium 1. Cells were activated with the beads 4:1 bead:cell ratio

5% human AB serum
2. Human IL2 was added at day 4-6 and replenish 

every 2-3 days

500 IU/mL human IL2 4. Cells were rested 4 days before re-stimulation. 

100 nM rapamycin

5. Cells were restimulated on day 12 and 24 by 

pooling the cells, fresh bead (1:1), rapamycin and IL2 

were added

anti-CD3/CD28-coated beads

TexMACS Medium 1. Cells were activated with the beads 4:1 bead:cell ratio

5% human serum
2. Human IL2 was added at day 4-6 and replenish 

every 2-3 days

500 IU/mL human IL2 4. Cells were rested 4 days before re-stimulation. 

100 nM rapamycin

5. Cells were restimulated on day 12 and 24 by 

pooling the cells, fresh bead (1:1), rapamycin and IL2 

were added. And the suspension were re-seeded at 

0.5x10
6 

cells mL
-1 

into new bags (250, 500, or 1000 

mL)

anti-CD3/CD28-coated beads

TexMACS Medium 1. Cells were activated with the beads 4:1 bead:cell ratio

5% heat-inactivated AB serum
2. Media was added every 2-3 days to maintain a cell 

density 1 × 10
6
/mL

1,000 IU/ml IL-2 3. Cells were restimulated at day 7 (1:1 bead:cell)

100 ng/ml Sirolimus 4. Sirolimus was not added after day 9

1 μg/ml TGF-β 5. Cells were harvested on Day 21

Exp-Act® beads 

TexMACS Medium 1. Cells were seeded in 80-205 mL medium. 4:1 bead:cell

5% human AB serum 2. The automated culture was agitated from day 5. 

1000 U/mL IL-2 3. Additional media exchange on day 11

100 ng/ml MACS GMP 

Rapamycin

4. Cells were restimulated at day 8. Agitation was 

paused for 1 hr to facilitate bead to cell contact.

ExpAct Treg beads 

Cell expansion bag 0.5x10
6
 cells mL

-1
1.07 x 10

9
 cells ± 

0.085 

36 Safinia et al., 2016

Cell expansion bag 0.5x10
6
 cells mL

-1
303x10

6
 cells (Healthy 

control group))

36 Fraser et al., 2017

G-Rex bioreactor 2× 10
7 

to 3 × 10
7
 cells ~ 10

10
 cells 21 Mathew et al., 2018

CliniMACS 

Prodigy® system
31-120 x 10

6
 cells           

(mean 56.9x10
6 

cells)

up to 8.5x10
6 

cells mL
-

1

13-14 Morales et al. 2019
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Table 2-8 The advantages and disadvantages of different types of bioreactor on ex vivo Treg 

expansion (Wang and Zhong, 2007; Fraser et al., 2018; Marín Morales et al., 2019; Wierzchowski et 

al., 2019). 

Bioreactor Type Advantages Disadvantages 

Stirred- Tank -Well mixing 

-Improve nutrients diffusion 

-High shear stress  

Bag type/ 

WAVE bioreactor 

-Low shear stress 

-High cell density 

 

-Inconsistency 

-External equipment 

CliniMACS 

Prodigy® 

-Automated fully closed system 

-reduce risk of contamination 

-Mechanical force for mixing 

-Complexity of equipment 

G-rex® -Low shear stress -Lactate and ammonia 

accumulation 

2.7 HL60 as a model for Treg 

The first stage of FBB design for ex vivo Treg expansion will be carried out using other 

commercially available cell lines as a cell model. The FBB design requires resource-intensive 

optimisation to obtain the optimal cell culture conditions and is not economical to use Tregs. 

Hence, the promyelocytic leukaemic cell line HL-60  can be utilised as a relatively cheap 

alternative for initial exploratory and optimisation studies to optimise future experimental 

systems.    

HL-60 is a promyelocytic leukaemia cell line, originally derived from a patient with acute 

myeloid leukaemia. The cell resembles promyelocytes, the precursor of human immune cell 

which differentiates to granulocyte (Figure 2-13). However, HL-60 has in vitro 

differentiation capacity which can be induced to differentiate into different cell types of 

myelomonocytic lineage: granulocyte-like cells, monocytes- and macrophages-like cells 

(Birnie 1988).  The ability to differentiate into several cell types has made HL60 cells a 

widely used model to study cell proliferation and differentiation (Takahashi et al., 2014) and 

a tool for investigating new anti-cancer medicines (Song et al., 2014).  
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Figure 2-13 The myelomonocytic lineage: promyelocyte, granulocyte, monocyte and macrophage. 

HL-60 cells mimic to promyelocyte which differentiates to granulocyte. HL-60 can be induced the 

differentiation to monocyte and macrophage.  

HL-60 displays a myeloblastic/promyelocytic morphology that contains large, blast-like cells 

and large rounded nuclei (Birnie, 1988). The cell has unlimited proliferation in suspension 

culture with the estimated doubling time of 20  to 45 hours (Birnie 1988; Schumpp and 

Schlaeger 1990). Glucose and glutamine are the energy source and essential nutrients for 

anabolism (Schumpp and Schlaeger, 1990). It should be noted that glycolysis is elevated in 

cancer cells even under aerobic conditions and the glutaminolysis pathway plays an 

important role in cancer cell metabolism. Consequently, end products such as lactate and 

ammonia are accumulated in the cell culture system might reach the critical concentration 

and be toxic to the cell (Goto et al., 2014; Schumpp and Schlaeger, 1990). 

2.8 Summary 

Tregs are a T cell population with CD4+CD25+FoxP3+ phenotype that plays an important 

role in maintaining immune homeostasis. The cells have a suppressive function; as a result, 

they can be used to modulate the immune system and prevent graft rejection in patients after 

organ transplantation. A small number of Treg circulate in peripheral blood, while the 

required dose for treatment is up to a hundred million cells. Therefore, ex vivo expansion in 
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bioreactors is extensively studied to obtain a large number of cells. Several bioreactors have 

been used for ex vivo Treg expansion, such as G-Rex, Cell expansion bag and CliniMACS 

Prodigy®
. The devices influence cell proliferation due to factors such as nutrient and oxygen 

transfer and shear stress. Several studies on the application of bioreactors on ex vivo Treg 

expansion are ongoing as none of these systems has yet been shown to be the gold standard 

for Treg expansion. FBB, a type of perfusion bioreactor which provides a well-mixed 

environment with low shear stress will be studied for ex vivo expansion. The key values to 

design FBB is umf and ut which can be estimated by measuring the pressure drop across the 

bed when changing the medium velocity. Then, the velocity between umf and ut can be used 

for ex vivo cell expansion. As Treg is a primary cell line and expensive, the first stage of the 

study will be using the HL60 as the cell model.  

2.9 Aim and Objectives 

The aim of the research 

A novel approach to prevent graft rejection in organ transplantation is using Treg to modulate 

a patient’s immune response. The treatment requires ex vivo Treg cells expansion to obtain 

the cell dose (up to a hundred million). The knowledge of Treg expansion in bioreactors 

needs to be studied for cost-effective and reliable large-scale production. This research aims 

to design FBB and obtain cell culture conditions for ex vivo Treg expansion. 

Objectives 

To achieve this aim, the study has beens divided into 3 objectives ; 

Objective 1: To obtain the conditions for ex vivo cell expansion using HL-60 as a cell model. 

The deliverables for study 1: 

- To estimate umf and ut by measuring the pressure drop across the bed when increasing 

the velocity 

- To compare umf and ut from the experiment and establish correlation and selection of 

working velocities for 48 hours cell expansion 
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- To study the parameters; velocity, column diameter, initial cell number on cell 

proliferation. And a selection of the optimum condition for 5 and 7 days ex vivo HL-

60 cells expansion in FBB.  

Objective 2: To compare the results of suspension cultures of HL-60 cells in the FBB, static 

control column and tissue culture flask after 5 and 7 days cell expansion. 

The deliverables for study 2: 

- To set up and optimisation FBB for 5 and 7 days HL-60 cells expansion  

- To study viable cell (cell density), cell viability and fold-expansion after 5 and 7 days 

HL-60 cells expansion 

- To assess DO during the cell expansion period 

- To assess metabolites: glucose, lactate and ammonia 

- To assess cell generation using CFSE 

Objective 3: To perform Treg expansion in the objective 2 FBB and refine the operating 

conditions 

The deliverables for study 3: 

- To refine the protocol for ex vivo Treg expansion based on the cell culture conditions 

from study 2 

- To further refine the bioreactor operating conditions, following the monitoring of DO, 

nutrients and metabolites  

- To assess Treg phenotype after ex vivo cell expansion compared to freshly isolated 

Tregs  
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Chapter 3: Materials and Methods 

3.1 Cell Lines and Reagents 

3.1.1 HL-60 Cell Culture 

The HL-60 cell line was obtained from American Type Culture Collection-ATCC® (LGC 

Standards, Middlesex, UK). Basal culture medium (RPMI-1640), GlutaMAX™-I (100X) was 

purchased from Fisher Scientific (Loughborough, UK). Fetal bovine serum (FBS), 

Dulbecco’s phosphate buffered Saline (PBS) and penicillin/streptomycin were purchased 

from Sigma-Aldrich (Dorset, UK). Culture medium (media) for HL-60 cells was prepared 

using RPMI-1640 medium supplement with 20% (v/v) FBS, 1% (v/v) penicillin/streptomycin, 

and 1% (v/v) L-glutamate. 

The HL-60 cells were stored in liquid nitrogen. To raise the cells, a vial was thawed in a 37°C 

water bath, then the cells were transferred to a 15 mL centrifuge tube and 10 mL culture 

medium added. The cell pellets were collected after centrifuged, then re-suspended to 

concentration 1x105 cells mL-1 and transferred to T75 culture flask. The condition for cell 

culture was 37ºC in a humidified atmosphere consisting of 5% CO2 incubator. Cells were 

sub-cultured every 48 to 72 hours to maintain a density of 1x105 to 1x106 cells mL-1. The 

sub-culturing was conducted when the cell density was higher than 1x106 cells mL-1 by 

centrifugation with subsequent re-suspension at 1x105 cells mL-1. During the cell culture 

process, the growth curve was monitored by seeding HL-60 at the cell density 1x105 cells mL-1 

in 48 well plates and counting the cell density daily for 7 days.  

3.1.2 Regulatory T Cell Culture 

Human peripheral blood mononuclear cells (PBMCs) (Catalog# 70025.3) were purchased 

from STEMCELL Technologies (Cambridge, UK). The vendor had previously isolated 

PBMCs from peripheral blood leukapheresis or whole blood samples of healthy donors using 

density gradient separation or blood cell lysis. Donor cells were collected by the vendor with 

Institutional Review Board (IRB)-approved consent forms and protocols and were negative 

for human immunodeficiency virus-1 and 2 and hepatitis B and C viruses (Appendix 3-1). 
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This study was approved by the Research Ethics Approval Committee for Health (REACH), 

the University of Bath (REACH reference number EP20/21 014. Regulatory T cell (Treg) 

isolation was performed using EasySep™ Human CD4+CD127lowCD25+Regulatory T Cell 

Isolation Kit (STEMCELL Technologies, Cambridge, UK). 

Complete media for Treg was prepared using RPMI-1640 (Fisher Scientific, Loughborough, 

UK) supplement with 10% (v/v) FBS (Sigma-Aldrich, Dorset, UK), 1% (v/v) 

penicillin/streptomycin (Sigma-Aldrich, Dorset, UK) and 1% (v/v) GlutaMAX™-I (Fisher 

Scientific, Loughborough, UK). The cells were activated with anti-CD3/CD28 mAb-coated 

Dynabeads (Fisher Scientific, Loughborough, UK) in the complete media supplement with 

1000 IU/mL Human IL-2 IS (MiltenyiBiotec, Surrey, UK).  

3.2 Minimum Fluidizing Velocity and Terminal Velocity Determination 

3.2.1 Single Pass Fluidised-bed Bioreactor Set Up  

The fluidised-bed bioreactor (FBB) was a borosilicate glass column with a cylindrical shape 

(Figure 3-1(a)). The diameter of the column was 10 mm and the height of 70 mm. 

Polytetrafluoroethylene (PTFE), with a mean pore size of 50 µm (Kinesis scientific experts, 

Cambridgeshire, UK) was used as a distributor. Nylon membrane (N66), with a mean pore 

size of 5 µm (VWR International, Leicestershire, UK) was attached to the bottom to prevent 

the cells from leaving the column. The tubing system was a gas permeable platinum silicone 

with a 1 mm internal diameter (Masterfex® L/S14, Cole-Parmer, UK). 

The schematic diagram of the single-pass FBB set-up is provided in Figure 3-1(b). The glass 

column and tubing system were sterilised by autoclave at 12°C for 20 minutes. The PTFE 

frit and nylon membrane were sterilised by soaking in 70% v/v ethanol, then washing in PBS 

and media before being placed at the bottom of the column. 30 mL of freshly prepared culture 

medium was pumped through FBB using a syringe pump (Cole Parmer, UK). Fluidised bed 

expansion was observed by a microscope with a light source (VMS-004 Deluxe, Veho, UK) 

and VMS-004 software. The pressure transducers (PX419-015GV, Omega, UK) were 

connected to the column at the inlet and outlet line and the data was recorded by LabVIEW 

software. 
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(a) 

 

(b) 

 

Figure 3-1 Single-pass fluidized bed bioreactor set-up. (a) The FBB column was composed of the 

top and bottom end fitting, the distributor (PTFE) and nylon membrane. (b) The schematic diagram 

of bioreactor set up; the culture medium was pumped through the system by the syringe pump, the 

pressure (        ) was measured at the inlet and outlet line and the camera was used to monitor fluidized 

bed expansion. 
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3.2.2 Determination of the Pressure Drop in the Column  

Before the determination of pressure drop (∆P) for HL-60, the pressure drop background was 

investigated. The system was set up as shown in Figure 3-1(b) and operated without HL-60 

cells in the column. The FBB was placed in an incubator at 37ºC and 5% CO2 atmosphere. 

The culture medium was pumped through the system to fill the column and tubing, then the 

media was pumped at different flow rates from 320 µL hr-1 to 1000 µL hr-1 (Table 3-1). The 

pressures were measured at the inlet and outlet line of the bioreactor before applying the flow 

rate and at 1 hour after each flow rate was applied. The same method was used when the 

column was contained with HL-60. 

Table 3- 1 The measurement point for pressure drop at 23 different flow rates.  

 

Measurement Point Flow rate 

(µL hr-1) 

1 0 

2 320 

3 350 

4 370 

5 400 

6 420 

7 450 

8 470 

9 500 

10 520 

11 550 

12 570 

13 600 

14 620 

15 650 

16 670 

17 700 

18 750 

19 800 

20 850 

21 900 

22 950 

23 1000 
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The determination of pressure drop for HL60 was studied with 30x106 cells as the fluidised 

bed expansion could be monitored at this number of cells. The single-pass FBB was set up 

in class II laminar flow cell culture hood. The culture medium was pumped through the inlet 

until the level reaches half of the column, then HL-60 cells were loaded into the column and 

the system was left for 1 hour to allow the cells to settle. The top of the column was closed 

with the top-end fitting, then the single-pass FBB system was transferred into the incubator 

and the media was pumped through the FBB at the same flow rates with the pressure drop 

background study. The pressures were measured at the inlet and outlet line of the bioreactor 

before applying the flow rate. Then the pressure was measured at 1 hour after each flow rate 

was applied as the pressure drop was stable and the fluidised bed stopped expand. The 

pressure drop at each flow rate was plotted against velocity (Excel) to find umf and ut.  

3.2.3 Observation of Fluidised-Bed Expansion 

A scale was marked on the column to determine bed height (Figure 3-2). After the system 

was left for cells to settle, the initial static bed height (H0) was recorded by a microscope. 

The bed expansion was measured at 1 hour after each flow rate was applied (H). Bed height 

from the photo was estimated by ImageJ (Schneider, Rasband, & Eliceiri, 2012).  

 

Figure 3-2 A borosilicate glass column with scale. The column diameter was 10 mm with 70 mm 

height. The scale was attached to the column to determine bed height.  
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3.3 HL-60 Expansion in the Fluidised-Bed Bioreactor 

3.3.1 HL-60 Expansion in Fluidised-bed Bioreactor: Design of Experiment 

HL-60 expansion in the FBB was studied in three different columns with the internal 

diameter as 10, 15 and 50 mm (Table 3-2). Based on the result from pressure drop, the 

velocities between umf and ut were selected (2.41x10-6 m s-1, 3.20x10-6 m s-1, and 4.9x10-6 m s-1) 

for this study. The effect of cell density was studied at two different initial cell numbers 

(5x106 and 10x106 cells). Half factorial design using Minitab®18 was used to design the 

number of the experiment (Table 3-3; FBB1 to FBB4). Moreover, additional studies were 

conducted to obtain more biological data (Table 3-3; FBB5 to FBB9); briefly, 2-level 

factorial was selected in Minitab18 and the number of replicates was selected at 3. The factor 

names and the factor level then entered; column diameter with 2 levels (10 mm and 50 mm); 

cell number with 2 levels (5 and 10 for 5x106 and 10x106 cells, respectively); velocity with 

2 levels (2.41 for 2.41x10-6 m s-1 and 4.9 for 4.9 x10-6 m s-1). The conditions for each 

experiment that need to be studied were then created by the software.  

Table 3-2 FBB capacity and working volume. 3 different columns diameter were used in the study: 

10, 15 and 50 mm.  

Column diameter Column Height Column Capacity Working Volume 

(mm) (mm) (mL) (mL) 

10 70 3.5 50 

15 150 25 50 

50 70 110 120 
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Table 3-3 The protocols for FBB set-up. The study protocols using Minitab® 18 for the design of 

experiments.  

System Column diameter Initial cell number Working Velocity Control 

system 
 

(mm) (x106 cells) (x10-6 m s-1) 

FBB1 10 5 4.90 T75 

FBB2 10 10 2.41 T75 

FBB3 50 5 2.41 T175 

FBB4 50 10 4.90 T175 

FBB5 10 5 2.41 T75 

FBB6 10 5 3.20 T75 

FBB7 10 10 4.90 T75 

FBB8 15 5 3.20 T75 

FBB9 50 5 3.20 T175 

3.3.2 Close System Fluidised-Bed Bioreactor Set Up 

The close system FBB set up which applied for 48 hours ex vivo cell expansion is shown in 

Figure 3-3 with a slightly change from the single-pass FBB system. The oxygen sensors were 

connected at the inlet and outlet line to measure DO level using flow-through cell FTC-SU-

PSt3-S (PreSens, Germany). Approximately 2 cm silicone tubing at the outlet was replaced 

by gas-impermeable tubing (Tygon® chemical tubing L/S13, Cole-Parmer, UK). The syringe 

pump was changed to a peristaltic pump (Watson Marlow Pumps 205U, Watson-Marlow, 

UK) to set up the closed system and recirculated the culture medium. The peristaltic pump 

tubing with colour code orange-blue (0.25 mm bore) was used for 10 and 15 mm columns 

and yellow-yellow (1.42 mm bore) for 50 mm column.  
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Figure 3-3 The close system set up of HL60 cells expansion for 48 hours. The media was pumped 

through the FBB by the peristaltic pump. Dissolved oxygen (DO) was measured at the inlet and outlet 

line. 

3.3.3 Peristaltic pump calibration  

The range of peristaltic pump flow rates was between 0.5 and 90 rotations per minute (rpm). 

This range differed in flow rate (mL min-1) based on the colour code tubing (Appendix 3-2). 

To convert the flow rate, the pump was calibrated before use. Briefly, water was pumped 

through the tube at different flow rates from 0.5 to 90 rpm. Mass of water was weight and 

the volume was calculated by Equation 3-1 

Density (g mL-1) = Mass (g)/ Volume (mL)   Equation 3- 1 

The volumetric flow rates (µL hr-1) that applied with syringe pump were calculated to rpm 

and a standard curve of flow rate (rpm) was plotted against the volumetric flow rate (µL hr-1).  
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3.3.4 48 hours HL-60 Expansion in the Fluidised-bed Bioreactor Vs Tissue Culture 

Flask 

FBB column, tubing system, PTFE frit and Nylon membrane were sterilized as mention. The 

peristaltic pump tube was sterilized by pumping 70% v/v ethanol through the tube for 1 hour 

in the cell culture hood. After the sterilization process, the FBB was set up in the cell culture 

hood following in Figure 3-3 and the culture medium at the working volume following Table 

3-2 was pumped through the system overnight to equilibrate. Before loading HL-60 into the 

column, half of the medium in the column was removed and placed back in the feeding bottle 

to keep the working volume constant. 1 mL of 5x106 or 10x106 cells was loaded into the 

bioreactor from the top of the column while the pump was running at a working flow rate 

(Table 3-4). The control was set up as a T75 for 10 mm and 15 mm column, or a T175 for 50 

mm column based on the total working volume at the same cell number. All cultivation 

systems were maintained in an incubator at 37°C in a humidified atmosphere consisting of 

5% CO2 for 48 hours. 

Dissolved oxygen (DO) was measured twice a day at the inlet and outlet line using single-

use O2 flow-through cell FTC-SU-PSt3-S (PreSens GmbH). After 48 hours, viable cells were 

assessed by the trypan blue exclusion test using trypan blue stain (0.4%) (Fisher Scientific, 

Loughborough, UK). The cells were manually counted using a hemocytometer under a light 

microscope. 
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Table 3-4 Peristaltic pump flow rate for 10 mm, 15 mm and 50 mm column. The required systems 

from DOE was conducted in 10 mm and 50 mm column. The cell expansion in the 15 mm column 

was only set up at the medium flow rate for additional study.  

Velocity Working Flow rate (rpm) 

10 mm column1 15 mm column1 50 mm column2 

Low 3.0 NA 3.8 

Medium 4.0 8.8 5.0 

High 6.0 NA 7.7 

1 Orange-Blue peristaltic pump tubing 

2Yellow-Yellow peristaltic pump tubing 

NA- Not Applicable 

3.3.5 5- and 7-days HL-60 Expansion in the Fluidised-bed Bioreactor Vs Static Culture 

in Column 

One system from 48 hours HL-60 expansion was selected for 5 days expansion. In this study, 

the FBB 3 was selected based on the oxygen level and fold expansion data. The schematic 

diagram of FBB setup for 5- and 7-days expansion is presented in Figure 3-4. The sampling 

ports, Masterflex Fitting, Polycarbonate, three-way valve (Cole-Parmer, Cambridgeshire, 

UK) were connected to the system at the inlet and outlet line. The media was sampled through 

the sampling ports once a day to measure glucose, lactate, ammonia and pH. The static 

culture of HL-60 cells was conducted in the same column capacity and sampling the media 

by open the top end fitting under a cell culture hood. 

The continuous culture in the FBB was performed in the 50 mm column with the initial cell 

number of 5x106 cells. After setting up the system under the cell culture hood and HL-60 

cells were loaded, the FBB was transferred to the incubator with 37°C, 5% CO2. 

 



51 

 

 

Figure 3-4 The close system set up of HL60 cells expansion for 5- and 7- days. The media was 

pumped through the FBB by the peristaltic pump. Dissolved oxygen (DO) was measured at the inlet 

and outlet line. The media was sampling from the inlet and outlet line through the sampling port. 

3.4 Hypoxia study 

To monitor cells response to hypoxia conditions, HL-60 cells were seeded in a non-vented 

T75 tissue cultured flask. This is to mimic the system that has no oxygen circulation. HL-60 

cells were resuspended in the complete media at the cell density of 4.5x104 cell mL-1 and the 

flask was placed in the incubator. Cell density was measured on days 3, 5 and 7 using the 

trypan blue exclusion test.  

3.5 HL-60 Proliferation Using Carboxyfluorescien Diacetate Succinimidyl 

Ester (CFSE)  

Cell proliferation analysis was carried out using CellTrace™ Cell proliferation Kits 

(Invitrogen,  Fisher Scientific, Loughborough, UK). The kit included CellTrace™ reagent 

(Component A) and dimethyl sulfoxide (DMSO) (Component B). A stock solution of CFSE 

was prepared by adding Component B to Component A and mix well by pipette up and down. 

HL-60 cells were resuspended in PBS at 1x106 cell mL-1 (5x106 cells in 5 mL PBS) in a 50 mL 

centrifuge tube. 5 µL of stock solution in DMSO was added to the 5 mL cell suspension (1 µL 
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CFSE: 1 mL cell suspension) and vortex. Cells were incubated at 37ºC for 20 minutes and 

protected from light by wrapping the centrifuge tube with an aluminium foil. Then, 25 mL 

of the RPMI was added to the cell suspension and incubated for 5 minutes. Pellet the cells 

by centrifugation, resuspended in fresh complete cell culture media and proceeded the cell 

expansion. The control samples for flow cytometry were prepared on the day of cell harvest 

and flow cytometry analysis. The positive control was prepared as described and the negative 

control was unstained HL-60 cells.   

3.6 Treg Expansion in the Fluidised-bed Bioreactor Vs Static Culture in 

Column Vs Conventional Static Culture in Well Plate 

3.6.1 Treg Isolation  

Treg was isolated from PBMCs according to the manufacturer’s directions using EasySep™ 

Human CD4+CD127lowCD25+ Regulatory T Cell Isolation Kit (Catalog#18063) and 

EasySep™ Magnet (Catalog#18000) (STEMCELL Technologies, Cambridge, UK). The 

cryopreserved PBMCs were stored in liquid nitrogen until isolation.  
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Figure 3-5 Treg isolation using CD4+CD127lowCD25+ Regulatory T Cell Isolation Kit. Treg 

isolation CD25+ selection, CD4+ enrichment and CD127+ depletion using CD25 Positive Selection 

Cocktail, CD4+ T Cell Enrichment Cocktail and CD127 high Depletion Cocktail, respectively.  

Treg isolation steps are present in Figure 3-5. PBMCs were thawed rapidly by immersion in 

a water bath at 37ºC and the cells were transferred to a centrifuge tube. 10 mL of RPMI-1640 

with 10%FBS was slowly added into the tube. DNAse I (10 U/mL) was added to reduce cell 

clumping, the centrifuge tube was incubated at room temperature (15-25ºC) for 15 minutes 

after adding DNAse I and filtered through a 37 µm cell strainer, centrifuged and resuspended 

in the complete media. The cells were counted and prepared at 5x107 cells mL-1 in a 

recommended media which is composed of PBS with 2% FBS and 1 mM EDTA. The cell 

suspension was transferred to a 5 mL polystyrene round-bottom tube. CD25 positive 

selection cocktail was added (50 µL mL-1 of the sample), mixed and incubated for 5 minutes 

at room temperature. Releasable Rapidspheres™ (30 µL mL-1 of the sample) was added and 

mixed. Then CD4+ T cell enrichment cocktail (50 µL mL-1 of the sample) was added, mixed 
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and incubated for 5 minutes at room temperature. The recommended media was added to 2.5 

mL, the tube was placed into the magnet and incubated at room temperature for 10 minutes. 

Picked up the magnet and inverted the magnet and tube, pouring the supernatant into a new 

tube. The tube was removed from the magnet, the recommended media was added to 2.5 mL 

and incubated in the magnet for 5 minutes at room temperature, then pouring off the 

supernatant (repeat this step two more times). The tube was removed from the magnet, the 

recommended media was added at the same volume as the original starting sample volume. 

Release Buffer (100 µL mL-1 of the sample) was added and mixed. CD127 high depletion 

cocktail was added, mixed and incubated for 5 minutes at room temperature. Dextran 

RapidSpheres™ (10 µL mL-1 of the sample) was added, mixed and incubated for 5 minutes 

at room temperature. Recommended media was added to 2.5 mL, mixed and incubated at 

room temperature for 5 minutes. The magnet was picked up and poured the enriched cell 

suspension into a new tube. The cells in the new tube were counted and stained with CFSE 

as previously described. Treg cells are now ready to use for the bioreactor setup. 

3.6.2 14-Day In vitro Treg Expansion in FBB 

Depending on the number of Treg after isolation, the cells were resuspended in complete 

media at the density of 2.5x105 cells mL-1 or 5x105 cells mL-1. Cell counting for the Treg 

experiment was using NucleoCounter® NC-200™ with Via1-Cassette™ sampling device 

(ChemoMetec, Denmark). IL-2 was added to the final concentration of 1000 U/mL during 

the media change or replenishment. The cells were activated using anti-CD3/CD28 mAb-

coated Dynabeads®. The protocol for IL-2 and Dynabeads® preparation are present in 

Appendix 3-3 and 3-4. Cell cultures were incubated at 37ºC and 5 %CO2. As the cells were 

stained with CFSE, bioreactor set up and cell culture devices were protected from light. The 

summary of initial complete medium volume, initial cell number and bead number are 

presented in Table 3-5 
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Table 3-5 The summary of the initial volume, cell number and bead number for each cell culture 

system. The cells were prepared at the density of 2.5x105 cells mL-1 or 5x105 cell mL-1 

Cell Culture 

Device 

Initial Complete Media Volume 

(µL) 

Cell Number 

(Cells) 

Bead number 

(Beads) 

96-well plate 200 0.5x105 

(1x105)* 

1.5x105 

(3x105)* 

FBB 400 1x105 

(2x105)* 

3x105 

(6x105)* 

Control Static 

Column 

400 1x105 

(2x105)* 

3x105 

(6x105)* 

*The set up for 5x105 cell mL-1 

Operation of the FBB for Treg Expansion 

The FBB was assembled as previously described using the 10 mm diameter borosilicate glass 

column. The column was connected to the cell culture media bottle filled with the completed 

media (30 mL). Cells were seeded at 1x105 cells in 400 µL complete media supplemented 

with IL-2 and activated with anti-CD3/CD28 mAb-coated Dynabeads (Day 0) at 3:1 beads 

to cells ratio. On Day 2, 400 µL of fresh media with IL-2 was added to the column. The 

column was filled with the complete media on Day 4 and the peristaltic pump was switched 

on. The peristaltic pump was operated at 6 rpm (4.9x10-6 m s-1, orange-blue tubing). Cell 

culture media was sampling from the outlet line for glucose, lactate and ammonia analysis 

and the oxygen level was measured once a day. On day 7, Treg cells were harvested and 

expansion beads were removed. Briefly, the total cell suspension in the column was 

transferred into a 50 mL centrifuge tube. The column was washed three times with 

approximately 2 mL of complete media each time. The tube was placed in the magnet for 1 

to 2 minutes, then the cell suspension was collected into a new tube (repeated this step 2 more 

times). The cell suspension in the new tube was then centrifuged, the supernatant discarded, 

and the cell pellet resuspended in the complete media with IL-2. The cells were re-stimulated 

with Dynabeads at a 1:1 bead to cell ratio. The column was connected to the cell culture 

media bottle filled with 30 mL of completed media with IL-2. On Day 8, the pump was 

switched on at the same flow rate of 6 rpm. On Day 14, the cells were harvested, the beads 

were removed, counted and proceeded flow cytometry for cell proliferation assay (Figure 3-6). 
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Figure 3-6 Flow chart of Treg expansion in FBB.  The cells were re-activated on day 7 and the cell culture was processed for 14 days.
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Operation of the Control Static Column 

The control static column was set up using the 10 mm diameter borosilicate glass column. 

The bottom-end was closed using the end cap. Treg was seeded in the column at a cell number 

of 1x105 cells in 400 µL complete media supplemented with IL-2 and activated with anti-

CD3/CD28 mAb-coated Dynabeads at a bead to cell ratio of 3:1 (Day 0). The top-end was 

connected to a 0.2 µm vent filter. On Day 2, 400 µL of fresh media with IL-2 was added to 

the column. The column was filled with the complete media on Day 4.  Half of the media 

was changed on day 5 and 6 to ensure that the nutrients were not limited. Briefly, 1 mL of 

cell suspension was collected from the column and transferred to an Eppendorf tube. The 

tube was centrifuged and 300 µL of supernatant were collected for the analysis of the 

metabolites. The rest of the supernatant was discarded, and the cell pellets were re-suspended 

in the fresh media. The cell suspension was put back into the same column. On day 7, Treg 

cells were harvested, and expansion beads were removed. Treg then resuspended in the 

complete media with IL-2 and re-stimulated with beads at a 1:1 bead to cell ratio. Fresh media 

and IL-2 were added by half media replacement every day from day 8 to 13. On day 14, the 

cells were harvested, the Dynabeads were removed, counted and proceeded flow cytometry 

for cell proliferation assay (Figure 3-7). 
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Figure 3-7 Flow chart of Treg expansion in control static column. The fresh media was added by half media change, cells were re-activated on day 7 

and the cell culture was processed for 14 days.
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Treg Expansion in Well Plates 

Well plates are the current gold standard, so a comparison was made between this culture 

system and the FBB. Treg cells were plated at a cell density of 0.5x105 cells in 200 µL in a 

96-well plate and activated with anti-CD3/CD28-coated microbeads at a 3:1 bead-to-cell 

ratio (Day 0). On day 2, 4, 5 and 6, the cell suspension was split 1:1 to the new wells and cell 

culture volume in each well was doubled. Before splitting, cell suspension from 2 to 3 wells 

were pooled (depending on the number of total wells), centrifuged and the supernatant was 

collected for metabolite analysis. The cell pellets were re-suspended in the fresh media with 

IL-2 and plated back to the well plate. On day 7, Treg cells were harvested and expansion 

beads were removed. The cells were washed, counted, and plated in a new well plate 

supplemented with IL-2 and re-stimulated with anti-CD3/CD28-coated microbeads at a 1:1 

bead to cell ratio. From day 8 to 13, the cell suspensions was split 1:1 to the new wells and 

fresh culture media was added to each well to maintain 200 µL per well. On day 14, cell 

culture plates were collected, and the total cell suspension was transferred into 50 mL 

centrifuge tubes. The expansion beads were removed, the cells were washed, counted and 

proceeded flow cytometry for cell proliferation assay (Figure 3-8).
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Figure 3-8 Flow chart of Treg expansion in the well plate. The fresh media was added by splitting the cells and double the volume of media. The cells 

were re-activated on day 7 and the cell culture was processed for 14 days.
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3.7 Analytical Methods 

3.7.1 Cell Morphology and Density 

Cell morphology was studied by fluorescence microscope (EVOS FL, Thermo Fisher 

Scientific, UK), then cell size was measured using ImageJ. Briefly, the image of cell was 

captured under the fluorescent microscope and saved with a scale bar (50 μm). The straight 

line tool was selected from the menu. A line was drawn on the scale bar and set scale at 50 

μm. Total 50 cells were selected from the image to measure the diameter. A line was drawn 

across the cell, then ‘analyse and measure’ was selected from the menu. A result window 

presented the length of the line, which is a cell diameter. Cell density was assessed by the 

trypan blue exclusion test. Briefly, 100 µL of cell suspension was mixed with 100 µL of 

trypan blue, then 10 µL of the mixing sample was loaded into the haemocytometer. Both the 

living cells (unstained) and dead cells (stained) were manually counted under a light 

microscope. The cell density (D) and viability were calculated using the following equations. 

D = 
N

x
 x DF x 10

4
    Equation 3- 2 

D = Cell density (cells mL-1), N = Total number of cells counted in the measuring grid (cells), 

x = Number of squares of measuring grid, DF = Dilution factor 

Viability (%)=
Total number of viable cells

Total number of viable and dead cells
x 100          Equation 3- 3  

3.7.2 Fluidised-Bed Expansion  

A scale was marked on the column to determine bed height. The photo of bed height was 

recorded by a microscope with a light source (VMS-004 Deluxe, Veho, UK) and VMS-004 

software. Bed height from the photo was calculated by ImageJ. The process involved 

calibrating a single image against know values (1 cm), then applying that calibrated image 

to the distance between base and bed height (Figure 3-9).  
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Figure 3-9 Bed height estimation using ImageJ. The scale was calibrated against known values    

(1 cm), then the calibration scale to unknown distance (base to bed height). 

3.7.3 Analysis of Glucose, Lactase, Ammonia and pH 

Glucose, lactate and ammonia concentration were measured using Cedex BioAnalyzer 

(Roche Diagnostic, Germany). Briefly, 300 µL of cell culture medium was samplied daily 

from the inlet line of FBB, and the supernatant of control static column and well plate/tissue 

culture flask. The culture medium was centrifuged and the supernatant was collected for 

metabolites analysis. Glucose consumption rate (rglu) was determined by Equation 3-4 

(Wierzchowski et al., 2019) 

rglu =   
∆𝑪𝒈𝒍𝒄

∆𝑿∆𝒕
   [ mg hr-1 cell-1]     Equation 3- 4  

Where ∆Cglc is the change of glucose concentration in the culture medium (mg L-1), ∆X is 

the increase of cells density (cells mL-1) and ∆t is the time interval between two consecutive 

measurements (hour, hr) 

The pH of cell culture media was monitored using pH indicator test strips (VWR Chemicals, 

Leicestershire, England) by dropping 30 µL of the sampling medium into the test strip and 

read the test strip when the colour no longer change.  
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3.7.4 Treg Proliferation Using Carboxyfluorescien Diacetate Succinimidyl Ester 

(CFSE) 

Cell proliferation analysis was carried out using CellTrace™ Cell proliferation Kits, and cell 

division was analysed by flow cytometry (FACS Canto, BD Bioscience). The data was 

processed through Cyflogic software (CyFlo Ltd.). The cell population were defined by 

gating on Forward Scatter/Side Scatter (FSC vs SSC). The cell population area was selected 

and create a histogram for cell division analysis.  

3.7.5 Phenotype analysis 

Flow cytometry was performed with freshly isolated Tregs and expanded cells to assess the 

expression of CD4, CD25, CD127 and FoxP3. The minimum cell number required for 

phenotype analysis is summarised in Appendix 3-5. The antibodies used were as follows: 

anti-CD4-PerCP-Cy5.5 (clone OXT-4) (eBioscience), anti-CD25-APC (clone M-A251) (BD 

Bioscience), anti-CD127-PE-Cy7 (clone eBioRDR5) (eBioscience), and anti-FoxP3-PE 

(clone PH101) (eBioscience). Cells were resuspended in PBS and fixed with 4% w/v 

paraformaldehyde) for 15 minutes at room temperature (20-25ºC). Cells were washed in PBS 

to remove excess fixative reagent, discard the supernatant and stored at 4 ºC in PBS until 

operating cell staining. For the cells staining process, cells were thawed and resuspended in 

100 µL blocking reagent (10% v/v FBS in PBS) for 1 hour at room temperature. Cells were 

then centrifuged, discarded supernatant and resuspended in 100 µL PBS at the cell density 

between 1x105 and 1x108 cells/test. 5 µL anti-CD4, 20 µL anti-CD25 and 5 µL anti-CD127 

were added and incubated for 30 minutes. It is important to note that, the reagents were pre-

diluted for use at the recommended volume per test. All steps were performed in the dark 

when the antibody-conjugated fluorophores were applied. Cells were washed with PBS, 

resuspended in 100 µL permeabilization solution (0.1% v/v Triton X-100 in PBS) and 

incubated for 10 minutes at room temperature. Cells were washed and resuspended in PBS 

and 5 µL anti-FoxP3 antibodies were added. After 30 minutes of incubation at room 

temperature, cells were washed, resuspended in PBS and process flow cytometry. The gating 

strategy used for the analysis of the percentage of CD4+CD25+FoxP3+CD127low T cells was 

CD4 vs CD25 (gate on CD4 and CD25 double-positive cells), then FoxP3 vs CD127 to define 

the percentage of FoxP+CD127low population. Cytometric measurements were operated on 
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FACS Canto (BD Bioscience) and the data was processed through Cyflogic software (CyFlo 

Ltd.). 

3.8 Statistical analysis 

The pressure drops, bed height and DO level data were inputted into Microsoft Excel 

spreadsheets and presented as the mean ± standard error(SE) (n=1, N=3). The viable cell data 

was presented as a bar chart in terms of fold expansion. Statistical analysis to compare viable 

cells between the experiment and control group was carried out on IBM SPSS. The viable 

cell data were nonparametric (small sample size n=1, N=3), the viable cell data, therefore, 

were analysed by using the Kruskal-Wallis test when comparing the differences. Statistical 

significance with a p-value of ≤ 0.05 was considered. The pressure drop and bed height were 

present as scatter graphs. The factors that significantly affect cell proliferation was analysed 

by Minitab 18 and present in the Pareto chart and Interaction plot. The data from metabolite 

analysis were inputted into OriginLab and present as a graph (mean±SE). For qualitative 

data, representative images were selected and presented. 
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Chapter 4: Characterisation of the underlying 

physical and biological parameters for a single-cell 

suspension in a fluidised bed bioreactor 

4.1 Introduction 

The development of cell-based therapies, including regular T cells (Tregs) to prevent graft 

rejection in organ transplantation patients, has been increasing rapidly during the past recent 

years (Safinia et al. 2016; Chandran et al. 2017; Mathew et al. 2018). One challenge of cell-

based therapy in clinical application is the production process to obtain a large number of 

cells. The large-scale production now relies on an ex vivo expansion in bioreactors as the 

optimal environment can be designed (Safinia et al., 2016; Mathew et al., 2018).  

A fluidised-bed bioreactor (FBB) is a type of perfusion reactor working under the fluidisation 

stage where the solid particles (cells) are suspended by a fluid (culture medium). This reactor 

has been widely used in chemical reactions but its use in the field of mammalian cell culture 

is limited. One of the main advantages of FBBs is their high mass transfer under continuous 

operation. Because of this, previous works have designed a FBB as a bioartificial liver to 

support nutrient and oxygen transfer to perfusion fluid (blood or plasma) in liver failure 

patients (Legallais et al., 2000; Naghib et al., 2017). Moreover, FBB has been used for high 

yield production of erythropoietin (EPO) by culture  Chinese hamster ovary (CHO) cells 

(Wang et al., 2002). However, more studies are still needed to understand the application of 

FBB to ex vivo cell expansion, especially in terms of mass (nutrient, oxygen and toxic 

metabolites) transfer and shear stress. Furthermore, the parameters that affect those 

conditions are needed to be designed to obtain the optimal conditions for different cell types.   

This is the first study to the author’s knowledge about FBB application to HL-60 cells 

expansion. HL-60s are non-adherent human promyelocytic leukaemia cells, which can be 

used as a cell model for other non-adherent cells such as Tregs. This study aims to obtain the 

conditions for ex vivo cell expansion in FBB. The study was designed into 3 stages.  
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(1) The estimation of minimum fluidisation velocity (umf) and terminal velocity (ut) by 

measuring the pressure drop across the bed when increasing the velocity.  

(2) The comparison of umf and ut from the experiment to those derived from the calculation 

using Carman-Kozeny equation (Howard 1989; Coulson et al., 1991) and the selection of 

working velocities for 48 hours cell expansion.  

(3) The study of 3 parameters; velocity, column diameter, initial cell number on cell 

proliferation using Minitab18 to design the cell culture conditions and the number of 

experiments. During 48 hours of cell culture, dissolved oxygen (DO) level was measured 

twice a day, and the viable cell was measured at the end of the cell culture period. Finally, 

the optimal conditions were selected for the next stage of FBB design. 

4.2 Routine  Culture of HL-60  

This study demonstrated the design of FBB for cell expansion by using the HL-60 cell line 

as a cell model. Cell morphology presented blast-like cells with approximately 11.57± 1.01 

µm diameter and large rounded nuclei (Figure 4-1). The cells were thawed, cultivated and 

expanded in a tissue culture flask before being loaded into the bioreactor. The cells were 

cultured at concentration 1x105 cells mL-1 and sub-cultured every 2 to 3 days to maintain cell 

density between 1x105 and 1x106 cells mL-1. Fleck et al. 2005 reviewed that the cell 

concentration in the culture flask should not exceed 1x106 cell mL-1 to prevent cells 

differentiation. Therefore, the cell concentration was kept between 1.5x105 cells mL-1 and 

1x106 cells mL-1. The differentiation of  HL-60 reveals by changing cell morphology such as 

changing cell size, decreasing nuclear-cytoplasmic ratio, and increasing nuclear pyknosis and 

segmention (Fleck et al., 2005). In this study, the cell size and morphology were observed 

under the microscope for any sign of differentiation before being loaded into FBB.  
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Figure 4-1 HL-60 cell morphology. The cell presented blast-like cells and large rounded nuclei. The 

cell diameter was approximately 11.57 ± 1.01 µm measured by ImageJ software (Appendix 4-1 and 

Appendix 4-2) (Scale bar = 50 µm). 

During the cell culture process to increase the cell number for the bioreactor, the cell growth 

was investigated and a growth curve was generated (Figure 4-2). The growth curve was then 

used to estimate the doubling time. The growth curve was consistent with the previous 

knowledge that it was composed of four phases: Lag phase, log or exponential phase, 

stationary or plateau phase and decline phase. The cells grew slowly from day 0 to day 2 (lag 

phase) due to adjusting to the new environment. Log phase (day 2 to 5) was when the cells 

had exponential growth. From day 5, the cells went to the stationary phase when the 

proliferation slowed and stopped. If the cell is kept culture in that environment without 

replacing the medium, the cell number would decrease due to insufficient nutrient supply 

(ATCC, 2019). However, the growth curve was observed for 7 days in this study to estimate 

the period of log-phase, which is the important period for the bioreactor set-up. 
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Figure 4-2 HL-60 growth curve in plates. Cell growth is composed of; log phase (day 0 to 2); lag 

phase (day 2 to 5); and stationary phase (day 5 to 7) (Mean±SD) (n=3). 

The doubling time or the period of the “log phase” where the cells proliferate exponentially 

was determined as the best time to apply the cells for evaluating the effects of interventions 

such as chemical substances (Assanga and Luján, 2013). In this study, the doubling time was 

estimated from the growth curve using Microsoft Excel (Appendix 4-3) and found that the 

doubling time of HL-60 was approximately 31 hours. Collins et al. (1977) showed that the 

doubling of HL-60 was between 55 to 60 hours which is longer than our study. However, 

Flek et al. (2003) found that the doubling time of HL-60 is approximately 24 hours and cells 

maintain the same morphology until 96 hours after passage. The doubling time also useful 

for estimating timelines for cell passage to prevent cells differentiation at high concentration. 

Therefore, the cells were subjected to FBB during the doubling time. 

4.3 Minimum Fluidisation Velocity and Terminal Velocity Determination 

4.3.1 Minimum Fluidisation Velocity and Terminal Velocity Determination by Single 

Pass Fluidised-bed Bioreactor  

The optimal velocity (working velocity) to operate cell culture in FBB is derived from the 

value between umf and ut. Therefore, umf and ut are needed to be studied at the early stage of 

FBB design. In this study, the determination of umf and ut was operated in a single pass 
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fluidised-bed bioreactor using the syringe pump to feed the culture medium upward through 

a 10 mm column at different velocities. The graph of pressure drop against superficial 

velocity was plotted to estimate umf and ut. The FBB column was composed of the bottom 

end cap, polytetrafluoroethylene (PTFE) frit and nylon membrane, which might influence 

the pressure drop profile (Rao et al., 2010). Therefore, the background pressure drop of the 

system was studied to confirm that the pressure drop across the bed was not affected by these 

system components. This was operated by passing the culture medium through the column 

without cell line, and the background pressure drop profile is shown in Appendix 4-4 

To date, no previous study has investigated the range of velocity for single-cell suspension, 

so the preliminary studies were designed to observe pressure drop at 7 different velocities (0 

to 5.31x10-6 m s-1) (Appendix 4-5). The graphs of pressure drop against velocity were plotted 

but the graph trend was not comparable to the graph which was explained by Catapano et al. 

(2009). The graph trend from 7 measurement points did not provide sufficient information 

to estimate umf and ut as the measurement point was incremented with a wide range. 

Therefore, the pressure drop at 17 velocities with the small incrementation from 0 to 2.48x10-

6 m s-1 was observed (Appendix 4-6).  The graph trend provided information to estimate umf 

but ut was still hard to estimate from 17 velocities. Consequently, the design was extended 

to 23 different velocities from 0 to 4.41x10-6 m s-1 (Appendix 4-7). The graph of pressure 

drop against velocity was used to estimate umf is presented in Figure 4-3. 
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Figure 4-3 Pressure Drop as a function of superficial velocity from 23 velocities. The highest 

pressure drop at 1.33x10-6 m s-1 can be estimated as umf. However, the second peak at 1.51x10-6 m s-1 

was presented due to the variable of pressure drop data from three repeat experiments (Mean±SE) 

(n=3). 

 

 
Figure 4-4  Pressure drop as a function of superficial velocity from three repeat experiments. 

As the data variable, umf can be estimated from 1.33x10-6 m s-1 to 1.51x10-6 m s-1. 
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umf and ut of HL-60 in 10 mm column were estimated from Figure 4-3. There was an increase 

in pressure drop when the superficial velocity increased from 1.15x10-6 m s-1 to 1.33x10-6 m 

s-1. After this point, the pressure drop decreased, then remained stable until at a velocity of 

3.6x10-6 m s-1 which is the last measurement point. However, it can be seen from the graph 

that the second peak of pressure drop presented at 1.51x10-6 m s-1 due to the variable of 

pressure drop from the three repeat experiments (Figure 4-4). Legallais et al. (2000) stated 

that umf and ut might vary when different systems are operated. Therefore, increasing the 

number of repeated experiments is necessary to increase the confidence in data. In this study, 

the selection of umf and ut was based on the experiment and compared to the values from the 

numerical model. Therefore, a more accurate value would be obtained by using both 

procedures.  

Another interesting finding was the pressure drop overshoot at umf. This may be due to the 

inter-particle forces and particle-wall friction which can be seen in Geldart group A, 

comprised by  small size  (diameter < 130 µm) and low density (<1400 kg m-3) particles 

(Geldart, 1973; Ye et al., 2005). Ye et al. (2005) used 3D soft-sphere discrete particle models 

(3D computer simulation) to study the effect of the Geldart A particles on umf. The simulation 

results showed that the pressure drop overshoot at umf depends on the particle-wall friction 

coefficient and the interparticle van der Waals forces. The pressure drop overshoot in Geldart 

A particles was also reported by Shaul et al. (2014). The different materials characterised to 

A, B, and D Geldart’s classification group were studied and only Group A particles presented 

the pressure drop overshoot at umf. The group explained that the pressure drop overshoot is 

due to the adhesion forces of small particles which need to be overcome to initiate the 

fluidisation stage. HL-60 can be classified into this group as the particle size is approximately 

11 µm and particle density is around 1051 kg m-3. Cell aggregation might be another 

explanation for pressure drop overshoot. Fleck et al. (2005) reviewed that HL-60 grows as a 

single-cell suspension culture without aggregation or adherence to plastic or glass. On the 

other hand,  Portner (2009) reviewed that mammalian cell lines might form aggregates even 

in suspension cells. Rao et al. (2010) investigated the pressure drop during increasing and 

decreasing velocity and found that the pressure drop overshoot disappeared when the system 

was defluidised. They explained that the wall friction influences the pressure drop profile 

and the pressure drop overshoot can be seen especially in columns with a small diameter. 
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The pressure drop overshoot during defluidisation disappears as the wall friction does not 

influence the bed contraction  (Doroodchi et al., 2012). Therefore, this experiment was 

repeated to investigate an entire pressure drop profile by increased the velocity beyond umf, 

then decreased to zero. The finding was consistent with the previous studies when the 

pressure drop overshoot disappeared during defluidisation (Figure 4-5).  

 

Figure 4-5 The entire pressure drop as a function of superficial velocity when increased and 

decreased superficial velocity. The velocity was increased beyond umf, then reduced to zero. The 

Pressure drop overshoot at umf disappeared when the system defluidisation (Mean±SE) (n=3).  

 

Based on Figure 4-3 and 4-5, umf was estimated at 1.33x10-6 m s-1. Contrary to expectations, 

as the pressure drop remained stable between velocity 1.62x10-6 ms-1 and 3.60x10-6 m s-1 

result in the ut cannot be detected from the graph compared to Figure 2-7 in the literature 

review chapter. Therefore, further research should investigate the pressure drop further than 

3.6x10-6 m s-1. In this study, however, the entrainment was observed when the velocity was 

over 2.70x10-6 m s-1 by sampling the media in the waste bottle and viable cells were seen 

under a microscope. umf that obtained from this study also had a high degree of uncertainty 

due to the magnitude of the error bars. 
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4.3.2 Minimum Fluidising Velocity and Terminal Velocity Determination using 

established correlations 

The umf and ut were calculated following Equation 2-5 and Equation 2-7 (Chapter 2) 
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The umf and ut which derived from the calculation were 6.92x10-8 m s-1 and 6.52x10-6 m s-1, 

respectively. The values from the calculation were compared to those from the experiment 

and found that the range between umf and ut from the calculation was wider than from the 

experiment (Figure 4-6). The difference of umf and ut between experiment and theory was 

also found in the study by Wang et al. (2007) and the group related the difference with the 

dead angle in the air distributor. However, in this study, the factors that affect umf and ut from 
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the experiment might relate to inter-particle forces and particle-wall friction (Ye et al., 2005). 

In addition, extending the measurement point beyond 3.6x10-6 m s-1, as mentioned 

previously, might provide more data to estimate ut.  

 

Figure 4-6  umf and ut from experiment and calculation. umf from calculation was lower than from 

the experiment, while ut was higher. The velocity between umf and ut for 48 hours cells expansion was 

selected based on the result from the experiment and calculation.  

4.3.3 Observation of Fluidised-Bed Expansion 

Bed expansion was observed by visual inspection using the camera with a light source, and 

the bed height at each flow velocity was recorded. The cells were loaded at 30x106 cells as 

this number provides a sufficient density to detect bed height by the camera when the cells 

were suspended in the culture medium. In addition, the previous study found that umf is not 

affected by the variation in the initial static bed height (Khan et al., 2016). Before starting 

the medium perfusion, the cells were left until settling at the bottom of the column as a packed 

bed. The bed pictures were captured at the beginning (H0) and 1 hour after applied each 

velocity (H). The scale was marked on the column and the bed height was estimated by 

ImageJ software (Figure 4-7).  
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Figure 4-7 The estimation of bed height using ImageJ. The bed height was captured by the camera, 

then marking and calculating the height using ImageJ. 

The observation of bed height at different velocities are presented in Figure 4-8. The initial 

bed height was measured before starting the perfusion (Figure 4-8(a)). When the velocity 

was increased, the bed height increased and a large expansion can be seen at the umf (Figure 

4-8(b)). Once the system reached the fluidisation stage, the height of the bed was stable, as 

long as the velocity was kept constant (Legallais et al., 2000). Further increasing of medium 

velocity, more bed expansion was observed (Figure 4-8(c)). Finally, the top of the bed could 

not be detected (Figure 4-8(d)).  
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(a) 1.15x10-6 m s-1    (b) 1.62x10-6 m s-1 

 

 

 

 

 

 

(c) 2.16x10-6 m s-1    (d) 3.06x10-6 m s-1 

   

 

 

 

 

 

 

Figure 4-8 Bed height measurement at different velocities. Bed height increased when increasing 

the velocity. The scale was marked on the column. Bed height was estimated and measured by 

ImageJ. 

The bed height could be detected from the beginning until the velocity reached 3.60x10-6 m s-1, 

3.24x10-6 m s-1, and 3.06x10-6 m s-1 in experiment 1 (Exp. 1), Exp. 2 and Exp.3, respectively. 

After these points, the bed had a large expansion with interface hard to be estimated. 

Therefore, the bed height measurements were only considered  up to the velocity of 3.06x10-6 m s-1. 

Bed height data can be used to estimate umf by plotting the graph of bed height against 

velocity. umf is the point where the bed still behave as a packed bed before bed expansion  
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(Nascimento et al. 2016). The measurement of bed expansion is plotted in Figure 4-9.  The 

graph reveals that bed height increases when the velocity increases from the beginning until 

the end of the experiment. The large bed expansion can be seen at the velocity of 1.44x10-6 m s-1 

(Exp.1) and 1.33x10-6 m s-1 (Exp.2 and 3). Using bed height data alone to estimate umf and 

ut might need to be concerned as it might be influenced by the bed expansion uniformity and 

the top boundary of the bed should be flat and clear (Li et al., 2018). Nascimento et al. (2016) 

estimated umf using bed expansion profile; however, the study investigated umf for soda-lime 

glass microsphere and poly (methyl methacrylate) which the top boundaries were clear and 

easier to detect compared to the boundary of cells in the culture medium. Therefore, in this 

study, bed height data were used together with the pressure drop data in terms of umf and ut 

estimation. 

 
Figure 4-9 Bed height when increased the velocity. The data was obtained from 3 repeat 

experiments (n=1 for each experiment). The bed high was measured at the beginning (H0) and 1 hour 

after applied each velocity (H). 

As the ut could not be estimated from the experiment, the selecting of working velocity was 

the value under the ut from the calculation (Appendix 4-8). The summary of umf and ut the 

calculation and from the experiment are presented in Table 4-1. Based on these values, the 

working velocities for cell expansion were selected between umf and ut. 
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Table 4-1 Summary of umf and ut. The values were derived from the pressure drop data, theory 

(calculation), and bed height data.  

 umf 

(m s-1) 

ut 

(m s-1) 

Pressure Drop Experiment 1.44 x 10-6 2.88 x 10-6 

Calculation/Equation 6.92 x 10-8 6.52 x 10-6 

Fluidised Bed Expansion ~1.40 x 10-6 ~3.06 x 10-6 

 

4.4 HL60 Expansion in the close system Fluidised-Bed Bioreactor: 48 hours 

HL60 expansion  

4.4.1 48 hours HL-60 expansion in Fluidised-bed Bioreactor Vs Tissue Culture Flask. 

The objective of this experiment was to define the parameters (working velocity, column 

diameter, and initial cell number) once the umf and ut were known. Two initial cell numbers 

were cultured for 48 hours in cylindrical columns of different internal diameters at three 

different working velocities (Table 4-2). The working velocities were kept constant for every 

column size. However, these values were derived from the 10 mm column, therefore, the 

volumetric flow rates were changed following the cross-section area of the column 

(Appendix 4-8). In order to operate cell cultivation in the closed system, the syringe pump 

was replaced by a peristaltic pump, and the volumetric flow rate (µL hr-1) was converted into 

rotations per minute (rpm) using peristaltic pump calibration graph (Appendix 4-9). Table 4-3 

summarises superficial velocity, volumetric flow rate and the frequency of rotation of 

peristaltic pump flow rate for each column.  
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Table 4-2 The summary of parameters for 48 hours of HL-60 culture in FBB. 

Initial Cell Number 5x106 cells 

  10x106 cells 

Working Velocity 2.41x10-6 m s-1 

 
3.20x10-6 m s-1 

  4.90x10-6 m s-1 

Column Diameter 10 mm 

 
15 mm 

  50 mm 

 

Table 4-3 The summary of superficial velocity and volumetric flow rate for each column size.  

Superficial 

Velocity 

(x10-6 m s-1) 

Term 

Flow rate 

10 mm column 15 mm column 50 mm column 

Peristaltic 

Pump 

(RPM1) 

Syringe 

Pump 

(µL hr-1) 

Peristaltic 

Pump 

(RPM1) 

Syringe 

Pump 

(µL hr-1) 

Peristaltic 

Pump 

(RPM2) 

Syringe 

Pump 

(mL min-1) 

2.41 Low 3.0 673.41 NA NA 3.8 0.28 

3.20 Medium 4.0 906.22 8.8 2040 5.0 0.37 

4.90 High 6.0 1371.84 NA NA 7.7 0.57 

1 Orange-Blue peristaltic pump tubing 

2 Yellow-Yellow peristaltic pump tubing 

NA-Not applicable  

Following the design of experiments (DOE), 12 experiments were set up from 4 FBB systems 

and the other 5 systems were designed to obtain supporting data. The control systems were 

performed in T75 tissue culture flask for 10 and 15 mm. column and T175 tissue culture flask 

for 50 mm column due to the working volume. The cells from FBB and tissue culture flask 

were harvested at the end of cell expansion and manually counted for cell density and 

viability. The fold expansion from FBB and tissue culture flask after 48 hours of cell 

expansion is presented in Figure 4-10. Figure 4-10 shows that cell number increased from all 

systems after 48 hours of expansion. The results demonstrated that apart from system 3, the 

fold expansion in FBBs was less than in tissue culture flasks. However, this difference was 

not statistically significant (p > 0.05). This finding is contrary to a previous study which has 

found that the yield from FBB was higher than in compare system (spinner flask) because of 
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better oxygen and nutrient supply (Kaiser et al., 2014). However, in this study, the DO level 

was measured twice a day at the inlet and outlet of FBB but the DO level was not measured 

in tissue culture flasks. Nutrients and oxygen are supplied to the FBB by continual feed of 

fresh (or recycled) media. Therefore,  the system provides better nutrient and oxygen transfer 

from fresh media to the cells compared to the static culture which relies on a diffusion 

gradient (Doré and Legallais, 1999; David et al., 2004) and periodic media replacement. This 

means better nutrient and metabolite exchange between cells and culture medium than in 

tissue culture flask. Less yield in bioreactor culture system than in culture flask was 

mentioned in the review by (Edmondson et al., 2014). They have concluded that for cell 

cultivation in a bioreactor that mimics the natural environment, the proliferation rate can be 

reduced in 3D cultures compared to 2D cultures among different cell lines. In addition, the 

cell density in 3D cultivation might not be significantly different compared to the 2D system 

in the first few days of the cell culture period (Edmondson et al., 2014; Wierzchowski et al., 

2019). The study of HL60 expansion in a WAVE Bioreactor™ by Wierzchowski et al. (2019) 

also found that the cell density in the bioreactor was higher than in static culture from day 3. 

As the cells were cultured for 48 hours in this study, a longer cultivation time would be 

needed for further study. Another explanation is the cell entrained from the column which 

was approved by collecting the culture medium from the feed bottle and a number of the cells 

were found (Appendix 4-10).  
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Figure 4-10 Fold-expansion of HL60 cultivation in FBB (    ) and tissue culture flask (control)   

(   ) from 5 different systems. Compared to cell number at the end of cell culture (     FBB and           

      Flask). The cell culture condition for each system was followed DOE using Minitab 18;  

1=5x106 cells  10 mm 4.9x10-6 m s-1, 2=10x106 cells 10 mm 2.41x10-6 m s-1, 3=5x106 cells 50 mm 

2.41x10-6 m s-1, 4=10x106 cells 50 mm 4.9x10-6 m s-1
, 5=5 x106 cells 10 mm 2.41x10-6 m s-1, 

6=5x106 cells 10 mm 3.20x10-6 m s-1, 7=10x106 cells 10 mm 4.9x10-6 m s-1, 8=5x106 cells 15 mm 

3.20x10-6 m s-1, 9=5x106 cells 50 mm 3.20x10-6 m s-1(Mean±SE, n=3). 

 

Each parameter was then analysed by Minitab 18 to define the parameters that significantly 

affect cell growth in FBB. The Pareto chart (Figure 4-11) shows that the initial cell number 

was the factor that statistically significantly affects cell proliferation in FBB (α = 0.05). As 

we can see the fold expansion from systems 1 and 7, both systems were set up in a 10 mm 

column and the media was fed at high velocity. System 1 started with 5x10-6 cells showed 

higher fold expansion than system 7 which started with 10x10-6 cells (1.7-fold and 1.14-fold, 

respectively) (Figure 4-10). The same trend was observed in system 5 (1.32-fold) and 2 (1.09-

fold) (Figure 4-10); both systems were set up by using 10 mm columns and the media was 

fed at low velocity. The relationship of initial cell number and oxygen consumption can be 

used to explain this result as the higher oxygen was consumed at higher cell density. For 

example, when compared to systems 1 and 7, the higher fold expansion in system 1, the lower 
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DO was observed after 48 hours (Figure 4-13). The influence of initial cell number on cell 

proliferation can be explained that with the same column diameter and velocity, the same 

amount of oxygen was supplied. Therefore, DO might be insufficient in the system that starts 

with a high cell number. The limitation of oxygen led to the accumulation of lactate through 

the anaerobic metabolism pathway, resulting in a decrease in pH which affects cell 

proliferation (Kallos and Behie, 1999). This finding is contrary to the previous study on the 

effect of inoculum level in a batch culture which has found that the high initial cell density 

provided a higher yield than low initial cell density (Kallos and Behie, 1999). However, the 

study was conducted in a neural stem cell which cells aggregation could be an optimal 

microenvironment for cell proliferation. On the other hand, the recent study was working on 

single-cell suspension rather than inducing aggregation. Therefore, the cell culture at 5x106 

cells seems to be an optimal initial cell number. Further study might be investigated at the 

initial density lower than 5 million cells and pH in all cell culture systems should be 

monitored. It is interesting to note that the high cell proliferation might not derive from the 

low initial cell density. Optimal initial cell density is needed as cell growth requires a 

minimum cell-to-cell contact threshold (Bajgain et al., 2014; Carrier et al., 1999). Moreover, 

at the optimal cell number, the optimal level of growth factors was produced by the cells 

themselves also influence cell growth (Ozturk and Palsson, 1990). As can be seen, the highest 

fold expansion of the HL-60 cultured in the FBB at the initial number of 5x106 cells. 

Therefore, the seeding number of 5x106 cells were sufficient for the next stage of FBB 

design.  
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Figure 4-11 Pareto chart of the standardised effects using Minitab 18 software. The parameters 

that influence cell proliferation were analysed; A. Column diameter, B. Initial cell number and C. 

Medium flow velocity. It can be seen that cell numbers significantly affect fold expansion (α = 0.05).  

Nutrient consumption and waste production are also related to the initial cell number. A 

higher cell number also required a higher nutrient supply rate and waste removal. The 

relationship between cell seeding density and nutrient consumption was also discussed in the 

previous studies. The studies on chondrocyte-seeded agarose found that cell-seeding 

influenced the development of biochemical and mechanical properties related to nutrient 

availability (Mauck et al., 2002; Mauck et al., 2003). As mentioned in the literature review 

about the accumulation of toxic metabolites, the accumulation of lactate and ammonia leads 

to growth inhibition (Catapano, G., Czermak, P., Eibl, R., Eibl, D. and Portner, 2009). The 

finding of nutrient consumption and wastes accumulation was also reported by (Ozturk and 

Palsson, 1990). Although the high initial cell concentration results in a higher maximum 

viable cell concentration, the glucose/glutamine consumption rate and ammonia/lactate 

accumulation rate were also increased. In FBB, the accumulation of toxic products could be 

solved by increasing flow velocity. However, the study shows that the application of high 

velocity at the higher cell number, the low proliferate was observed (system 5 Vs 7; system 

3 Vs 4) (Figure 4-10). A possible explanation for this might be that the shear stress increases 

with increased velocity. A number of studies reviewed that one advantage of using FBB for 
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mammalian cell cultivation is the shear stress is lower than other bioreactors. However, the 

study of beta cell-encapsulated alginate beads found that the damage of cellular 

microcapsules was observed (Nikravesh et al., 2017) in FBB. In this study, HL-60 cells were 

cultured as suspension cells without encapsulation. Therefore, the cells are more shear 

sensitivity and cell damage might increase at high velocity. In terms of oxygen supply, it can 

be noticed that the DO level at 48 hours between systems 5 and 7 was slightly different; 

therefore, the oxygen supply rate might not be significantly different between these two 

velocities. A similar fold expansion even the velocity was varied might be explained by the 

rate and amount of mass transfer. Increasing the fluid velocity resulted in enhanced nutrient 

exchange rates but did not affect the amount transferred of nutrients from the culture medium 

to the cells (David et al., 2004). At the end of the cell expansion period, the same yield can 

be reached from different superficial velocity operations. Consequently, the optimal velocity 

should be selected by balancing between nutrients and oxygen supply, wastes removal, cell 

damage from shear stress, and cost-effective energy supply to run the system.  

 

 

Figure 4-12 Interaction plot using Minitab 18 software. The interaction plot shows how the 

relationship between one parameter and the fold expansion depends on the second parameter. The 

cross line present changing the two parameters together affect the fold-expansion. 
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Figure 4-13 DO level at the outlet line from 9 systems; 1=5x106 cells  10 mm 4.9x10-6 m s-1, 

2=10x106 cells 10 mm 2.41x10-6 m s-1, 3=5x106 cells 50 mm 2.41x10-6 m s-1, 4=10x106 cells 50 mm 

4.9x10-6 m s-1, 5=5 x106 cells 10 mm 2.41x10-6 m s-1, 6=5x106 cells 10 mm 3.20x10-6 m s-1, 7=10x106 cells 

10 mm 4.9x10-6 m s-1, 8=5x106 cells 15 mm 3.20x10-6 m s-1, 9=5x106 cells 50 mm 3.20x10-6 m s-1. 

(Mean±SE) (n=3). 

The influence of velocity on cell proliferation was studied by comparing cell proliferation in 

the same column diameter and initial cell number, while changing velocity (system 1, 5 and 

6). The result shows that the fold expansion increased when increasing the velocity (1.70-, 

1.32-, and 1.34-fold from 4.9x10-6 m s-1, 2.41x10-6 m s-1, and 3.2x10-6 m s-1, respectively). 

As previously mentioned, the increasing velocity provides more nutrients to the cell and 

provides a better mass transfer, especially in the small column. The adjustment of velocity 

when the cell number increases during cell culture might be considered. As in previous 

studies, Chinese hamster ovary (CHO)  cells were cultured in Cytopilot FBB. The glucose 

concentration in the culture environment was maintained by adjusting the perfusion rate of 

the medium daily when the cell number increased (Wang et al., 2002). Another finding from 

this experiment was that changing velocity together with column diameter influenced cell 

proliferation (Figure 4-12). For example, systems 2 and 4 starts with 10x10-6 cells. The bigger 
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column diameter with higher velocity (system 4) provided the higher fold expansion than in 

system 2 (1.52- and 1.09-fold, respectively) (Figure 4-10). However, changing diameter 

tends to affect cell proliferation more than changing the velocity. System 3 (50 mm; low 

velocity) provided 1.85-fold expansion, while 1.70-fold- was achieved from system 1 (10 

mm; high velocity). As discussed earlier, increasing velocity also increases shear stress. In 

addition, the wall effect might be another cause of high cell proliferation in the bigger 

column. The small column height-to-diameter ratio (H/D), the better for particles to fluidise 

(Rao et al., 2010). Therefore, the quality of fluidisation might depend on the H/D ratio at the 

same velocity.  

The difference in initial cell number, column diameter and superficial velocity also affect 

oxygen level in the system. The solubility of oxygen in the culture medium is only 

approximately 7 mg L-1 (Catapano et al, 2009). In this study, the DO level was monitored at 

each time point of the cultivation at the inlet and outlet line of the bioreactor. Figure 4-13 

shows that the oxygen level at the initial was approximately 6 mg L-1 and it decreased 

throughout the cultivation period while the cell number was increasing. Increasing column 

diameter and fluid velocity are related to increase the DO in the culture environment. In this 

study, 50 mm columns provided a stable level of DO in the culture medium while the DO 

level in 10 mm columns decreased at 18 hours of the cultivation. Cell yield and DO level in 

the cell culture environment from each system are summarised in Table 4-4. 

Table 4-4  Summary of cell yield and DO level in the cell culture environment 

System 

Cell Culture Conditions 

Cell Yield 

(x106 cells) 

Fold-

expansion 

Viability 

(%) 

Oxygen                   

(mg L-1) Initial Cell 

Number        

(x106 cells) 

Column 

Diameter 

(mm) 

Flow 

Velocity       

(x10-6 m s-1) Start 48hours 

1 5 10 4.90 8.52 1.70 97.04 5.50 0.77 

2 10 10 2.41 10.87 1.09 93.51 5.69 1.48 

3 5 50 2.41 9.26 1.85 96.42 5.81 4.60 

4 10 50 4.90 15.21 1.52 97.60 5.73 4.67 

5 5 10 2.41 6.59 1.32 93.79 5.48 1.37 

6 5 10 3.20 6.68 1.34 96.02 5.73 1.37 

7 10 10 4.90 11.43 1.14 91.67 5.37 1.27 

8 5 15 3.20 5.72 1.14 92.55 5.79 2.91 

9 5 50 3.20 6.93 1.39 91.06 5.71 4.84 
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This study was the early stage of FBB design for Tregs expansion. The process of sampling 

and monitoring was manually operated. The metabolic behaviour which reflects cell 

proliferation was not monitored at the first stage. However, based on the fold expansion and 

DO level data, system 3 was selected for the next step of FBB design. Therefore, the 

subsequent study will be operated in a 50 mm column with 5 million cells. The low velocity 

will be applied throughout 5 days of HL-60 expansion. The additional analyses will be the 

monitoring of pH and nutrients and metabolites.  

4.5 Conclusion 

The purpose of the current study was to obtain the conditions for ex vivo cell expansion in 

FBB using HL-60 as a cell model before the use of Tregs.  

The first objective of FBB design was to determine umf and ut as these are the key values for 

the early stage of FBB design. The study has shown that umf and ut can be derived from 

pressure drop across the bed measurement at different velocities although the results have a 

high degree of uncertainty due to errors resulting from measurements. The presence of 

pressure overshoot at umf was related to the inter-particle forces and particle-wall friction. 

The ut could not be estimated from the graph trend but it was defined by sampling and 

monitoring viable cells in the culture medium from the media bottle to determine elutriation. 

In this study, umf and ut were 1.44x10-6 m s-1 and 2.88x10-6 m s-1, respectively.  

The second objective was to compare umf and ut from the experiment to those derived from 

the established correlation and the selection of working velocities for 48 hours of cell 

expansion. Using the Carman-Kozeny equation, umf was 6.92x10-8 m s-1 and ut was 6.52x10-6 m s-1. 

The range between umf and ut from the numerical model was wider than from the experiment, 

which can be explained by inter-particle forces and particle-wall friction. Therefore, the 

working velocity selected from the velocity between umf and ut was based on both, 

experiment and calculation. To derive a more accurate ut from the experiment, the pressure 

drop measurement should be extended further than 3.6x10-6 m s-1. Based on the experiment 

and the correlation, three working velocities; 2.41x10-6 m s-1; 3.20x10-6 m s-1 and 4.90x10-6 m s-1 

were selected to study the influence of flow velocity on cell proliferation in 48 hours cell 

expansion. 
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The third objective was to investigate the effects of three parameters; medium flow velocity, 

column diameter and initial cell number on cell proliferation when HL-60 was cultured in 

FBB for 48 hours. The viable cell was measured at the end of cultivation time and the result 

found that system 3, a starting population of 5x106 cells in a 50 mm column at velocity 

2.41x10-6 m s-1 provided a higher cell number than in tissue culture flask. In the other 8 

systems, however, the cells number in the FBBs was lower than in the static cultures (p > 

0.05). The 50 mm column provide higher oxygen and a more stable DO level than the 15 

mm and 10 mm column. The feeding of culture medium at low velocity into 50 mm column 

generated shear stress less than at high velocity, which could provide a higher yield. Initial 

cell numbers also affect cell proliferation as the lower initial cell number require less oxygen. 

However, the flow velocity can be adjusted when the cell number increases. Since the cells 

need time to adjust to the new environment, 48 hours of cultivation might not be enough to 

compare cell proliferation between FBB and static culture.  

The next stage for FBB design will be the study of HL-60 cell culture in FBB for 5 and 7 

days. Based on the data, the 5 million cells (4.5x104 cell mL-1) will be the initial cell 

number. The cell will be cultivated in a 50 mm cylindrical column at 2.41x10 -6 m s-1. 
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Chapter 5: Monitoring HL-60 Cell Expansion In 

the FBB; 5- and 7- days cells expansion 

5.1 Introduction 

Once the cell expansion conditions in the FBB were defined as described in chapter 4, 

these conditions were applied to HL-60 expansion in the FBB with the extension of cell 

cultivation time. The cell culture conditions in the FBB were optimised along with the 

investigation of cell proliferation. Previous studies in literature showed that the cultivation 

of cells takes several days to weeks to achieve the target cell density (Marín Morales et 

al., 2019; Wang et al., 2002; Wierzchowski et al., 2019). Therefore, HL-60 expansion in 

the FBB was studied at a cultivation time longer than 48 hours. Based on the previous 

experiment, the most promising velocity for the 50 mm column was 2.41x10-6 m s-1 with 

the initial cell number at 5x106 cells (4.5x104 cells mL-1). In this study, the perfusion 

cultures (FBB) were performed for 5 and 7 days compared to the static cell cultures in a 

50 mm column (control static column).  

Oxygen concentration in cell culture media (dissolved oxygen, DO) is an important 

parameter to monitor during mammalian cell culture. The oxygen supply in incubators 

normally contains 20% oxygen (6.73 mg L-1) and DO can be 40 times lower than the 

molar concentration of oxygen in the incubator (Place et al., 2017). Therefore, insufficient 

DO at high cell density can be a limiting factor in mammalian cell culture. Therefore, the 

DO level was monitored during the FBB design for ex vivo HL-60 expansion. It was seen 

in the first set-up of this study that the oxygen supplied to the system was insufficient 

when operated at a low velocity (2.41x10-6 m s-1) and the DO level steadily decreased 

during the cell culture period. To increase the oxygen supply, the high velocity (4.9x10-6 m s-1) 

was applied for 5 and 7 days HL-60 cells expansion. 
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Measuring nutrient consumption and metabolite accumulation also provides the data to 

evaluate the operation in bioreactors. The commonly monitored nutrients and metabolites 

are glucose, lactate and ammonia (Ozturk and Palsson, 1990; Tsao et al., 2005). Glucose 

is the main carbon source and energy (Tsao et al., 2005), while lactate and ammonia are 

toxic to the cell (Eibl et al., 2009). The monitoring of glucose, lactate and ammonia 

concentrations will help to design and optimise the operation such as the feeding strategies 

and perfusion rate (Tsao et al., 2005). In this study, the working velocity was optimised 

to ensure sufficient glucose was supplied and the toxic metabolites were removed.  

The continuous and constant flow of cell culture medium inside the FBB might affect cell 

proliferation by reducing or enhancing the proliferation rate. A fluorescent cell staining 

dye, carboxyfluorescein succinimidyl ester (CFSE), was used to track cell proliferation 

by flow cytometry (Hawkins et al., 2007; Quah et al., 2007). The dye is cell-permeable 

and can be retained within the cells. The principle of the CFSE dye tracking is that half 

of the fluorescence decreases after the cells divide until the background level 

(autofluorescence). Based on the principle, if the FBB enhances cell proliferation rate, the 

fluorescence intensity should express at different peaks for each cell division and the 

peaks shift close to the autofluorescence level.  

This study aimed to compare the results of suspension cultures of HL-60 cells in the FBB  

and a control static column. Static culture in the T flask was set up as a positive control 

and for the hypoxia condition. The initial cell density was 4.5x104 cells mL-1 in all 

systems. The following parameters in the system were studied :  

(1) Viable cell (cell density), cell viability and fold-expansion  

(2) Dissolved oxygen (DO) 

(3) Metabolites (glucose, lactate, ammonia) concentration 

(4) Cell proliferation using CFSE 
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5.2 Cell Density, Fold Expansion and Cell Viability After 5 and 7 Days 

HL-60 Cell Expansion Compared to Control Static Column and T Flask. 

Regulatory T cells (Tregs) are expensive and the ex vivo cell expansion process is 

complicated. Therefore, HL-60 cells were used as a cell model to establish the FBB for 

long term cell expansion. The previous studies on Treg expansion in a bag and G-rex® 

bioreactors have shown that 14 days expansion was a minimum cell culture period to 

achieve the target cell number for the treatment. Treg expansion protocols included cell 

stimulation using antibody-coated microbeads and re-stimulated at a different timeline. 

Previous studies have re-stimulated Treg with antibody-coated microbeads at day 7 

(Mathew et al., 2018), day 8 (Marín Morales et al., 2019) or day 12 (Fraser et al., 2018; 

Safinia et al., 2016) of cell expansion. Based on the previous step of the FBB design using 

HL-60 as a cell model and Treg expansion protocol, the cell culture was extended from 

48 hours to 5 and 7 days in this study. The cell culture conditions and protocol followed 

the previous FBB design experiments. For the FBB, the initial cell number was 5x106 cells 

in 110 mL (or 4.5x104 cell mL-1) working at the velocity of 2.41x10-6 m s-1. The working 

volume was adjusted to ensure enough cell culture medium circulated through the system. 

The cell density was kept constant at 4.5x104 cell mL-1 when the working volume was 

varied. The control system was the static culture in the 50 mm column. The viable cells 

and fold-expansion were analysed using the trypan blue exclusion test. The comparison 

of cell density, fold expansion and viability after 5 and 7 day expansion are presented in 

Figure 5-1. In addition, the cells were cultured in tissue culture flasks (T flask) to observe 

the proliferation in the conventional cell culture method at the same initial cell density 

(4.5x104 cell mL-1). It can be seen that no significant differences (p > 0.05) in cell density 

(Figure 5-1(a)) and fold expansion (Figure 5-1(b)) between the FBB and control static 

column after 5 days (approximately 3-fold) and 7 days (approximately 7-fold). 

Interestingly, viable cells in the T flask was higher than in the FBB column (11-fold and 

25-fold after 5 and 7 days, respectively) with non-significant (p > 0.05). Cell viability 

was over 90% in all systems (Figure 5-1(c)) 
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(a)  

 

 

 

 

(b)  
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Figure 5-1 HL-60 expansion in the FBB, Control Static Column and T Flask. The comparison 

of viable cells (a), fold expansion (b) and viability (c) after 5- and 7-day cells expansion. Cell 

density after 5 days; FBB = 14.61x104±1.35 cells mL-1(Mean±SE, n=3), Control Static Column = 

16.24x104 ±1.42 cells mL-1(Mean±SE, n=3), T Flask = 49.75x104 cells mL-1(n=1). Cell density 

after 7 days; FBB = 32.58x104 ±1.00 cells mL-1(Mean±SE, n=2), Control Static Column = 

35.73x104 cells mL-1(Mean±, n=3), T Flask = 104.59x104 ±11.27 cells mL-1(Mean±SE, n=3). Cell 

viability was   higher that 90% in all cell culture devices.
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5.3 The Monitoring of Dissolved Oxygen After 5- and 7-Days HL-60 Cell 

Expansion in the FBB Compared to Control Static Column and T Flask 

Oxygen concentration in cell culture media is one important factor that affects cell 

proliferation. Therefore, the DO was measured once a day during the cultivation time in 

this study. However, the DO level was observed only in the FBB (Figure 5-2) because the 

flow-through cell FTC-SU-PSt3-S sensor was designed for perfusion systems.   It can be 

seen that at a lower velocity, a decrease in DO level was observed after 2 days of HL-60 

expansion. This result follows the observations from a previous study by Wierzchowski 

et al. (2019), which showed that the DO level significantly decreased from day 2 of the 

batch culture in T75 flasks as a low amount of oxygen was supplied to the system. The 

decrease in oxygen level was due to the increase in cell density and it is different during 

their growth state (Wagner et al., 2011). Comparing the DO level to the growth curve of 

HL-60 in the previous study (Figure 4-2, Chapter 4), the DO level started to decrease 

when the exponential phase of growth started which was between days 2 or 3. The 

decrease of the DO level in the culture medium is related to the high oxygen consumption 

during the exponential growth. The correlation between viable cells and DO shows that 

as the viable cells increase, a progressive decrease in DO was observed (Figure 5-3). 

Moreover, the negative control group (cells cultured in a non-vent, hypoxia condition T75 

flask) shows that the cells were dead after 7 days (Figure 5-4). Based on the DO data from 

the low-velocity experiment, changing working velocities after day 2 was considered 

during 7 days of expansion. The velocity was adjusted during the cultivation time 

following the decrease of DO level (3.20x10-6 m s-1 at day 2, 4.90x10-6 m s-1 at day 3). 

Despite no difference in DO level, cell density was higher when the velocity was adjusted 

compared to the low velocity (Appendix 5-1). Consequently, the system was optimised 

by applying the high velocity (4.90x10-6 m s-1) for HL-60 cell expansion.   
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Figure 5-2 Dissolved oxygen (DO) after 5 and 7 days of cell expansion. After 5 days (   ), the 

DO decreased from 6.56 ± 0.20 mg L-1 to 3.93 ±0.13 mg L-1 (n=3). DO after 7 days at low velocity 

(    ) decreased from 5.74 ±0.18 mg L-1 to 1.68 ±0.82 mg L-1(n=2). DO after 7 days when adjust 

the velocity (    ) decreased from 6.03 mg L-1 to 1.73 mg L-1 (n=1). DO after 7 days at high velocity 

(   ) decreased from 6.07 ± 0.36 mg L-1 to 2.03 ± 0.20 mg L-1. (Mean±SE, n=2). 

  

Figure 5- 3 The inverse correlation between cell density and DO level. The cell density was 

increased, while DO level was decreased during 7 days of HL-60 cells expansion. (Mean±SE, n=3). 
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Figure 5-4 Cell density at different flow velocity after 7 days cell culture: low velocity 

(2.41x10-6 m s-1), adjust velocity from 2.41x10-6 m s-1 to 4.90x10-6 m s-1[2.41x10-6 m s-1(day1), 

3.20x10-6 m s-1 (day2) and 4.90x10-6 m s-1 (day3-7)] and high velocity (4.9x10-6 m s-1). HL-60 

expansion in the T flask was a positive control and HL-60 expansion in the non-vent T flask was 

the negative control (no oxygen supply). (Mean±SE, n=3). 

The operation at high velocities should produce a higher cell density at the end of cell 

culture than low velocities. This is due to more oxygen supply to the FBB. Contrary to 

this expectation, the study did not find a significant difference in cell density between low 

and high velocities (Figure 5-4). It is important to highlight the fact that the high velocity 

did not provide a significantly higher oxygen level than in low velocity and the DO level 

dropped to the same level at the end of the cell culture (Figure 5-2). However, the an 

increase in velocity seems to provide a stable condition in the FBB as the DO was constant 

until day 4.  

The advantage of using the FBB for in vitro cells expansion is the continuous oxygen 

supply through the flow of cell culture medium. However, the oxygen concentration 

steadily declined even at high velocity in the FBB and the cell density in the FBB were 

similar to that in the control column, while the yield was higher in the T flask. This 

suggests that the oxygen supply was lower than consumption by the cells. Kaiser et 

al.(2014) studied FBB on encapsulated Jurkat cells expansion. The study used a 

volumetric flow rate of 2 mL min-1 which is higher than this study (0.57 mL min-1). 
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However, the sensitivity to shear stress can be a limitation to applying high velocity in 

mammalian cell cultures. Yazdani (2016) stated that continuous replenishment of oxygen 

is required to avoid oxygen deficiency, particularly in high cell density. To increase the 

oxygen supply in bioreactors design, several strategies were introduced such as interval 

shaking of the cell culture or connecting to external gas supply. Not only applied the 

optimal flow rate but the efficient gas exchange unit was installed between the pump and 

the inlet of the FBB (Kaiser et al., 2014). The gas exchange unit was made of a set of 

silicone tubing wrapped around the wireframe and the gas exchange was based on the 

exchange with air in the incubator. Wierzchowski et al.(2019) have reported using the 

control unit to adjust the oxygen supply into the bag bioreactor via optical fibres built-in 

the bottom of the bag. The study achieved higher fold expansion in the bag than the T 

flask (30-fold and 25-fold, respectively). In stir tank bioreactor design for T cell expansion 

by Carswell and Papoutsakis (2000) the air was either fed into the headspace or sparged 

through the spargers and oxygen was injected when necessary.  

The oxygen concentration in the humidified incubator is approximately 18.6% (5.98 mg L-1). 

Dissolved oxygen at the equilibrium is approximately 0.194 mM (3.10 mg L-1). However, 

this value can be varied depending on temperature and the ionic strength of the cell culture 

media (Place et al., 2017). In this study, the DO level at day 0 was approximately 5.95 mg L-1. 

This value might be insufficient when the cells show a high oxygen consumption rate 

(OCR) as presented in Figure 5-5. It can be seen from the figure that the OCR was steadily 

increasing since the first day of cell culture.  
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Figure 5-5 Oxygen consumption rate of HL-60 cells expansion in the FBB. Oxygen 

consumption increased from day 0 to 7. The calculation for the OCR is present in Appendix 5-2. 

(n=3) 

Oxygen deficiency might be one explanation for the non-significant difference in cell 

yield between the FBB and static column. The explanation of oxygen diffusion in the FBB 

and T flask is illustrated in Figure 5-6. In the FBB, oxygen either permeates through the 

0.22 µm filter in the culture medium bottle or the silicon tubes before being dissolved in 

the culture medium, and is then  delivered to the cell in the FBB through medium 

perfusion (Figure5-6(a)). It can be seen that several factors affect the amount of oxygen 

supply such as thickness, pore size and tube length. On the other hand, oxygen exchange 

in the T flask occurs at the surface area of the cell culture medium (Figure5-6(b)). Surface 

area, medium volume and medium depth are the key parameters that affect oxygen 

exchange in T flask (Al-Ani et al., 2018; Yazdani, 2016).  Yazdani (2016) reviewed that 

the optimal medium depth is 0.2 cm which is equivalent to a volume of 0.2 mL cm-2. 

Without the efficient oxygen supply through the perfusion in the FBB, the surface area 

for gas exchange in the T flask (25 cm2, 75 cm2 and 175 cm2) was higher than in the FBB 

column (19.63 cm2). The medium-depth in the T flask (< 1 cm) was also less than the 

FBB (approximately 5 cm). The effect of medium depth on oxygen transfer was supported 

by Oze et al.(2012). Oxygen in the cell culture medium decreased accordingly with the 

depth from the medium surface. The oxygen concentration was 6.10 mg L-1 in 3.7 mL of 
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medium with 0.148 cm depth and 4.26 mg L-1 in 7.4 mL of medium with 0.296 cm in T25 

after 6 days murine chondrogenic cell culture. 

Using gas permeable cell culture device has shown success in high cell density production 

The design of this device is closely related to the FBB as seen in the Gas Permeable Rapid 

Expansion or G-Rex® prototype. The device is composed of a gas-permeable membrane 

(silicone membrane) (Lapteva and Vera, 2011) at the bottom of the device, where the 

oxygen flows from the ambient incubator into the device (Figure 5-6 (c)). Comparing the 

bottom permeable membrane of G-Rex to the bottom cap of the FBB, the thickness of the 

bottom cap, the diameter of the orifice (inlet) in the FBB can be the limitor of oxygen 

supply. The number and diameters of orifices also affect the good liquid distribution in 

the FBB (Cocco et al., 2014). Apart from connecting to an external oxygen supply, the 

application of the gas-permeable membrane at the bottom cap with a thin membrane 

supporter might be considered for future study. The most important factor in G-rex 

performance is the surface density, which is cells per membrane area (Wolf and 

Corporation, n.d.). The study of the initial cell number to load in the FBB based on this 

parameter might be considered for the FBB design as the oxygen is supplied from the 

bottom and the oxygen exchange can take place at that part. 
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(a)            (b)     

    

      (c) 

 

 

 

 

 

 

 

Figure 5-6 Oxygen delivery to the cells in different cell culture devices. (a)The permeable oxygen through silicone tubing, dissolved in the cell 

culture media and delivered to the cells through media perfusion from the bottom of the FBB. (b) Oxygen is exchanged at the surface area of the T 

flask. (c) The diffusion of oxygen through the gas-permeable membrane in G-Rex®.
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5.4 Metabolic activity of HL-60 cells  

The major carbon and energy sources for cell culture are glucose and glutamine which are 

metabolised through glycolysis and tricarboxylic acid (TCA) pathway. The glycolytic 

metabolism and glutaminolysis generate lactate and ammonia that are toxic to the cells   

(Cruz et al., 2000; Hassell et al., 1991; Patel et al., 2000). In this study, Glutamax was used 

as a glutamine precursor which is metabolised through the TCA cycle and results in the 

accumulation of ammonia. Glucose, lactate and ammonia levels are therefore measured to 

determine metabolic activity and the provided data can be used to design the operation such 

as the feeding strategies and perfusion rate (Tsao et al., 2005).  

Metabolic activity of HL-60 culture in the FBB, control static column and T flask was studied 

by a routine measurement of glucose, lactate and ammonia level in the culture medium. 

Figure 5-7 shows that during 7 days, cells continued to grow and the glucose concentration 

progressively decreased, while the lactate and ammonia steady increased in all systems.  
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(a)  
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Figure 5- 7 cell in term of fold expansion(green), glucose(black), lactate(red) and ammonia(blue). 

The HL-60 cells were cultured in the FBB (a), Control Static Column (b) and T Flask (c). Cell culture 

medium was sampled every day to measure glucose, lactate and ammonia concentration. The cells 

were harvested and counted at day 5 or 7. (Mean±SE, 5 days cell culture: n=5;7 days cell culture: n=2). 
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The specific glucose consumption rate per cell (rglu) was calculated following Wierzchowski 

et al. (2019) (Appendix 5-3) at day 5 and 7. At day 5, no difference was observed in the rglu 

among the cell culture systems and the rate  increased from day 0 to day 7 in all cell culture 

devices (Figure 5-8). At day 7, rglu was higher in the FBB (9.08x10-5 mg hr-1 cell-1) than in 

static cultures (7.15x10-5 mg hr-1 cell-1 in control static column and 3.86x10-5 mg hr-1 cell-1 

in T flask).  

 

 

Figure 5-8 Glucose consumption rate (rglu) in each cell culture device: FBB (   ), Control Static 

Column (   ) and T Flask (   ).(Mean±SE. FBB; n=3, Control Static Column; n=3, T Flask; n=1) 

This finding is contrary to previous studies which have found that the rglu decreased after day 

2 in WAVE bioreactor and static culture (Wierzchowski et al., 2019). The observed increase 

in rglu could be attributed to the lower cell density in this study than those by     

Wierzchowski et al.(2019). The initial cell density in the study was 1x105 cell mL-1 and 

reached 3x105 cell mL-1 when rglu started to decrease. The initial cell density was 4.5x104 cell mL-1 

and increased to 14.61x104±1.35 cells mL-1 in the FBB and 49.74x104 cell mL-1 in the T flask 

(Day 5) in this study. Carswell and Papoutsakis (2000) explained that the faster proliferation 

at the early phase of cell proliferation leads to a higher metabolic rate, then the metabolic 

rate decreases as the proliferation slow over the cell expansion period. With the initial cell 
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density of 1x105 cell mL-1, the growth curve study showed that the log phase of cell proliferation 

starts from day 2 and the stationary phase from day 5 (Figure 4-2). Comparedg to this study, 

the cell density and rglu kept increasing from day 5 to day 7 without the growth drop at the 

stationary phase. At the optimal initial cell density, the cell secretes an extracellular matrix 

that accelerates cell-to-cell contact and facilitates cell proliferation (Bajgain et al., 2014; 

Carrier et al., 1999). The previous works with HL-60 expansion were using a cell density of  

1x105 cells mL-1 and the yield reached the maximum density over 20x105 cells mL-1 (20-

fold) at day 5 before declining (Schumpp and Schlaeger, 1992) or 25x105 cells mL-1 (25-

fold) day 7 (Wierzchowski et al., 2019). Lack of cell-to-cell contact at the low initial cell 

density may cause low cell proliferation and could not define the maximum cell density in 

this study (Bajgain et al., 2014; Carrier et al., 1999). Therefore, it might be possible to 

optimise the minimum initial cell density to 1x105 cell mL-1 in a future study. 

The end product of glucose metabolism is pyruvate which can either access the TCA cycle 

or convert to lactate. Tsao et al. (2005) reviewed that lactate accumulation tends to occur in 

continuous cell cultures and can be limiting at high cell density cultivation. However, lactate 

accumulation in this study did not affect HL-60 proliferation as the cell density was higher 

in T175 than the FBB with the higher lactate level. As mentioned by Patel et al. (2000) and 

Tayi and Butler (2014), lactate accumulation over 20 mmol L-1 (1801 mg L-1) may cause 

growth inhibition. The study by Schumpp and Schlaeger (1992) also found that HL-60 

subclone was able to grow in the presence of 60 mM (5404 mg L-1) sodium lactate. From the 

results, it is clear that the lactate concentration was lower than the toxic level:       

979.38±113.1 mg L-1 (FBB) and 1198.38 mg L-1 (T flask). A relationship between lactate 

accumulation, pH and cell proliferation has been reported by Patel et al. (2000). The study 

found that the decrease in pH is related to lactate accumulation and leads to significantly 

inhibits cell proliferation in hematopoietic cell cultures. In line with a previous study, pH 

was maintained between 7.0-7.5 throughout the cultivation time (Appendix 5-4), therefore, 

no effect of pH was observed on HL-60 cell proliferation.  

The metabolism of glutamine (Glutamax) leads to the accumulation of ammonia in the cell 

culture medium which might be toxic to the cell. The toxic level is different between the cell 

line such as 2 mM (Vero cells), 2.5 mM (channel catfish ovary cells) and over 4 mM (HL-
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60 cells) (Hassell et al., 1991; Schumpp and Schlaeger, 1992; Slivac et al., 2010). Similar to 

the lactate level, the ammonia concentration after 7 days HL-60 expansion might not be the 

factor that limits cell proliferation because it was lower than the toxic level in all systems: 

1.15±0.03 mmol L-1(FBB), 1.176±0.09 mmol L-1(Control Static Column) and 1.69 mmol L-1 

(T flask).  

5.5 Analysis of cell division using flow cytometry 

Carboxyfluorescein succinimidyl ester (CFSE) is a fluorescent cell staining dye, which is 

cell-permeable and  retained within the cells. After cells divide, the intensity of fluorescence 

s and show different peaks of fluorescence intensity following the cell generations (daughter 

cells). This approach has proved suitable for the study of lymphocyte proliferation (Hawkins 

et al., 2007; Quah et al., 2007) and study suppression activity of regulatory T cells on the 

proliferation of effector cells (Golab et al., 2016; Venken et al., 2007). The application of 

division tracking dye CFSE has made it possible to study the effect of the FBB on cell 

proliferation rate in this study. 

The cell density in the FBB was non-significantly different from the control static column 

after 7 days of cell expansion. Additional data from the CFSE assay would provide more 

information if the proliferation rate was different between two systems or the proliferation 

rate is the same but more dead cells in one system. The proliferation data analysis was 

performed using Cyflogic software, 1x104 HL-60 cells were counted and gated on Forward 

Scatter/Side Scatter (FSC/SSC) (Figure 5-9). Based on cell size (FSC) and cell granularity 

(SSC), the HL-60 population was selected from the positive control group (Figure 5-9(a)). It 

can be seen that the cell number was similar between the positive and negative control group 

(9297 and 9388 cells, respectively). HL-60 population decreased after 7 days of cell 

expansion in the FBB (7205 cells) and the dead cells or debris increased (2103 cells) 

compared to positive control. This might be evident to support that more dead cells in the 

FBB were observed than in the control static column, which might be related to the shear 

stress. For cell division analysis,  HL-60 cells  that fall in the same quadrant (lower right)were 

selected and presented in the histogram  (Figure 5-10). 
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(a) Positive Control    (b) Negative Control 

 

  (c)  Control Static Column   (d) FBB 

 

Figure 5-9 Gating strategy for HL-60 proliferation analysis on dot-plot. Cells were analysed on 

the 7th day of cell expansion. HL-60 population were defined by first gating on FSC vs SSC showing 

freshly CFSE labelled-HL-60 at the day of flow cytometry analysis (Positive control,(a)), Unlabeled-

HL-60 (Negative control,(b)), HL-60 culture in the control static column (c) and HL-60 culture in 

FBB (d). Total 10,000 cells were counted. Following the gating strategy, the absolute cell numbers 

were 9,297, 9,388, 8,760 and 7,203 cells in positive control, negative control, Control Static Column 

and FBB, respectively. 

 

 



106 

 

 

Figure 5-10 Measuring proliferation in HL-60 via CFSE after 7 days cell expansion. The 

histogram showing the proliferation of HL-60 in the control static column (    ) and FBB (     ). The 

positive control is freshly CFSE-labelled HL-60 (    ) and negative control is non-labelled HL-60 

(autofluorescence) (   ). CFSE fluorescence was analysed on the FITC-A channel (excitation/emission; 

495/519 nm).  

The peak  on the right is a positive control which is CFSE-labelled undivided cells (Figure 

5-10). Cell division (defined by sequential halving of fluorescent) was present at different 

peaks until the dye dilutes to the equivalence of cell autofluorescence (negative control). It 

can be seen from the figure that, HL-60 cells divid, and the peaks shifted to the 

autofluorescence level. It is possible that the proliferation of HL-60 in the FBB was slightly 

faster than in the control column as the peak moved further towards to autofluorescence level. 

However, to estimate the cell proliferation rate from each cell culture device, using different 

software that provides the cell number information in each division would be reliable. The  

FBB seems to accelerate cell proliferation and hence the system would be expected to provide 

a higher cell density than in the control static column. As mentioned earlier, the cell density 

in the FBB was not significantly different from the control static column after 7 days of cell 

expansion. Hawkins et al. (2007) state that a higher proliferation rate might not result in 

higher cell density if higher death cells are in the system. The observation could be attributed 

to the number of dead cells in the FBB. Surprisingly, the dead cells in the FBB were lower 

than in control static column (1.5±0.25x104 cell mL-1 and 5.27±1.17x104 cell mL-1, 

respectively). Further analysis should be undertaken to explain the kinetics of cell 
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proliferation in different environments such as Division Index (DI), which is the average 

number of cell divisions that a cell in the original population has undergone or Proliferation 

Index (PI) which is the total number of divisions divided by the number of cells that went 

into division. The limitation of the proliferation analysis in this study was that the available 

software could not provide the above information. In addition, the CFSE analysis should be 

repeated to compare the histograms from different set-ups.  

Another finding from the cell proliferation analysis was that the histogram shows unclear 

visible peaks to determine each cell division. Therefore, cell division could not be determined 

from the study. Following the recommendation using CFSE from the manufacturer, the 

CFSE labelling allows the detection of up to 7 generations before CFSE fluorescence is 

decreased to autofluorescence. It is possible that HL-60 had a high proliferation rate and 

almost reaches the maximum divisions as the peaks were close to autofluorescence, while 

the CFSE-labelled cells from the first generations lose the dye or few CFSE-labelled cells 

left in that generation. Quah et al. (2012) review that one factor affecting the quality of the 

proliferation data is the CFSE dye labelling protocol. In this study, the additional 

investigation on the labelling procedure was conducted by using the labelling protocol on 

HL-60 cells and the cells were cultured in tissue culture flasks. Instead of one-time harvesting 

at day 7, the cells were also harvested at day 3 for flow cytometry. This study proved that the 

cells were dividing during the cell culture period with the reduction of fluorescent intensity. 

The fluorescent peaks were detected from both days 3 and 7. As expected, the peak was close 

to autofluorescence after 7 days, while the peak was close to positive control with visible 

peaks close to autofluorescence at day 3 (Figure5-11). Therefore, the labelling protocol 

should not be the cause of the invisible peak of each division.  
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Figure 5-11 3 days Vs 7 days HL-60 cells culture in the flask. The histograms showing the 

proliferation of positive control (    ), negative control (    ), HL-60 cells culture for 3 days (    ) and 7 

days (    ).  

There are, however, other possible explanations for the invisible peak which is caused due 

to the  fading of the dye. The previous study used CFSE to monitor lymphocyte proliferation 

from day 5 to 8 of cell culture. The study found that the CFSE intensity of the undivided 

peak declined over time in the unstimulated lymphocytes group (non-dividing cells) 

(Zolnierowicz et al., 2013). The fluorescence fading might be related to an unstable CFSE 

during the first 24 to 48 hours (Quah et al., 2007) or due to the release of the cell cytoplasm 

and cell membrane (Zolnierowicz et al., 2013). Using the dye at a higher concentration might 

be considered but the high concentration is also toxic to the cells. Despite unexpected cell 

density results, the FBB seems to enhance cell proliferation.  

5.6 Conclusion 

Cell culture in bioreactors takes several days to weeks to achieve the target cell number. The 

purpose of the current study was to utilise the FBB at the defined conditions to expand HL-

60 in the period of 5 and 7 days and investigate cell yield at the end of cell culture. During 

the cell culture, the factors that affected cell proliferation included the oxygen level in the 

FBB, nutrient and toxic metabolites concentration, and the proliferation rate compared to the 

control static column. HL-60 was also cultured in cell culture flasks as the control for the 

FBB and control static column. 



109 

 

 

This study has shown that the FBB can be utilised for 5- and 7-days ex vivo HL-60 cell 

expansion at the working velocity of 4.9x10-6 m s-1 with 3.51- and 7.82-fold, respectively.  

The fold expansion in the FBB was similar to that in the control static column (7.94-fold) but 

lower than the tissue culture flask (25.08-fold) after 7 days of cell expansion. This might be 

due to the insufficient oxygen supply throughout the cell culture period and the shear stress 

in the FBB. However, it was not possible to assess the DO in the control static column and 

tissue culture flask; therefore, it is unknown the effect of DO level on cell proliferation in 

these two systems. The cell viability was high at over 90 per cent from all cell culture devices. 

The monitoring of DO level in the FBB indicates that the oxygen level was decreasing during 

the cell culture period in both high (4.9x10-6 m s-1) and low (2.41x106 m s-1) velocity. 

However, the advantage of the operation at the high velocity was slowly decreased in the DO 

level compared to the operation at the low velocity as it was higher DO level at the end of 

cell culture (2.03±0.20 mg L-1 and 1.68±0.82 mg L-1 from high and low velocity, respectively).  

The monitoring of nutrients and metabolites showed that the FBB, control static column and 

T flask provided sufficient glucose (> 700 mg L-1) and removed lactate and ammonia to under 

toxic level (< 1800 mg L-1 lactate and < 4 mM ammonia) at the end of cell expansion when 

starting with the initial cell density of 4.5x104 cell mL-1. However, this initial cell density 

was low compared to the previous work and did not achieve the maximum cell density. With 

the low initial cell density, nutrients and toxic metabolites might not be the factor that restrict 

cell proliferation as the maximum cell density could not be reached. In addition, the glucose 

consumption rate was in an upward trend related to the cells and cells continued to proliferate 

till the bioreactor was terminated. Therefore,  a higher cell yield is expected if the bioreactor 

was kept operating or a maximum cell yield would be achieved within 7 days  with a higher 

starting cell density. Glucose is limited and lactate and ammonia will accumulate at high cell 

density; therefore, it would be better to study the capacity of the FBB on nutrients supply and 

toxic metabolites removal at the maximum cell density compared to the control static column 

and T flask.   
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One of the findings to emerge from the CFSE study is that the FBB might increase cell 

proliferation rate. HL-60 cells divide and the fluorescence intensity represents cell division 

shift from the undivided level close to autofluorescence in the FBB compared to the control 

static column. However, this analysis will need to be repeated and compared to the histogram 

between each set-up. In addition, the parameters such as DI and PI should be included in the 

analysis using the software that can provide this information.  

The evidence from this study suggests that the FBB supports non-adherent cell proliferation 

and could therefore be used for regulatory T cells expansion, as detailed in Chapter 6. The 

velocity at 4.9x10-6 m s-1 will be applied for the Treg study and investigations will be carried 

to assess whether it can be optimised based on the monitoring of the DO level. The initial 

cell density will be adjusted depending on the cell number after cell isolation. DO level, 

nutrients and metabolites concentration and cell proliferation rate will be used to monitor cell 

proliferation and optimise the system during Treg expansion. The operation of the cell 

expansion process will be adjusted as the nature of Treg culture will need different treatment 

from HL-60.  
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Chapter 6: The Development of a Protocol for 

Regulatory T Cell Expansion in Fluidised-bed 

Bioreactor  

6.1 Introduction 

Regulatory T cells (Treg) are a population of T lymphocytes characterised by the 

expression of CD4+CD25+FoxP3+ which is the most well-known phenotype. The different 

markers were used to identify specific Treg populations such as CD127low, CD45RA- and 

CTLA-4+( Dieckmann et al., 2001; Yu et al., 2012; Shevyrev and Tereshchenko, 2020). Tregs 

play an essential role in maintaining immune homeostasis by suppressing other active 

immune cells (Gliwiński et al., 2017). In addition, the suppressive function of Treg makes 

them attractive cells for controlling immune response and preventing graft rejection in 

organ transplantation (Safinia et al., 2016; Chandran et al., 2017). Because of the low 

number of Treg that circulate in peripheral blood, an ex vivo expansion process is required 

to increase the cell number for clinical application. Treg can be isolated from peripheral 

blood of patients and expanded in bioreactors in the presence of anti-CD3/CD28-coated 

beads and interleukin 2 (IL-2) (Milward et al., 2017). The incorporation of anti-

CD3/CD28-coated beads is to mimic T cell receptor (TCR) stimulation by an antigen 

presenting cell (APC) and IL-2 is the cytokine that maintains FoxP3 and Treg 

development (Sakaguchi et al., 2008; Burrell et al., 2012). 

Several types of bioreactors have been studied for ex vivo Treg expansion. Fraser et al. 

(2018) obtained 300-fold expansion after 36 days of cell culture in a cell expansion bag, 

while Safinia et al. (2016) obtained 1670-fold using the same bioreactor and cell culture 

period. G-Rex® bioreactor provided approximately 40-fold after 21 days of cell expansion 

(Mathew et al., 2018) and CliniMACS Prodigy® provided around 21-fold after 13 days of 

cell expansion (Morales et al., 2019). As mentioned in Chapter 2, no particular system is 

defined as a gold-standard method for ex vivo Treg expansion. A fluidised-bed bioreactor 

(FBB) was studied for ex vivo Treg expansion in work presented here. The early stage of 
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FBB design, described previously in this thesis, was to define the cell culture conditions 

using HL-60 as a cell model then the system was applied for HL-60 expansion. The study 

in this chapter aimed to apply the FBB for Treg expansion at defined conditions for 14 

days. Treg cells were isolated from cryopreserved PBMCs and found that a small number 

of Treg was isolated (4.09x105±1.26x105 cells). Therefore, the initial seeding density was 

adjusted between 1x105 to 5x105 cell mL-1. Tregs were cultured in a 10 mm diameter 

borosilicate glass column at the velocity of 4.9x10-6 m s-1. The cell suspension was 

harvested, resuspended in fresh media supplement with IL-2 and restimulated with fresh 

Dynabeads® at day 7. Metabolites and DO levels were routine monitored and the viable 

cell was measured on day 14. The comparator systems were static control column using 

10 mm diameter column without media flow and 96-well plate. Treg phenotype was 

studied using the expression of CD4, CD25, FoxP3 and low expression of CD127. 

Although the cell culture protocol was set up during HL-60 expansion, protocol 

development was required for Treg due to the nature of the cell is different from HL-60. 

For example, Treg is a primary cell and more sensitive to cell culture environment 

compared to HL-60, Treg is capable of undergoing only a limited number of population 

doubling (finite lifespan cells ) but HL-60 is unlimited proliferation. The objective of this 

study was to develop a protocol, based on the monitoring of dissolved oxygen (DO), 

nutrients and metabolites concentration and cell yield.  

6.2 Isolation and pre-expansion protocol development 

6.2.1 CD4+CD25+CD127low Tregs Can be Isolated From Cryopreserved Peripheral 

Blood Mononuclear Cells Using EasySep™ Human CD4+ CD25+CD127low   

Regulatory T Cell Isolation Kit. 

Treg isolation in this study was based on the expression of CD4 and CD25 and low 

expression CD127. Treg expansion protocols include the process from peripheral blood 

collection,  cells isolation, Treg isolation and Treg cells activation and expansion. In this 

study, Treg cells were isolated from the cryopreserved PBMCs purchased from the 

manufacturer using the immunomagnetic cell isolation method. The average percentage 

of PBMC cells that immediately recovered after thawing was 89.4% (Table 6-1). The 
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recovery was estimated from the product datasheet which is 5x107 cells per vial 

(Appendix 6-1). However, the label from the manufacturer (STEMCELL Technologies, 

Cambridge, UK) for the cell number was more than 5x107 cells per vial. Therefore, the 

actual recovery was not 100% in Protocol 3 (P3) (Table 6-1). Treg was isolated from the 

PBMC cell suspension using EasySep™ Human CD4+CD127lowCD25+ Regulatory T Cell 

Isolation Kit. The average cell number after Treg isolation was 4.09x105±1.26x105 cells.  

6.2.2 Pre-expansion protocol development 

One objective of this study was the development of the protocol for ex vivo Treg 

expansion in the FBB, following on from preliminary work carried out by Ellis (2014). 

Because of no existing protocol, this study used the data from the HL-60 study (Chapter 

5) and the previous works on the Treg expansion procedure to develop the protocol for 

Treg cells cultured in the FBB. The cell number used to set up the experiments present in 

Table 6-2. The different seeding densities were applied based on the cell number obtained 

from cell isolation: 

Protocol 1 (P1): isolated Tregs from the PBMC cryovial were divided into 3 parts: 5x104 

cells for the control system in 96-well plate, 1x105 cells for the FBB and 1x105 cells for 

the static control column. The cells proceeded with CFSE labelling before being loaded 

to each cell culture system. 1x105 Tregs were cultured separately and cryopreserved 

(Appendix 6-2) at the cell number of 2.58x106 cells (Cryo Treg). The Cryo Treg vial was 

stored in liquid nitrogen for 2 weeks before using it in P2.  

Protocol 2 (P2): Treg cells were recovered from the Cryo Treg, divided into 3 parts and 

stained with CFSE. Then the cells were loaded into each cell culture system as mentioned 

in P1. However, it seems to lose the cell during CFSE staining; therefore, the staining step 

was adjusted in P3. 

Protocol 3 (P3): The actual initial cell density in each cell culture device was less than 

2.5x105 cell mL-1 due to cell loss during CFSE staining. Therefore, the cells were stained 

with CFSE before cell count and loaded into cell culture devices. It can be seen from 

Table 6-2 that over 50% of Tregs were lost during the CFSE labelling process and the 
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remaining cell number for the experiment was 3.05x105 cells. Therefore, the cell number 

was adjusted and approximately 1.39x105 cells were used for each cell culture system. 

Protocol 4 (P4): Because of not enough cell numbers being available after cell isolation 

to operate phenotypic analysis and low seeding density in the previous protocols, the cell 

number was increased in 96-well plate for 7 days and divided into 3 parts for another 7 

days expansion in cell culture devices. By this process, the seeding density at 5x105 cell mL-1 

was obtained (P4(A)). In addition, a fraction of Tregs was kept culturing in a 96-well plate 

with anti-CD3/CD28-coated beads to derive more cells for repeat experiments.  However, 

the cell number was insufficient to study at 5x105 cell mL-1, which might be due to cell 

exhaustion after 2 rounds of stimulation (Ghaffari et al., 2021). Therefore, the set-up was 

conducted at the cell density of 2.5x105 cell mL-1 (P4(B)).
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Table 6-1 Starting material for ex vivo Treg expansion. P1, P3, P4(A) and P4(B) were isolated Tregs from cryopreserved PBMC (Cryo PBMC). 

A fraction of Tregs from P1 was cryopreserved and used in P2. 

Starting Material 

Protocol 1 

(P1) 

Protocol 2 

(P2) 

Protocol 3 

(P3) 

Protocol 4(A) 

(P4(A)) 

Protocol 4(B) 

(P4(B)) Average SE 

Cryo PBMC Cryo Treg Cryo PBMC Cryo PBMC Cryo PBMC   
Cell Number in 

Cryovial >5x107 2.58x106 >5x107 6.11x107 >5x107   
PBMC after wash 

(Cells) 3.56x107 NA 5.00x107 4.72x107 4.60x107 4.47x107 3.15x106 

Treg (Cells) 3.70x105 2.98x105 3.05x105 1.77x105 8.97x105 4.09x105 1.26x105 

Treg-CFSE (Cells)   1.46x105     
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Table 6-2 Set-up plan and actual cell number using in 96-well plate, FBB and static control column. Treg was expected to set up at               

2.5x105 cells mL-1 in P1, P2, P3 and P4(B) and 5x105 cell mL-1 in P4(A). 

System 

P1&P2* P3** P4(A)*** P4(B)*** 

Cell 

Number Volume 

Initial 

Seeding 

Density of 

Treg 

Cell 

Number Volume 

Initial 

Seeding 

Density of 

Treg 

Cell 

Number Volume 

Initial 

Seeding 

Density of 

Treg 

Cell 

Number Volume 

Initial 

Seeding 

Density of 

Treg 

(Cells) (µL) (Cells mL-1) (Cells) (µL) (Cells mL-1) (Cells) (µL) (Cells mL-1) (Cells) (µL) (Cells mL-1) 

96-Well 

Plate  5.00x104 200 2.50x105 2.90x104 210 1.38x105 1.00x105 200 5.00x105 5.00x104 200 2.50x105 

FBB 1.00x105 400 2.50x105 5.80x104 417 1.39x105 2.00x105 400 5.00x105 1.00x105 400 2.50x105 

Static 

Control 

Column 1.00x105 400 2.50x105 5.80x104 417 1.39x105 2.00x105 400 5.00x105 1.00x105 400 2.50x105 

 

*Cells were counted before CFSE labelling 

**CFSE labelling before cell counting and loading to each cell culture device 

***Cell expansion in 96-well plate to increase cell number from Day 0 to Day 7, divided into 3 cell culture devices from Day7 to Day14. Plan A and B are different 

in initial cell density (Table 3-5, Chapter3).
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Boyce et al. (2010) reviewed that the number of Treg cells present in peripheral blood is 

only 5 to 10% of CD4+ T cells or 1 to 2% of total lymphocytes. Approximately 6% 

CD4+CD25+ T cells were isolated from the blood of healthy donors (Dieckmann et al. 

2001), while 0.7-5.5% Tregs were isolated from total PBMCs in Jonuleit et al. (2001) 

study. This study obtained isolated Tregs amounting to 0.97% of PBMC similar to the 

previous studies. Chakraborty et al. (2013) selected Treg cells based on positive selection 

CD25+ obtained 3x106±1x106 cells from 4.5x108±1x108 PBMC (from 50 mL buffy coat), 

approximately 0.7%. It can be seen from the studies that a low number of Treg was present 

in peripheral blood. The isolation of Treg from cryopreserved PBMC could result in fewer 

Tregs compared to fresh blood as the viable cells are likely to reduce from 

cryopreservation processes such as the exposure to cell freezing media, the stress after 

thawing, exposure to the condition during the sorting process, cell passage and 

centrifugation (Golab et al., 2013).  

The reduction of the CD4+CD25+ population after cryopreservation might also be related 

to the change in surface expression of CD25 markers on CD4 T cells. The freezing length 

also affects the expression (Seale et al., 2008). The mean of isolated Tregs from the fresh 

sample was 5.58% and decreased to 3.57% following thawing after 3 weeks of 

cryopreservation (Elkord, 2009). Treg recover from the Cryo Treg (P2) was 11.55%. This 

might be due to cell loss from cryopreservation. 

6.3 The FBB and Static Control Column Set up for Treg Expansion 

The FBB bioreactor set-up and static control column set-up are shown in Figure 6-1. The 

FBB is a closed system with the re-circulation of cell culture media (Figure 6-1 (a)). The 

FBB was upscaled using the 50 mm diameter column in Chapter 5. However, the 10 mm 

diameter borosilicate glass column was used in this study due to the low Tregs number 

from the starting material. Apart from the column, the FBB set-up for Treg expansion 

using oxygen sensors, peristaltic pump, 3-way valve sampling port and connected to the 

feeding bottle was the same as in Chapter 5. (Figure 6-1 (b) and 6(c)). The control static 

column was also changed from the 50 mm diameter column to 10 mm. The bottom end 

was closed and the top end was connected to a 0.22 µm filter (Figure 6-2 (d)).
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(a) 

 
     (b)    (c) 

   
    (d) 

 
Figure 6-1 The FBB bioreactor and static control column set-up. A close system FBB set-up 

(a). The composition of the feeding bottle (b) and FBB (c). Static control column set-up (d).
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6.4 Protocol Development for 14 Days Treg Expansion in the FBB 

Cell expansion protocol was developed based on the data from the HL-60 study (Chapter 

5). However, the nature of both cells is different as HL-60 cells are immortalized and are 

considered to have infinite proliferation. In contrast, Treg cells are primary cells with a 

finite proliferative capacity, plus they need to be activated to undergo cell proliferation, 

using anti-CD3/CD28-coated beads, leading to additional complexity in culture protocol. 

Therefore, cell expansion protocols in the FBB were adjusted from the HL-60 protocol. 

In parallel with cell expansion in the FBB, Treg was expanded in static control column 

and 96-well plate as the control systems.  

6.4.1 Treg Expansion in the FBB 

Treg expanded in vitro under 4 different protocols were developed stepwise based on the 

initial cell density and cell yield (Figure 6-2). All 4 protocols included T cell stimulation 

with anti-CD3/CD28-coated beads on days 0 and 7 with the presence of IL-2 in cell 

culture media. P1, P2 and P3 were a 14-day expansion in the FBB, while P4 was a 7 days 

expansion in the 96-well plate and a subsequent 7 days expansion in the FBB. The 

expansion in 96-well plate aimed to obtain high cell numbers to operate at the seeding 

density of 5x105 cell mL-1. The cells were inoculated (static culture condition) for 3 days 

in P1 before starting the perfusion. Due to cellular respiration, the media in the FBB was 

observed to become yellow on day 4 when the perfusion was started. To ensure sufficient 

nutrients and oxygen were supplied, the operation was adjusted by starting media 

perfusion on day 1 (P2) and day 3 (P3). However, the initial cell number was lower than 

the optimal density which was  2.5x105 cells mL-1 (Ghaffari et al., 2021). Therefore, the 

cells were expanded in a 96-well plate to increase the cell number and seeded into the 

FBB on day 7 (P4). The inoculation time was 2 days before the start of the perfusion by 

this protocol.  
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 Protocol 1 (P1)  Protocol 2 (P2)  Protocol 3 (P3)  Protocol 4 (P4) 

        

Day 0 Treg cells isolation&Seeding in FBB 

 

Treg cells 

isolation&Culture 

in 96-well plate 

to increase cell 

number 
        

Day 1 
  

Switch pump on 
 

Switch pump on 

(<umf)  

Split&Double 

volume 
        

Day 2 Double volume    

Turn speed to 6 

rpm  

Split&Double 

volume 
        

Day 3       

Split&Double 

volume 
        

Day 4 
Switch pump on 

     

Split&Double 

volume 
        

Day 5       

Split&Double 

volume 
        

Day 6       

Split&Double 

volume 
        

Day 7 
Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate                

in FBB 
        

Day 8 Switch pump on  Switch pump on  Switch pump on  Double volume 
        

Day 9       Switch pump on 
        

Day 10                

Day 11                

Day 12                

Day 13                

Day 14 Cell Harvest  Cell Harvest  Cell Harvest  Cell Harvest 

Figure 6-2  Protocol development for Treg expansion in the FBB. P1 was the original protocol 

when the cell culture media was doubled on day 2 and inoculated for 4 days before starting media 

perfusion. The inoculation time was decreased to 1 day in P2 and 2 days in P3. Cells were re-

stimulated at day 7 in all protocols. The pre-culture was performed for 7 days to increase cell 

number in P4 and the cells were restimulated, seeded in the FBB on day 7 and cultured for 7 days. 

 

.  
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6.4.2 Treg Expansion in the Control Static Column 

Similar to the FBB, the half media change was adjusted based on the seeding density. In 

P1, the cells were allowed to adjust to the new environment in the control column for 1 

day. Then the media was doubled on day 2 and the column was filled on day 4. As 

observed in the FBB, the culture media in the column changed to yellow on day 4; 

therefore, the protocol was adjusted by filling the column at day 2 in P2. However, the 

cells appeared to need longer inoculation time as it was observed to slow proliferation. 

Consequently, the media was double on day 1 and the column was filled on day 2 in P3. 

Half of the media was changed every day in P1 and P4 to ensure sufficient nutrients were 

provided. However, half media was changed 1 consecutive day in P2 and P3 as it was 

observed that sufficient nutrients were supplied.  

6.4.3 Treg Expansion in 96-Well Plate 

Cell culture protocol in 96-well plate was similar from day 0 to day 3 in P1, P2 and P3. 

Cell suspensions were split and the fresh media was added to the final volume of 200 µL 

per well. The cells were pooled on day 4 in P2 and day 7 in P3 to investigate the 

proliferation when the cells and beads were not split. However, cell splitting seems not to 

affect cell proliferation as cell density was not different between pooled and split cells 

(Figure 6-7). 

 

 

 

 

 

 

 

 

 

 

 

 



122 

 

 

 Protocol 1 (P1)  Protocol 2 (P2)  Protocol 3 (P3)  Protocol 4 (P4) 

        

Day 0 Treg cells isolation&Seeding in column 

 

Treg cells 

isolation&Culture 

in 96-well plate to 

increase cell 

number 
        

Day 1   Fill column  Double volume  

Split&Double 

volume 
        

Day 2 Double volume  

Half media 

change  Fill column  

Split&Double 

volume 
        

Day 3       

Split&Double 

volume 
        

Day 4 Fill column  

Half media 

change  

Half media 

change  

Split&Double 

volume 
        

Day 5 
Half media 

change      

Split&Double 

volume 
        

Day 6 
Half media 

change  

Half media 

change  

Half media 

change  

Split&Double 

volume 
        

Day 7 
Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate                

in column 
        

Day 8 
Half media 

change  Double volume  Fill column  Double volume 
        

Day 9 
Half media 

change  Fill column  

Half media 

change  

Half media 

change 
        

Day 10 
Half media 

change      

Half media 

change 
        

Day 11 
Half media 

change  

Half media 

change  

Half media 

change  

Half media 

change 
        

Day 12 
Half media 

change      

Half media 

change 
        

Day 13 
Half media 

change  

Half media 

change  

Half media 

change  

Half media 

change 
        

Day 14 Cell Harvest  Cell Harvest  Cell Harvest  Cell Harvest 

 

Figure 6-3 The Protocols for Treg expansion in the static control column. P1 was the original 

protocol when the cells culture media was doubled on day 2 and inoculated for 4 days. The cells 

then split every day before restimulation on day 7. The inoculation time was decease to 1 day in 

P2 and 2 days in P3. Cells were re-stimulated at day 7 in all protocols. The pre-culture was 

performed for 7 days to increase cell number in P4 and the cells were restimulated, seeded in the 

static control column on day 7 and cultured for 7 days. 
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 Protocol 1 (P1)  Protocol 2 (P2)  Protocol 3 (P3)  Protocol 4 (P4) 

        

Day 0 Treg cells isolation&Seeding in 96-well plate 

 

Treg cells 

isolation&Culture 

in 96-well plate to 

increase cell 

number 
        

Day 1       

Split&Double 

volume 
        

Day 2 Split&Double volume  

Split&Double 

volume 
        

Day 3       

Split&Double 

volume 
        

Day 4 
Split&Double 

volume  

Pool into 6-well 

plate  

Split&Double 

volume  

Split&Double 

volume 
        

Day 5 
Split&Double 

volume      

Split&Double 

volume 
        

Day 6 
Split&Double 

volume    

Split&Double 

volume  

Split&Double 

volume 
        

Day 7 
Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate 
 

Remove beads 

&Reactivate                

in 12-well plate  

Remove beads 

&Reactivate                

in 96-well plate 
        

Day 8 
Split&Double 

volume      

Split&Double 

volume 
        

Day 9 
Split&Double 

volume  

Split&Double 

volume  

Half media 

change  

Split&Double 

volume 
        

Day 10 
Split&Double 

volume      

Split&Double 

volume 
        

Day 11 
Split&Double 

volume  

Split&Double 

volume  

Half media 

change  

Split&Double 

volume 
        

Day 12 
Split&Double 

volume      

Split&Double 

volume 
        

Day 13 
Split&Double 

volume  

Split&Double 

volume  

Half media 

change  

Split&Double 

volume 
        

Day 14 Cell Harvest  Cell Harvest  Cell Harvest  Cell Harvest 

 

Figure 6-4  The protocol for Treg expansion in 96-well plate. P1 was the original protocol 

when the cells were split, and fresh media was added to 200 µL every day to ensure sufficient 

nutrients were supplied. To observe the difference in cell proliferation when the cells were not 

split, the cells were pooled in P2 and P3.   
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6.4.4 Working Velocity for Treg Expansion in the FBB 

The working velocity that applied for 7 days of HL-60 cells expansion was 4.9x10-6 m s-1 

(Chapter 5). Because the cell size is different between the HL-60 and Treg (approximately 

12 µm and 10 µm, respectively), the set-up in P1 was operated at the low velocity; 

2.41x10-6 m s-1 (Chapter 4) to ensure that the cells are retained in the reactor. At the end 

of 14 days of Treg expansion, cell diameter was measured using a cell counter 

(NucleoCounter® NC-200™). The cell diameter of Treg in this study was approximately 

10.10 µm and this value was used to calculate umf and ut for Treg (Appendix 6-3). Figure 

6-5 shows the umf and ut of Treg from the calculation compared to umf and ut of HL-60. 

This was used to estimate working velocity for Treg expansion in the FBB. Based on 

Figure 6-5, the velocity of 4.9x10-6 m s-1 that operated in HL-60 cell expansion was 

slightly higher than ut of Treg (4.61x10-6 m s-1). However, the velocity of 4.9x10-6 m s-1 

was applied for Treg expansion in P2, P3, P4(A) and P4(B) as the cells did not appear in 

the feeding bottle (Appendix 6-4).  

 

Figure 6-5 umf and ut of HL-60 and Treg. umf and ut of Treg cells using Carman-Kozeny equation 

compared to umf and Uf of HL-60 using the equation and the experiment. The umf and ut for Treg 

by experiment could not perform because of the limitation of cell number. 
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6.4.5 Treg Stimulation Using anti-CD3/CD28 Coated Beads 

Natural Tregs are activated after TCR binding with peptide antigen presented by MHC 

(pMHC) on APC (Milward et al., 2017). The activation requires 2 signals interacting with 

CD3 and CD28 surface receptors (Martkamchan et al., 2016). To mimic the stimulation 

by APC, beads coated with anti-CD3/CD28 antibody has been used. Another essential 

stimulator is Interleukin 2 (IL-2), a major cytokine that induces and maintains FoxP3 and 

Treg development (Sakaguchi et al., 2008; Burrell et al., 2012). Tregs underwent 2 rounds 

of stimulation in 14 days except for P4(B) when Tregs were expanded to increase cell 

number in 96-well plate for 7 days, then re-stimulated and culture for 7 days in each cell 

culture device. 

Tregs are round with a diameter of 10.10 µm, while the bead is around 4 µm (Figure 6-

6). It can be seen from the figure that the morphology was changed during cell activation. 

Ghaffari et al. (2021) observed an increase in the size of the cells 3 to 4 days after the 

addition of beads. The change of cell shape is due to the assembly of the immunological 

synapse (IS) at the cell interface (Valitutti et al., 2010). The IS is essential for T cell 

activation as the optimal contact time in this area is needed for efficient cell proliferation 

and will be further discussed in section 6.5.  
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Figure 6-6 The observation of Treg and Dynabeads® under the microscope (60x scale bar 50 

µm). Treg presents round shapes with a diameter of 10.10 µm and the bead is around 4 µm. The 

morphology of Treg was changed upon the stimulation.  

6.5 14-day ex vivo Treg Expansion in the FBB 

The protocol for Treg expansion in the FBB was developed parallel with Treg expansion 

in static control column and well-plates. The viable cell after 14 days of Treg expansion 

is presented in Figure  6-7. During the protocol development, the cell number did not 

increase in all cell culture systems except cell culture in 96-well plates using P1 and 

P4(A). The observed decrease in viable cells could be attributed to the low seeding density 

that was used. The number of Treg in the FBB decreased during the first 7 days in P2 

(5.52x103 cells) but slightly increased after 14 days (1.22x104 cells).  Cell yield based on 

the volume of the cell culture system shows that cell density in the 96-well plate was 

higher than in the FBB. However, cell density in the FBB was slightly higher than in 96 

well plates after 14 days in P2 (3.47x103 cell mL-1 and 8.46x102 cell mL-1, respectively) 

and P4(B)  (1.07x104 cell mL-1 and 4.75x103 cell mL-1, respectively) (Figure 6-8). Harvest 

cell viability was highest in 96-well plates (from 57.1% to 100%) (Figure 6-9).  The 

viability in the FBB ranged from 37.5% to 66.7% and 29.7% to 73.0% in static control 

column. A decrease in viability was observed in all cell culture devices (P1, P2 and P3) 

at the end of 14 days compared to day 7. The observation of cell aggregation (Appendix 

6-5) also found that Treg cells were aggregated in the FBB and control static column and 
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this might lead to low cell proliferation in the FBB. In addition, it was observed that the 

cells appeared in the feeding bottle after 7 and 14 days of cell expansion.  

The most interesting finding was that viable cell numbers decreased in all cell culture 

systems in every protocol except cell culture in 96-well plates from P1 and P4(A). The 

decrease of cell number at the end of the cell culture period was related to the low initial 

cell density using in the study. T cell populations are likely to die when the culture is at 

low cell density due to apoptosis, lack of cell-to-cell contact, and autocrine (catalase) 

against oxidative apoptosis (Ma et al., 2010). The ideal initial cell density for this study 

either is 2.5x105 cell mL-1 or 5x105 cell mL-1 depending on the number of Treg after cell 

isolation, based on the previous works (Ellis, 2014; Jones et al., 2020; Tang & Bluestone, 

2013). The initial cell density in P1 and P2 before CFSE-staining met the minimum value 

of 2.5x105 cell mL-1. However, the cells were lost during CFSE staining meaning the 

actual cell density in P1 and P2 was less than 2.5x105 cell mL-1. When the protocol was 

adjusted by process CFSE staining before cell seeding (P3), the cell density at 1.39x105 

cell mL-1 was obtained. It can be seen that the seeding density in this study was less than 

the optimum seeding density which is 2.5x105 cell mL-1 (Ghaffari et al., 2021). The cell 

expansion rate was found to be increased when the initial cell density increased from 

6.20x104 cell mL-1 to 2.5x105 cell mL-1. However, the high cell density at 1.5x106 cell mL-1 

resulted in the lowest T cell expansion rates (Ghaffari et al., 2021). In P4(A), the initial 

cell density at 5x105 cell mL-1 was managed to be set up in cell culture devices by pre-

cultured the Treg cells in a 96-well plate for 7 days. After 7 days of Treg expansion in cell 

culture devices, the cell number increased from 1x105 to 2.04x105 cells in the 96-well 

plate. Contrary to expectation, the cell yield decreased in the FBB when the high initial 

cell density was applied (from 2x105 cells to 1.59x104 cells). The influence of initial cell 

density on T cell proliferation was also studied by  Ma et al. (2010). The viable cell after 

6 days expansion increased 340% when cultured at 1x105 cell mL-1 but decreased by 75% 

when the culture at 1x104 cells mL-1. Moreover, the study found that resting T cells were 

activated to expand at high cell density and expand rapidly but failed to be activated at 

low cell density leading to apoptosis. In comparison, it was seen in this study that the 

viable cell number after 14 days of expansion in the FBB decreased by 97.09% when 
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cultured at 1.39x105 cell mL-1 and decreased by 92.05% when cultured at 5x105 cell mL-1.  

In contrast with Ghaffari et al. (2021), Treg decreased in all cell culture devices after the 

seeding density at 2.5x105 cell mL-1 was applied (P4(B)). Although the decrease of Treg 

after 7 days of expansion in P4(B) was less than P4(A), the viability was higher in P4(A) 

(62.20% and 53.6% in P4(A) and P4(B), respectively). The decreased cell number result 

supports that the initial density affects cell proliferation and apoptosis. Table 2-7 (Chapter 

2) summarises the initial cell number/density and the final cell number/density after cell 

expansion. Compared to this study, it can be seen that the seeding density from the 

previous studies was higher than the recent study (3x105 to 1x106 cell mL-1 and 1.39x105 

to 5x105 cell mL-1, respectively) and provided a high Treg number (up to 1010 cells). 

However, the final yield could not be compared between the studies because of the 

difference in cell culture period (range from 14 to 36 days). In addition, the proliferation 

using CFSE could not be detected from this study due to low cell number after cell 

expansion. Therefore, it can be assumed that the optimal seeding density was 5x105 cell mL-1 

in this study. The decrease of cell yield in the FBB at high seeding density in this study 

might be due to the factors such as apoptosis, optimal contact time, the inoculation time, 

and the fluidisation of 2 different particles in the FBB. These are further discussed in this 

chapter. 
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Figure 6-7  Total Tregs harvest after 7- and 14-days cell expansion. The cells were harvested from a 96-well plate, FBB and static control column 

from different protocols. The cells were harvested, counted, restimulated on day 7, and cultured in the cell culture devices for another 7 days. (N=1; 

P1, P2, P3 and P4(A), N=2; P4(B)). 
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Figure 6-8  Treg cell density after 7- and 14- days cell expansion. The cell density was based on the total cell number in the volume of cell culture 

devices. (N=1; P1, P2, P3 and P4(A), N=2; P4(B)). 

 

Protocol

Seeding density 

(cell mL
-1

)

P1 2.50E+05

P2 2.50E+05

P3 1.39E+05

P4(A) 5.00E+05

P4(B) 2.50E+05
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Figure 6-9  Viability of Treg after 7 and 14 days expansion. After 14 days, the viability was highest in 96-well plates (range from 57.1% to 

100%). The viability in the FBB range from 37.5% to 66.7% and 29.7% to 73.0% in static control column. A decrease in viability was observed in 

all cell culture devices (P1, P2 and P3) at the end of 14 days compared to day 7. (N=1; P1, P2, P3 and P4(A), N=2; P4(B)).
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The apoptotic cells after thawing might be an explanation for cell destruction and lead to 

cell loss in cell culture devices. The previous study showed that over 30 per cent of 

recovered Treg cells could be early apoptotic cells and approximately 7 per cent are late 

apoptotic cells (Gołąb et al., 2018). Another explanation is the intense process from 

thawing until loading the cells into cell culture devices. Cells were exposed to stressful 

conditions such as thawing, centrifugation and antibody-bead cell isolation. The number 

of cells might have been already in an apoptotic state and non-viable cells could be 

increasing during the period of cell expansion (Golab et al., 2013).  

Reactive oxygen species (ROS) are metabolites generated during cell metabolism that 

have been shown to contribute to the death of activated T cells. Ma et al. (2010) found 

that the autocrine called catalase could prevent oxidative apoptosis during T cell 

activation. However, at high cell density, more catalases accumulate. The principle of the 

FBB is that cell culture media in the column is continuously removed of media from the 

column during cell expansion which means it can be reasonably expected that this would 

result in catalase also being removed. In addition,  the cell culture at low cell density in 

this study may have led to a low catalase concentration being generated and accumulating, 

which has been shown previously to cause cell death by oxidative apoptosis (Ma et al., 

2010).    

Because the low seeding density might affect the cell proliferation in this study, the cell 

was expanded at 3:1 beads: cells for 7 days in a 96-well plate, then divided into 3 fractions 

for each cell culture device and set up at the cell density of 5x105 cell mL-1(P4(A)). At the 

end of the cell culture period, only 96-well plated was observed the increased of cell 

number. The contact time between Treg and Dynabeads® would be a possible explanation 

for lower cell proliferation in the FBB compared to the static cultures. Naturally, the 

activation of Treg with APC requires optimal time and space between TCR and MHC on 

APC. Shortening or prolonging binding half-life could impair T cell activation. Binding 

half-life, the duration when TCR binds pMHC, was found to be approximately 5.1±0.7 

min in wild type TCR (Kalergis et al., 2001). The mutated TCRs that have shorter (0.5±0.1 

min) or longer (10.8±3.7 min) binding half-life had impaired response to the activation 
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(Kalergis et al., 2001). As the cells were freely floating and continuously moving inside 

the FBB at the fluidization stage, so during protocol development, the cells were seeded 

in the FBB and inoculated for 3 days (P1), 1 day (P2 and P3) and 2 days (P4). Despite 

sufficient cell-beads contact time, the cells were still lost from the system, as shown by 

the decrease in cell number after 7- and 14- days expansion. This indicates a need for 

further work to assess the reasons for cell loss in the system itself and whether the design 

of the column prevents activation in some way. Further explanation from the study was 

sustained TCR signalling is required for T cell activation. To obtain the sustained signal, 

Each TCR needs to bind and dissociate from pMHC fast enough to allow the new TCR to 

bind the pMHC (serial engagement). Valitutti et al. (2010) reviewed that the duration of 

TCR-APC binding half-life (on the scale of a second) and the sustained signalling (over 

a period of a few hours) are essential for effector T cell activation. The relationship 

between cell density and serial engagement was studied by Gonzá Lez et al. (2005). At 

the low epitope density, dwell time would be required for efficient T cell activation while 

the high-density several TCR molecules were engaged and overcome the limitation of cell 

density on serial engagement. In this study, the number of cells that achieve sustained 

signal might be low because of the low cell density and the number of beads at the starting 

point. The cell was seeded at 5.80x104 cells with 1.74x105 beads in 417 μL(P3) seems to 

have achieved less serial engagement compared to the seeding of 2x105 cells with 2x105 

beads in 400 μL (P4) as less cells were bound and dissociated from the beads. Similarly 

in 96-well plated, the cells were seeded at 2.90x104 cells with 8.7x104 beads in 210 µL(P3) 

also less achieved serial engagement compare to the seeding of 1x105 cells with 1x105 

beads in 200 µL (P4). Compared to the previous studies reviewed in Chapter 2 (Table 2-

7), the higher cells and beads were used to achieved high cell density. In addition, the 

cells that already activate could proliferate while new cell generation which is 

nonactivated had less chance to bind with the beads during the fluidisation stage. 

Therefore, serial engagement might not develop during the cell expansion in the FBB. 

Consequently, the cell density and beads number would be an important factor for future 

FBB design.   
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Since an optimal contact time between Treg and anti-CD3/CD28 coated beads is needed 

to activate TCR during Treg proliferation, the difference of particle movement between 

cells and beads might decrease the contact time and affect cell proliferation in the FBB. 

Dynabeads® is a superparamagnetic polymer bead coated with monoclonal antibodies 

against the CD3 and CD28 cell surface molecules of Treg. The diameter of the beads is 

4.5 µm, the density is 1.6 g cm3 (Lenshof et al., 2014). The umf of the bead was estimated 

from Carman-Kozeny equation (Appendix 6-6) and found to be 8.72x10-6 m s-1. This is 

important because the umf of Dynabeads is 1.78x102 and 1.89x higher than the umf and ut 

of Tregs. Therefore while the cells were fluidised and constantly moving, the beads were 

settled at the bottom of the reactor. During the first few days before the start of the media 

perfusion, the contact time was sufficient to activate TCR and the cells that already 

activate can further proliferate. When applying the fluid flow and cells were fluidised, the 

chance of cells to contact the beads at the optimal time was reduced. Consequently, fewer 

cells were activated and lost cell proliferation.  

The expansion after 2 to 3 weeks is likely to cause cell exhaustion (Ghaffari et al., 2021), 

which could contribute to cell death. Therefore, to prevent ex vivo T cell exhaustion, most 

protocols optimised to expand T cells for not more than 2 weeks. Due to shortage of 

starting material, Tregs were expanded to increase cell number for 1 week (same batch 

with P4(A)) and kept activated for 7 days before loading for 7-week cell expansion in cell 

culture devices (P4(B)). A total of 3 rounds of stimulation in P4(B) that might lead to cell 

exhaustion as low cell density was achieved after the second-round stimulation. Another 

factor that affects T cell proliferation is the bead-to-cell ratio. The different beads: cells 

ratio was used in a different study. For example, using 4:1 beads: cells for ex vivo Treg 

expansion in CliniMACS Prodigy® system and re-stimulated with 1:1 beads: cells on day 

8 (Marín Morales et al., 2019). The lower beads: cells ratios used in Hippen & Merkel 

(2011) study (3:1) and Nadig et al. (2010) study 2:1. Because of extremely high beads: 

cells ratio results in T cell exhaustion but too low ratios fail to activate (Ghaffari et al., 

2021), this study used 3:1 beads: cells for the first round stimulation and 1:1 beads: cells 

for the second round stimulation to prevent cell exhaustion from extremely stimulation 

(Issa et al., 2012). However, 5:1 beads: cells seems more efficient and interesting to apply 
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(Ghaffari et al., 2021). The cell expansion at different beads: cells ratio from 10:1 to 1:10 

was studied and found that 5:1 beads: cells resulted in significantly more fold expansions 

compared to 2:1. However, 10:1 beads: cells are unnecessary as the expansion was not 

significantly higher than at 5:1 ratio. It is interesting to note that the study used PBMCs 

which is a mixture of CD8 and CD4. The phenotype analysis found that only 20% express 

CD4. Therefore, the application of this ratio might not provide the high fold expansion in 

the CD4+CD25+ CD127low population. Beads: cells ratio could be the explanation about 

less cell proliferation in 96-well plate especially from day 7 to 14 when restimulate with 

1:1 bead: cell. The cell suspension was split every day or every consecutive day. This 

mean bead: cell ratio kept changing every time splitting. Together with less cell density 

in the system, the bead:cell ratio might not be in an optimal condition.  

6.6 Phenotype Analysis 

Treg cells are defined based on the expression of CD4, CD25, and FoxP3. Several studies 

have found the inverse relation of CD127 and FoxP3 expression. Low expression of 

CD127 improved Treg function and the stability of the FoxP3 population (Yu et al., 2012; 

Liu et al., 2006). In this study, the CD4+CD25+FoxP3+CD127low Treg population was 

characterised using multiparameter flow cytometry analysis.  

6.6.1 Characterisation of Treg After Cell Isolation 

Phenotypes analysis was performed on freshly isolated and expanded Tregs to 

characterise and ensure the stability of the target population (Safinia et al., 2016; Todo et 

al., 2016). A minimum of 6x105 Treg cells was needed for the analysis (Appendix 3-5), 

while only 4.09x105±1.26x105 Treg cells were obtained after cells isolation. Therefore, 

the Tregs were pre-cultured in a 96-well plate for 7 days (S1) to increase cell number for 

phenotype analysis and bioreactor set up, and culture for another 7 days (S2) as present 

in P4. The characterisation of CD4+CD25+FoxP3+CD127low was conducted in the S1 and 

S2 cells in this study.  
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The expression of Treg markers is shown in Figure 6-10. 99.29% of S1 cells were 

CD4+CD25+ T cells (Figure 6-10(a)). The gating strategy was the selection of this 

population to analyse the expression of FoxP3 and CD127. It can be seen from the Figure 

6-10(b) that 83.35% of CD4+CD25+ T cells were CD4+CD25+FoxP3+CD127high cells, 

while 16.24% were CD4+CD25+FoxP3-CD127high cells. A fraction of S1 cells that were 

analysed as a negative control (unstained cells) shows nonexpression for all makers 

(Figure 6-11).  

 

 

    (a)            (b) 

 

Figure 6-10  The characterization of Treg cells population on S1 cells. (a) 99.29% of isolated 

cells expressed CD4 and CD25. CD4+CD25+ cells were selected to study the expression of CD127 

and FoxP3. (b) 83.35% of CD4+CD25+ cells were CD4+CD25+FoxP3+CD127high. (N=1) (All 

CD4+CD25+ cells: Green; CD4+CD25+FoxP3+CD127high cells: blue). 
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    (a)            (b) 

 

 

Figure 6-11 The expression of CD4, D25, CD127 and FoxP3 of unstained Tregs (negative 

control). The cells show negative expression for all markers (99.70% CD4-CD25- and 99.70% 

FoxP3-CD127-).  

6.6.2 Stability of Treg Phenotype After ex vivo Cell Expansion 

Cells harvested from the FBB, static control column and 96-well plate were evaluated for 

Treg phenotype (Figure 6-12). While CD4+CD25+ cells decreased from S1, CD4-CD25- 

cells increased in the FBB (67.67%) (Figure 6-12 (a)), static control column (28.37%) 

(Figure 6-12 (c)) and 96-well plate (14.37%) (Figure 6-12 (e)). The 

CD4+CD25+FoxP3+CD127high cells were decreased to 7.07% of the total population for 

cells grown in the FBB (Figure 6-12 (b)), 8.10% for cells grown in the static control 

cilumn (Figure 6-12 (d)), and 5.98% for cells grown in the 96-well plate (Figure 6-12 (f)). 

Compared to S1, expanded cells lose FoxP3 expression as the FoxP3-CD127high T cells 

were increased to 25.25%, 51.35% and 72.45% in the FBB, static control column and 96-

well plate, respectively. 
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    (a)                (b) 

 
     (c)               (d) 

 
     (e)                (f) 

 
Figure 6-12 The expression of CD4, CD25, FoxP3 and CD127 after 7 days cell expansion in 

the cell culture devices. (a) The CD4+CD25+ cells in the FBB. (b) CD4+CD25+FoxP3+CD127high 

cells in the FBB. (c) The CD4+CD25+ cells in the static control column. (d) 

CD4+CD25+FoxP3+CD127high cells in the static control column. (e) The CD4+CD25+ cells in the 

96-well plate. (f) CD4+CD25+FoxP3+CD127high cells in the 96-well plate. (N=1) (All CD4+CD25+ 

cells: Green; CD4+CD25+FoxP3+CD127high cells: blue; Unstained cells: black). 
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CD4+CD25+FoxP3+ is widely accepted as the Treg population (Safinia et al., 2016; Todo 

et al., 2016; Chandran et al., 2017; Mathew et al., 2018). A recent study demonstrated that 

the low expression of CD127 with the expression of CD25 can discriminate Treg from 

activated T cells (Seddiki et al., 2006). The low expression of CD127 was found to 

improve the stability of FoxP3 and increase suppressive function (Liu et al., 2006; Yu et 

al., 2012). In this study, Treg cells were isolated from the PBMCs using microbeads-based 

cell isolation by positive selection CD4 and CD25 and subsequently negative selection 

CD127high. Because FoxP3 is the intracellular marker, it cannot be used to isolate Treg. 

Based on cell isolation strategy,  CD4+CD25+FoxP3+CD127low Tregs were expected to 

obtain and maintain after cells expansion. As shown in Figure 6-10, CD4+CD25+FoxP3+ 

Treg cells with the expression of CD127 were obtained in S1. The expression of CD127 

might be related to the cell isolation process such as the mixing of the antibody-coated 

magnetic beads in the cell suspension, the incubation time and the washing process. These 

processes might need to be adjusted as the performance of the magnetic beads is depended 

on the binding specificity (target marker) and binding efficacy (antigen-antibody 

interactions) which is different between different target cells and commercial beads (Pezzi 

et al., 2018).  It is notable that the phenotype analysis was performed in S1 cells which 

cells underwent 1 round stimulation. This might affect the stability of phenotype and alter 

the expression from the freshly isolated cells. 

Obtaining a pure population of Tregs remain a challenge because of a heterogenicity 

(Safinia et al., 2018). Klein et al. (2010) found that 34.0±15.1% of CD127low/- cells did 

not express FoxP3 and, conversely, there was 30.3±7.4% of CD127+ cells that expressed 

FoxP3 and these cells were different Treg populations. Velaga et al. (2017) reviewed that 

although using an immunomagnetic-based cell sorting device that was approved for 

clinical-grade cell isolation and complied with Good manufacturing practices (GMP) such 

as a CliniMACS system, the contamination of different phenotypes was possible. The 

finding was also reported by Peters et al. (2008) who found the contamination of 

CD4+CD25-/lowFoxP3-/low conventional T cells in CliniMACS isolated Tregs (40 to 60% 

of the isolated populations). Using different cell isolation devices also provides a different 

purity of the Treg population. The study of cell isolation using CliniMACS and 
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MiniMACS cell sorting device found that 80% of cells that isolated from leukapheresis 

products using CliniMACS cell sorting device expressed CD4+CD25+ and only 40 to 60% 

was CD4+CD25high, while cell isolation using MiniMACS obtained 90% CD4+CD25high 

and express a high level of FoxP3 compared to CliniMACS (Peters et al., 2008). The 

expression of CD127 might be due to the presence of a conventional CD4+ population. 

This is important because the previous study demonstrated that CD25+CD127low presents 

suppressive capacity but not CD25+CD127high(Seddiki et al., 2006). However, less than 

10% of CD25+FoxP3+ cells were found with a high expression of CD127 but the 

suppressive function remains unknown because it cannot be purified for testing in vitro 

(Seddiki et al., 2006). As CD4+CD25+FoxP3+ cells are accepted to be the Treg population 

with suppressive function, the Treg population from this study was expected to contain a 

suppressive function as the expression of FoxP3 (Ukena et al., 2011) but it might be less 

potent than CD4+CD25+FoxP3+CD127low cells (Nadig et al., 2010b; Ukena et al., 2011). 

The more comprehensive study would include the suppression test on isolated cells or S1 

cells, as outlined in future work (Chapter 7). 

The cells population that express CD4+CD25+FoxP3+CD127high in S2 cells decreased 

after cell expansion in the FBB compared to S1 cells. Similar results were observed for 

S2 cells that expanded in the static control column and 96-well plate (Figure 6-12). The 

difference in the percentage of CD4+CD25+FoxP3+CD127high was not different between 

cell expansion in the FBB, static control column and 96-well plate. This finding supports 

that the environmental conditions inside the FBB did not alter the stability of the Treg cell 

phenotype. All cell culture devices observed increasing the nonexpressing population 

(CD4-CD25- and FoxP3-CD127-) in S2 cells. Losing of Treg phenotype after prolonged 

ex vivo expansion was reported by Hoffmann et al. (2009). The expression of FoxP3 was 

observed to decrease after 2-3 rounds of in vitro stimulation (Hoffmann et al., 2009). 

Previous studies have assessed the proliferation capacity of different Treg populations and 

found the relation between phenotype and proliferation capacity. In vitro expansion of 

CD4+CD25high T cells and CD4+CD25highCD127- T cells showed 11.5- and 8.3-fold 

expansion after 14 days of cell culture (Ukena et al., 2011). In addition, the study found 

that low expression of CD127 support FoxP3 stability after in vitro stimulation. However, 
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the increase of the nonexpressing population in this study might not be relevant to 

phenotypic stability. Because a small sample was analysed (less than 1x105 cells for each 

sample) (Appendix 6-7) due to low yield was achieved after cell expansion, the increase 

of nonexpressing population might be related to the lower number of unstained cells 

compared to the number of stained cells. Van Der Net et al. (2016)  stated that the most 

reliable analysis to define Treg is the function study rather than phenotype study. The 

addition of a suppressive study is required for future work. 

6.7 The Monitoring of Dissolved Oxygen and Metabolites During ex vivo 

Treg expansion 

6.7.1 The Monitoring of Dissolved Oxygen in the FBB 

Oxygen was constantly supplied through the culture media perfusion. The DO level at the 

outlet throughout the 14 days cell expansion is presented in Figure 6-13. When cells 

proliferate, oxygen consumption increases, DO in cell culture media decreases at the 

outlet as expected with metabolising cells (Mendonça da Silva et al., 2020). The decrease 

of DO was observed during HL-60 expansion (Chapter 5) but the DO reading at the outlet 

was constant during Treg cells expansion because of low cell density in the system. 

Therefore, it can be therefore assumed that oxygen was not the limiting factor on Treg 

proliferation in this study. During the expansion of HL-60 in the FBB, the DO decreased 

to hypoxia condition (2 mg L-1 DO). It would be interesting to observe Treg under that 

condition because the previous study found that hypoxia condition at 1.6 mg L-1 (5% O2) 

enhance the number of generated iTreg cells (Neildez-Nguyen et al., 2015) (see future 

work section 7.2.2).  
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Figure 6-13 The DO level during 14 days Treg expansion. P1 P2 and P3 present the DO of 14 

days. Because the FBB start at day 7 of the 2nd round stimulation in P4, the DO level was measured 

from day 7 to 14. (n=1 for each protocol).  

6.7.2 The Monitoring of Nutrients and Metabolites in the FBB, Static Control 

Column and 96-Well Plate 

Nutrients and metabolites in cell culture media (without cells) were measured to observe 

the degradation of glucose and glutamine and the generation of lactate and ammonia 

(Figure 6-14). This is to ensure that the changing in nutrients and metabolites during Treg 

cells culture results from cell proliferation. The study used GlutaMax™, an alternative to 

glutamine, which is needed cells break the dipeptide bond to release glutamine. It can be 

seen that the concentration of all substances was constant throughout 5 days of 

observation. 
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Figure 6-14 Glucose, lactate, glutamine and ammonia concentration in cell culture media. 

The cell culture media was prepared on day 0 and kept in the fridge. Then 300 µL was sampled 

and measured for nutrients and metabolites every day for 5 days. (n=1). 

 

Over the course of the 14 days expansion of Treg in the FBB, glucose concentration was 

not different between the protocols at the concentration between 1816.91 mg L-1 and 

2061.20 mg L-1(Figure 6-15(a)). The lactate level was also similar between each protocol 

at the concentration range from 151.42 mg L-1 to 188.83 mg L-1. The decrease of glucose 

observed in P1 at day 7 together with the decrease of lactate might be due to a reading 

error or the non-sufficient sample volume. Compared to the static cultures where the cell 

culture media was changed according to the protocol, the concentration of nutrients and 

metabolites was not different between the FBB and static cultures because sufficient 

nutrients were supplied, and metabolites were removed. Moreover, the nutrients and 

metabolites were constant during 14 days of cell expansion (P1, P2 and P3) and 7 days 

(P4) in the FBB. This result shows that the total volume of cell culture media supplied to 

the FBB (30 mL for each 7 days cell culture) provided sufficient nutrients. In this study, 

the FBB operation at the velocity of 4.9x10-6 m s-1 was the optimal perfusion rate to feed 

the nutrients and remove the toxic metabolites. GlutaMax™ was broken to glutamine by 
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the enzyme (peptidase) that release from the cell during cell culture. It can be seen that 

glutamine and ammonia were slightly increased as glutamine was released and ammonia 

was generated as glutamine consumption by the cells (Figure 6-15(b)).  

Similar to the FBB, the constant level of nutrients and metabolites were observed in the 

static control column (Figure 6-16(a) and 6-16(b)), while the level in the 96-well plate 

fluctuated (Figure 6-17(a) and 6-17(b)). It might be possible that the cell density, nutrients 

and metabolite concentrations were different between each well every time the cell 

suspension was split. Therefore, the benefit of using the FBB was a homogeneous 

distribution of nutrients throughout the system. In addition, cell culture in the FBB was 

easy to operate and the risk of contamination was reduced when operating in the close 

system. While monitoring DO, nutrients and metabolites in FBB with the oxygen sensors 

and sampling ports, the sampling process required the user to open the top end cap of the 

static control column and the cover lid in the 96-well plate. The cell suspension sampled 

from the 96-well plate also needed to be centrifuged before collecting the supernatant and 

resuspending with the fresh media. Therefore, using the FBB could reduce the risk of 

contamination from the opening cell culture device for long term cell culture. 

However, the level of glucose and glutamine were still high and lactate and ammonia were 

lower than the toxic level. Therefore, the nutrients and metabolites were not the factors 

that affected Treg proliferation in this study.
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(a)          (b)

 

Figure 6-15 The monitoring of nutrients and metabolites during 14 days Treg expansion in the FBB. The nutrients were glucose (GLN) and 

glutamine (GLN), and metabolites were lactate (LAC) and ammonia (NH3). Glucose, lactate, and ammonia were measured in every P(1-4), while 

glutamine was monitored in P4. The number after each substance represents the protocol number. (n=1 for each protocol). 
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   (a) 

 

 

 

      (b) 

 

Figure 6-16 The monitoring of nutrients and metabolites during 14 days Treg expansion in the static control column. The nutrients were 

glucose (GLN) and glutamine (GLN), and metabolites were lactate (LAC) and ammonia (NH3). Glucose, lactate, and ammonia were measured in 

every P(1-4), while glutamine was monitored in P4. The number after each metabolite represents the protocol number. (n=1 for each protocol).
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    (a) 

 

     (b) 

Figure 6-17 The monitoring of nutrients and metabolites during 14 days Treg expansion in the 96-well plate. The nutrients were glucose 

(GLN) and glutamine (GLN), and metabolites were lactate (LAC) and ammonia (NH3). Glucose, lactate, and ammonia were measured in every P(1-

4), while glutamine was monitored in P4. The number after each metabolite represents the protocol number. (n=1 for each protocol). 
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Cell density is one explanation of the constant in glucose and lactate levels in the FBB. There 

are, however, other possible explanations. The metabolic pathway of Treg not only relies on 

the glycolysis pathway but also on fatty acid oxidation (Procaccini et al., 2016; Atif et al., 

2020). Proteomic profiles show the upregulation of protein that involves glycolysis and fatty 

acid oxidation in activated Tregs (Procaccini et al., 2016; Zhu et al., 2020). Atif et al. (2020) 

reviewed that glucose uptake via Glut 1 transport and glycolysis is increased when Treg is 

activated. Because high energy is needed during cell proliferation, Treg cells rely on lipid 

metabolism to achieve their energy requirement. In addition, Treg cells can convert lactate 

to pyruvate in a high lactate low glucose environment. The glutamine level was increased 

means the cell cleaved the peptide bond and released glutamine. The metabolism of 

glutamine produces ammonia, which is slightly increased during the cell culture period.  This 

outcome is contrary to that of Klysz et al. (2015) who found that Tregs culture in the low-

level glutamine environment resulted in increased Foxp3 cells. However, these results could 

not explain the relationship between cell proliferation and glucose, lactate, glutamine, and 

ammonia concentration. A repeat study with higher cell density is therefore suggested. 

As discussed earlier (section 6.5), Treg cells need the optimal inoculation time in the FBB to 

achieve a sufficient number of activated cells that further proliferate during 14 days of cell 

expansion. In the current study, the inoculation time was adjusted during protocol 

development. The yellowish colour of cell culture media was observed on day 4 of 

inoculation in P1 due to the low pH levels from lactate accumulation (Patel et al., 2000). 

However, the lactate concentration at day 5 was not higher than day 0 because the fresh 

media was fed into the reactor and lactate was removed. Shortening the inoculation time to 

1 day in P2 and P3 resulted in a lower number of activated cells able to undergo proliferation 

in the fluidisation system. Inoculation time for 2 days in P4 is proposed for future work as a 

higher cell density than P1, P2 and P3 were achieved. An example of a cell culture device 

that needs cell inoculation step is a hollow-fibre bioreactor, the Quantum® Cell Expansion 

System (Quantum system). The cells were stimulated and grown for 9 days in flasks before 

being expanded in the Quantum system (Jones et al., 2020). In contrast to the FBB, the G-

Rex bioreactor is static culture with the oxygen diffuse through a gas-permeable membrane 

(Wolf and Corporation, n.d.). Therefore, more chance for cell-to-cell contact and cell-to-bead 

contact without the inoculation step. However, the initial cell density was needed to 
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determine as the cells were cultured in the specific volume of cell culture media or transferred 

to the higher volume capacity when the cell reaches maximum density (Chakraborty et al., 

2013; Ludwig and Hirschel, 2020). The optimal initial cell density also needs to be designed 

when operating in a bag type bioreactor. The manufacturer recommends adjusting initial 

seeding density based on media and supplement composition. Moreover, if the perfusion is 

being used, it should start at a low perfusion rate when the cell is in the log growth phase 

(GE Healthcare, 2010). This strategy for starting the perfusion might be applied in future 

work on the FBB design.  

6.8 Conclusion 

The main goal of this chapter was to apply the FBB to ex vivo Treg cells expansion. The 

study has shown that 4.09x105±1.26x105 Tregs were isolated from the cryopreserved PBMCs 

and could be cultured at the velocity of 4.9x10-6 ms-1. Because of the low seeding density 

(1x105 to 5x105 cell mL-1 ), Treg cells were lost after 14 days of expansion. This is due to 

apoptosis, lack of cell-to-cell contact and less catalase accumulation. The remaining viable 

cells were higher when seeding at design cell density, 5x105 cell mL-1 in P4(A) and 2.5x105 

cell mL-1 in P4(B), compared to P1, P2, and P3 (1.39x105 cells mL-1). The decrease of Treg 

after 7 days of expansion in P4(B) was less than P4(A) but the viability was higher in P4(A). 

The lower cell number in P4(A) than in P4(B) might be due to the difference in inoculation 

time. The behaviour of cells and Dynabeads® could affect cell proliferation as the beads were 

settled at the bottom of the reactor at the velocity of 4.9x10-6 m s-1, while Tregs were 

fluidized. The monitoring of DO and nutrients and metabolites level can be assumed that 

oxygen and nutrients and metabolites were not the limiting factor on Treg proliferation in 

this study.  

The characterisation of the Treg population found that CD4+CD25+FoxP3+CD127high was 

isolated from the PBMCs. After 7 days of expansion, CD4+CD25+FoxP3+CD127high cells 

were decreased in all cell culture devices (7.07%, 8.10% and 5.98% in the FBB, static control 

column and 96-well plate, respectively). Loss of FoxP3 expression (FoxP3-CD127high) in this 

study might be due to the operation during the isolation process and the expression of CD127. 

The nonexpressing population was observed to increase after cell expansion but might be 
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related to the lower number of unstained cells than the number of stained cells rather than 

changing phenotypes. The suppressive function could not be studied because of insufficient 

cells after cell expansion.  

Although the FBB was designed and cell culture protocol was set up during HL-60 

expansion, protocol development and the FBB optimisation was required for Treg due to the 

nature of the cell is different from HL-60. Treg seems more sensitive to the cell culture 

environment and it needs to be activated to proliferate, while HL-60 proliferate without the 

stimulation. Therefore, the FBB design for Treg is more challenging.  
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Chapter 7: Conclusions and Future Work 

7.1 Conclusion 

The present research aimed to design the FBB for ex vivo Treg expansion. The study was 

divided into 3 stages the results for which are provided in Chapters 4 - 6: (i) The first 

objective was using HL-60 as a cell model to obtain the cell culture conditions in the FBB; 

(ii) The second stage was applying the FBB on ex vivo HL-60 expansion at the designed 

conditions compared to static control column and tissue culture flasks; (iii) the last stage was 

to apply the FBB for Treg cells expansion with the development of the Treg expansion 

protocol. 

The FBB used in this study was a borosilicate glass column with a cylindrical shape. The 

diameter of the column was either 10, 15 or 50 mm and the height of 70, 150 or 70 mm, 

respectively. The FBB was composed of the top and bottom end cap, distributor (PTFE with 

a mean pore size of 50 µm), nylon membrane that attached to the bottom end cap and 1 mm 

internal diameter gas permeable platinum silicone tubing system. The static control column 

was using a comparable borosilicate glass column without the perfusion of cell culture media. 

The bottom end was closed, and the top end was connected to a 0.22 µm filter. 

The first stage of FBB design, detailed in Chapter 4, found that umf was 1.44x10-6 m s-1 and 

ut was 2.88x10-6 m s-1 from the pressure drop experiment. These values differed from the 

umf and ut derived from the Carman-Kozeny equation (6.92x10 -8 m s-1 and 6.52x10-6 m s-1). 

The range between umf and ut from the numerical model was wider than the experiment, 

which can be explained by inter-particle forces and particle-wall friction. Based on 

experimental data and numerical model, three different working velocities were selected for 

48 hours HL-60 expansion: 2.41x10-6 m s-1, 3.20x10-6 m s-1, 4.90x10-6 m s-1. The investigation 

of three parameters; working velocities, column diameter and initial cell number on cell 

proliferation when HL-60 was cultured in FBB for 48 hours found that the initial cell number 

at 5x106 cells in 50 mm column at velocity 2.41x10-6 m s-1 provided a higher cell number 

than in tissue culture flask. The 50 mm column provided a higher DO level than in the 15- 
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and 10 mm columns. Therefore, the operation at 2.41x10-6 m s-1 in a 50 mm column was 

selected for the next stage of the FBB design.  

The FBB could be utilised for 5 and 7 days HL-60 expansion, as detailed in Chapter 5. The 

DO drop was observed during the operation at 2.41x10-6 m s-1; therefore, the working 

velocity was changed to the 4.9x10-6 m s-1. The fold expansion in the FBB after 5 and  7 days 

expansion was 3.51- and 7.82-fold, respectively. After 7 days of cell culture, the fold 

expansion of the static control column was 7.94-fold which was similar to the FBB, while 

25.08-fold was achieved in the tissue culture flask. The lower proliferation in the FBB than 

in the tissue culture flask might be related to the insufficient oxygen supply throughout the 

cell expansion period as the DO level was decreasing to 2.03±0.20 mg L-1 and 1.68±0.82 mg L-1 

when operated at high (4.9x10-6 m s-1) and low velocity (2.41x106 m s-1), respectively. 

Nutrients and metabolites showed that all cell culture devices provided sufficient glucose (> 

700 mg L-1), less accumulated lactate (< 1800 mg L-1) and ammonia (< 4 mM ammonia) 

when starting with the initial cell density of 4.5x104 cell mL-1. However, nutrients and toxic 

metabolites might not be the factor that restricted cell proliferation because the initial cell 

number was low and the cells still proliferated at the time bioreactor was terminated. Cell 

proliferation using the CFSE study found that cell division shifts from the undivided level 

close to autofluorescence in the FBB compared to the control static column. It is possible 

that a higher proliferation rate in the FBB than in the static control column. The FBB 

operation at the velocity of 4.9x10-6 m s-1 was used for 14 days of ex vivo Treg expansion. 

The 10 mm diameter FBB was applied for 14 days ex vivo CD4+CD25+FoxP3+CD127high 

Treg expansion, as detailed in Chapter 6. During protocol development, cell loss after 14 

days of expansion in the FBB was observed. However, the same situation was found on the 

cell culture in the 96-well plate and static control column. Although the current study could 

not find the optimal protocol for Treg cells expansion in the FBB, Protocol 4 with the initial 

cell density of 5x105 cell mL-1 and 2 days inoculation was the proposed protocol for future 

work as the system provided the higher cell density (4.54x103 cells mL-1) than protocol 1, 2 

and 3 with the highest viability (62.2%). Treg population in this study expressed CD127 

which might affect the suppressive function of Treg. However, the suppressive test could not 
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perform due to low cell number after cell expansion. The study should be repeated using 

Protocol 4 to obtain more information.  

The study is limited by the lack of information on DO in static culture devices and the low 

number of Treg was used to set up the bioreactor. Despite its limitations the initial seeding 

density, the FBB shows potential to support ex vivo cell expansion as HL-60 cell number did 

increase, and FBBs have the benefits of homogeneous mixing compared to static culture and 

lower shear stress compared to current bioreactor systems for Tregs. More studies on the 

application of the FBB for Treg expansion will be needed with the use of optimal initial cell 

density, and recommendations for these are given in the next section on future work.  

7.2 Future Work 

Further work is needed to fully understand the implication of the FBB on ex vivo Treg 

expansion.  

7.2.1 Study at the Velocities When the Pressure Drop Overshoot Was Observed and 

Extend the Velocities to Obtain ut 

The study of umf and ut by measuring the pressures at different velocities at the early stage of 

FBB design found pressure drop overshoot. More data on the pressure drop between the 

velocities 1x10-6 m s-1 and 1.6x10-6 m s-1 by narrowing the gap between each velocity would 

give the exact value for umf . Similarly, extending the velocities above 3.6x10-6 m s-1 would 

give the exact value for ut. However, it will need to consider that if the study operates longer 

than 31 hours, the cell number will be double and might affect the pressure drop in the 

system. Selecting pressure transducers with higher accuracy to read at very low pressures 

might be considered.    

7.2.2 The Measurement of DO Level in Static Cell Culture System 

It was not possible to assess the DO level in the static control column, tissue culture flask  (in 

the HL-60 study) and 96-well plate (in the Treg study).  Therefore, it is unknown if the FBB 

provide better conditions than the static culture systems in term of oxygen supply. The study 

should be repeated using oxygen analyse such as a needle-type oxygen microsensor or the 
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SensorDish® Reader. Another possible method is using a hypoxia incubator to generate the 

oxygen level following the DO level in the FBB. The study in Chapter 4 found the DO level 

was between 20% to 2% during 7 days of HL-60 expansion in the FBB. Placing the static 

cell culture system in the incubator under 10%, 4% and 2% of oxygen would be ideal for the 

comparable systems.  

7.2.3 Controlling Oxygen Supply 

As the decrease of oxygen in the FBB was observed during 7 days of HL-60 expansion, 

incorporating an external oxygen generator might improve cell yield. The monitoring of DO 

level through oxygen sensor provides the data on when to start oxygen supply. The media 

perfusion through an oxygenation device, for example, a hollow fibre membrane oxygenator, 

before entering the FBB might be considered for this system. 

7.2.4 The FBB Design Specification 

The design of the FBB can be improved such as designing the bottom cap by using the gas-

permeable membrane with a thin membrane supporter. In addition, design the diameter of 

the orifice (inlet) and the number and pore size of the distributor might be considered. Because 

the oxygen level was observed to decrease when operated at the velocity of  2.41x10-6 m s-1    

(Chapter 5), this design might improve oxygen supply at the low velocity.   

7.2.5 Using Optimal Initial Cell Density 

The study on Treg cells expansion should be repeated using optimal cell density. Especially, 

the proliferation of Tregs seems to rely on the initial cell density, therefore the study should 

repeat at the density of 5x105 cell mL-1. The study of seeding cell density that provides 

maximum yield would be interesting for further FBB design. In addition, studying the 

optimal minimum cell culture media that provides the maximum cell yield would help to 

save the consumables. The maximum yield and minimum cell culture media might be used 

as the reference for Treg cells.  
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7.2.6 Protocol Development for Treg Expansion 

Future research should further develop and validate the ex vivo Treg expansion in the FBB 

as the protocol could not be finalized in this study. The duration for cell inoculation should 

be studied to obtain the high number of activated cells, while sufficient oxygen and nutrients 

supply in the FBB before starting the perfusion of cell culture media. The proposed protocol 

for cell expansion in the FBB, static control column and 96-well plate are in Figure 7-1. 
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 Protocol 4 (P4)  FBB  
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volume    Half media change  
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Split&Double 

volume    Half media change  

Split&Double  

volume 
        

Day 5 

Split&Double 

volume    Half media change  
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volume    Half media change  

Split&Double  

volume 
        

Day 7 
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in FBB 

 Remove beads 
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Day 9 
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Day 10     Half media change  
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Day 11     Half media change  
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volume 
        

Day 12     Half media change  

Split&Double 

 volume 
        

Day 13     Half media change  

Split&Double  

volume 
        

Day 14 Cell Harvest  Cell Harvest  Cell Harvest  Cell Harvest 

Figure 7-1 The proposed protocol for future work. During protocol development, P4 provided the 

highest cell number after cell expansion compares to the other 3 protocols. Therefore, this protocol 

should be repeated for future work with the initial cell density of 5x105 cell mL-1.  
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7.2.7 Apoptosis Study 

A further study could assess apoptotic cells as this seems to be the factor of cell loss in this 

study. Apoptotic cells could be determined by cell shrinkage and DNA cleavage. Cell 

shrinkage could be studied using flow cytometry to detect the reduction in forward light 

scatter. DNA cleavage could be analysed by detecting internucleosomal cleavage fragments 

using agarose gel electrophoresis   (Ma et al., 2010). 

7.2.8 Suppression Test 

The suppressive activity could not be studied because of low cell density after cell expansion. 

However, a suppression test should be performed in future work to ensure the Treg function. 

During the cell isolation process, CD4+CD25- (Teff) was obtained and could be 

cryopreserved for the suppression test. CFCE dye dilution method can be used to detect Teff 

proliferation by cocultured CFSE-labelled CD4+CD25- T cells with expanded Treg cells at 

different Teff: Treg ratios for 72-78 hours. The cells will be needed to be activated with anti-

CD3/CD28-coated beads in the presence of IL-2 and Teff proliferation will be detected by 

flow cytometry.  

7.2.9 Ex vivo Treg Expansion in the FBB for Clinical Application 

 

The previous clinical studies have shown the safety and feasibility of Tregs in organ 

transplantation. The goal of Tregs expansion in the FBB for clinical application should be 

added for future work. The cell culture materials should comply with GPM or use clinical-

grade materials. The cell expansion process in the FBB should be validated to ensure that the 

system is robust and consistent. Tregs that produce from the FBB must reach the product 

releasing criteria such as the expression of CD4CD25FoxP3, testing on cell viability and the 

potency (to ensure the suppressive function).  The cost-effectiveness of using the FBB should 

be studied and compared to the current bioreactor such as bag bioreactor in terms of target 

cell number and cell culture volume. This information will support the FBB design to achieve 

higher cell numbers with fewer consumables than the current bioreactors.  
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The permission to use figure from publication for Figure 2-5. 

 

3/21/22, 11:23 PM Creative Commons — Attribution 4.0 International — CC BY 4.0 

 
 

This page is available in the following languages: 
 
 
 

Creative Commons License De 
Attribution 4.0 International (CC BY 4.0) 

 
 
 

This is a human-readable summary of (and not a substitute for) the license. 
 
 

You are free to: 
Share — copy and redistribute the material in any medium or format 

 

Adapt — remix, transform, and build upon the material 
 

for any purpose, even commercially. 
 

The licensor cannot revoke these freedoms as long as you follow the license terms. 
 

Under the following terms: 
Attribution — You must give appropriate credit, provide a link to the license, and indicate if 

changes were made. You may do so in any reasonable manner, but not in any way that 

suggests the licensor endorses you or your use. 

 
 

No additional restrictions — You may not apply legal terms or technological measures that 

legally restrict others from doing anything the license permits. 
 

Notices: 
You do not have to comply with the license for elements of the material in the public 

domain or where your use is permitted by an applicable exception or limitation. 
 

No warranties are given. The license may not give you all of the permissions necessary for 

your intended use. For example, other rights such as publicity, privacy, or moral rights may 

limit how you use the material. 

 
 
 
 
 
 
 
 
 
 
https://creativecommons.org/licenses/by/4.0/ 



177 

 

Appendix 3-2 The Institutional Review Board (IRB)-approved consent form and 

protocol. The document was provided by the vendor, STEMCELL Technologies  

(Cambridge, UK). 
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Appendix 3-3 Peristaltic pump tubing. The colour code present bore size and the optimal 

range of fluid flow. This study used the colour code Orange-Blue for 10 mm and 15 mm 

columns, and Yellow-Yellow for the 50 mm column (Watson Marlow Pumps 205S, 205U).  
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Appendix 3-4 Human IL-2 IS Preparation Protocol 

The information from the product datasheet; 

Product: 50 µg vial-1 of Human IL-2 IS (0.05 mg vial-1) 

Biological activity: ED50 ≤ 0.3 ng mL-1, corresponding to a specific activity  

        of ≥ 3x106 IU mg-1 

Reconstitution reagent: Deionised sterile-filtered water 

Based on the biological activity; 0.3 ng mL-1  =  3,000,000 IU mg-1 

therefore; 0.05 mg vial-1  = 150,000 IU vial-1 

Add 150 µL of reconstitution reagent into vial  

The final concentration = 0.05 mg in 150 µL or 150,000 IU in 150 µL 

     = 3.33x10-4 mg µL-1 (0.33 mg mL-1)* or 1000 IU µL-1 

* The recommend concentration for storage is beweent 0.1 to 1.0 mg mL-1 in a minimum 100 µL 

total volume  

 

Prepare/Aliquot 

1. Spin the vial to ensure any lyophilised products is removed from the lid. 

2. Reconstitute lyophilized Human IL-2 IS with 150 µL sterile-filtered deionized water. 

Mix well using a 100 µL pipette tip and aliquot into smaller volume 10µL (10000 IU 

vial-1). 

3. Store at -20ºC or below 

4. Further dilutions should be prepareก with 0.1% FBS in PBS. 
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Appendix 3-5 Dynabeads® Human T-Activator CD3/CD28 Preparation Protocol 

The information from the product datasheet; 

Product: 4x107 beads mL-1 in 2 mL vial-1  

Washing Buffer: PBS+0.1%FBS 

Washing Protocol 

1. Prepare buffer 

2. Resuspend the beads in the vial by vortex for 30 second 

3. Transfer the desired volume to a tube  

4. Add an equal volume of buffer or at least 1 mL, and mix by vortex for 5 second 

5. Place the tube on a magnet for 1 minute and discard the supernatant 

6. Remove the tube from the magnet and resuspend the beads in the same volume of 

culture medium as the initial volume of Dynabeads® taken from the vial (step3) 

Appendix 3-6 The minimum cell number for phenotype analysis using flow cytometry. 

The study base on the expression of CD4, CD25, CD127 and FoxP3. Therefore, 4 

fluorophors-conjugated antibodies were used.  A minimum of 9x105 cells was needed for 

phenotype analysis before cell expansion and the set-up of cell culture devices. 

Objective Cell Number 

CD4-PerCP-Cy 5.5 staining 1x105 

CD25-APC staining 1x105 

CD127-PE-Cy7 1x105 

FoxP3-PE staining 1x105 

Negative control (non-staining cells) 1x105 

Positive control (staining with all antibodies) 1x105 

Seeding in the FBB 1x105 

Seeding in the static control column 1x105 

Seeding in the 96-well plate 1x105 

Total cell 9x105 
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Appendix 4-1 Cell size determination using ImageJ. Cell size and morphology was 

observed under the fluorescent microscope. Each cell was measured for the diameter in 4 

dimensions as shown in red lines. The measurement data is presented in Appendix 4-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    
  
 

 

193 

 

Appendix 4-2 The measurement data from 50 cells under the fluorescent microscope. 

The average cell size was 11.57 µm ± 1.0 µm. 

Cell 

Cell Diameter from 4 dimensions 

(µm) 
Avarage Cell Diameter  

(µm) 
1 2 3 4 

1 13.52 12.29 12.17 13.06 12.76 

2 12.63 11.99 12.41 12.40 12.36 

3 10.47 10.45 10.70 10.90 10.63 

4 14.05 11.12 11.51 12.04 12.18 

5 12.95 11.18 11.65 11.44 11.80 

6 11.62 12.21 12.27 12.27 12.09 

7 11.18 11.32 10.45 10.91 10.96 

8 11.48 9.42 10.98 9.99 10.46 

9 12.84 11.69 12.50 12.63 12.42 

10 10.59 10.99 10.02 10.11 10.43 

11 11.49 14.73 12.39 12.59 12.80 

12 12.24 12.80 12.54 13.42 12.75 

13 13.37 12.00 11.55 11.76 12.17 

14 12.00 12.40 11.60 11.65 11.91 

15 12.82 13.10 12.94 12.49 12.84 

16 10.45 10.95 9.46 11.12 10.49 

17 11.49 12.37 12.17 10.35 11.60 

18 11.45 13.64 11.61 12.50 12.30 

19 11.24 13.60 13.15 13.23 12.80 

20 12.51 12.44 12.48 12.29 12.43 

21 12.15 11.24 11.97 11.55 11.73 

22 11.61 11.67 12.82 13.64 12.43 

23 12.08 14.01 13.21 13.83 13.28 

24 12.50 12.98 14.16 13.13 13.19 

25 11.62 10.35 11.07 10.92 10.99 

26 12.68 10.30 10.72 11.42 11.28 

27 10.44 12.43 10.45 10.46 10.94 

28 11.33 10.00 10.24 11.17 10.68 

29 11.50 12.48 10.98 11.09 11.51 

30 10.91 10.54 8.27 11.05 10.19 

31 10.15 10.88 9.88 11.62 10.63 

32 11.26 12.80 11.42 11.17 11.66 
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Cell 

Cell Diameter from 4 dimensions 

(µm) 
Avarage Cell Diameter  

(µm) 
1 2 3 4 

33 10.59 10.15 10.91 10.31 10.49 

34 12.31 12.81 8.15 11.86 11.28 

35 11.50 12.31 11.65 11.55 11.75 

36 10.09 10.51 10.14 10.29 10.26 

37 14.57 12.81 11.26 9.46 12.03 

38 12.50 11.47 11.58 11.37 11.73 

39 14.96 12.06 14.64 12.21 13.47 

40 11.94 10.74 9.22 11.30 10.80 

41 10.15 9.44 10.93 9.78 10.08 

42 10.90 13.01 10.24 10.83 11.25 

43 10.44 9.88 10.30 10.63 10.31 

44 13.70 13.82 12.59 14.46 13.64 

45 9.72 10.44 10.30 10.53 10.25 

46 12.15 12.00 11.58 13.72 12.36 

47 11.08 10.74 9.77 11.45 10.76 

48 9.48 11.64 11.45 11.72 11.07 

49 10.44 10.52 9.49 9.87 10.08 

50 9.30 10.79 10.18 11.03 10.33 

    
Avg 11.57 

    
SD 1.006 
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Appendix 4-3 Doubling time calculation. 

The calculation of doubling time from growth curve using excel. The cells had exponential 

growth, the Y-axis (cell density) was changed into a log scale using Excel. The section which 

presents in a straight line (between day 2 and 4) was the range for the doubling time 

calculation  

 

 

Y = AeBx     Equation 4- 1 

    Doubling time = ln2/B    Equation 4- 2 

From the graph            Y=0.6091e0.531x 

         Doubling time = ln2/0.531  

          = 1.31 days (approximately 31 hours) 
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Appendix 4-4 The pressure drop as a function of superficial velocity without cell line 

(background). When increasing superficial velocity, the pressure drop across the bed 

remained stable (Mean±SE)(n=3). 

 

Appendix 4-5 Preliminary study of the pressure drop as a function of superficial 

velocity at 7 different velocities. When increasing the superficial velocity, the pressure drop 

across the bed increased and reach the peak at the velocity of 1.77x10-6 m s-1, which can be 

defined as minimum fluidising velocity (umf). The pressure drop then decreased and remain 

stable after umf. However, terminal velocity (ut) could not be estimated from the graph 

(Mean±SE)(n=3). 
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Appendix 4-6 Preliminary study of the pressure drop as a function of superficial 

velocity at 17 different velocities. When increasing the superficial velocity, the pressure 

drop across the bed increased and reach the peak at the velocity of 1.49x10-6 m s-1, which can 

be defined as minimum fluidising velocity (umf). The pressure drop then decreased and 

remain stable after umf. However, terminal velocity (ut) still could not be estimated from the 

graph (Mean±SE)(n=3). 
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Appendix 4-7 The velocity applied for FBB design. The single-pass FBB using syringe 

pump was applied for umf and ut determination at 23 different flow rates. The flow rate was 

calculated to superficial velocity base on 10 mm column as the values were constant when 

changing in the column diameter. The close system FBB operation for 48 hours cell 

expansion was using the peristaltic pump with peristaltic pump tubing orange-blue colour 

code. Therefore, the pump was calibrated to work in rotations per minute (rpm). 

Flow rate  

(µL hr-1) 

Superficial velocity 

(x10-6 m s-1) 

Flow rate 

Orange-Blue 

(rpm) 

0 0 0 

320 1.152 1.48 

350 1.260 1.61 

370 1.332 1.70 

400 1.440 1.83 

420 1.512 1.91 

450 1.620 2.04 

470 1.692 2.13 

500 1.800 2.26 

520 1.872 2.34 

550 1.980 2.47 

570 2.052 2.56 

600 2.160 2.69 

620 2.232 2.77 

650 2.340 2.90 

670 2.412 2.99 

700 2.520 3.12 

750 2.700 3.33 

800 2.880 3.55 

850 3.060 3.76 

900 3.240 3.98 

950 3.420 4.19 

1000 3.600 4.41 
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Appendix 4-8 The calculation of volumetric flow rate, working velocity and peristaltic 

pump flow rate for 10, 15, and 50 mm columns. 

1. The study of umf, ut, and working velocity was based on a 10 mm column. Once working 

velocities were derived, the peristaltic pump flow rates for the 10 mm column was estimated 

from the calibration graph of the peristaltic pump. 

2. The umf and ut were calculated to volumetric flow rates for 15 and 50 mm columns. Then 

the peristaltic pump flow rates were estimated from the calibration graph. 

The calculation for 10 mm column; 

The obtained umf and ut  (from calculation); umf = 6.92x10-8 m s-1 , ut = 6.52x10-6 m s-1 

The equation for volumetric flow rate – velocity 

𝑉 =
𝑄

𝐴
      Equation 4- 3 

Where V is the superficial velocity(m s-1), Q is the volumetric flow rate (m3 s-1) and A is 

cross-sectional area (m2) 

Cross-sectional area of 10 mm column; A = 7.85x10-5 m2 

Qmf = 6.92x10-8x7.85x10-5 = 5.43x10-12 m3 s-1 = 19.548 µL hr-1 

Qt = 6.52x10-6x7.85x10-5 = 5.12x10-10 m3 s-1 = 1842 µL hr-1 

Peristaltic pump flow rate for 10 mm column with orange-blue tubing (from calibration 

graph) 

Qmf => 0.19 rpm 

Qt => 8.02 rpm 

The working flowrate was selected between 0.19 rpm and 8.02 rpm. The cell culture media 

was fed into the column and the bed expansion was observe at each flow rate. The bed kept 

expanding at the flow rate over 6 rpm. Therefore, the flow rates at 3, 4 and 6 rpm were 

selected as working velocity. 

3 rpm = 673.413 µl hr-1= 2.41 x 10-6 m3 s-1 = Low 

4 rpm = 906.223 µl hr-1= 3.20 x 10-6 m3 s-1 = Medium 

6 rpm = 1371.843 µl hr-1= 4.90 x 10-6 m3 s-1 = High 



    
  
 

 

200 

 

The calculation for 15 mm column; only medium velocity was selected to study in 15 mm 

column as the additional study. 

Cross-sectional area of 15 mm column; A=1.77x10-4 m2 

QMedium = 2040 µL hr-1=> 8.8 rpm (orange-blue tubing) 

The calculation for 50 mm column; All velocities was selected to study in 50 mm column 

Cross-sectional area of 50 mm column; A=1.96x10-3 m2 

QLow = 0.283 mL min-1 => 3.8 rpm (yellow-yellow tubing) 

QMedium = 0.376 mL min-1 => 5 rpm (yellow-yellow tubing) 

QHigh = 0.576 mL min-1 => 7.7 rpm (yellow-yellow tubing) 

Appendix 4-9 Peristaltic Pump Calibration graphs 

The Orange-Blue tubing calibration 

 

The Yellow-Yellow tubing calibration 

 



    
  
 

 

201 

 

Appendix 4-10 The monitoring of viable cell in the feeding bottle after 48 hours: 

1=5x106 cells 10 mm 4.9x10-6 m s-1, 2=10x106 cells 10 mm 2.41x10-6 m s-1, 3=5x106 cells    

50 mm 2.41x10-6 m s-1, 4=10x106 cells 50 mm 4.9x10-6 m s-1 (n=3). 5=5 x106 cells 10 mm 

2.41x10-6 m s-1, 6=5x106 cells 10 m m 3.20x10-6 m s-1, 7=10x106 cells 10 mm 4.9x10-6 m s-1, 

8=5x106 cells 15 mm 3.20x10-6 m s-1, 9=5x106 cells 50 mm 3.20x10-6 m s-1(Mean±SE) (n=3). 
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Appendix 5-1 The comparison of cell density, fold expansion and cell viability after 7 

days of HL-60 cell expansion. The low velocity was 2.41x10-6 m s-1. The perfusion rate was 

increased to 3.20x10-6 m s-1 at day 2 and 4.90x10-6 m s-1 at day 3 in adjusted velocity FBB. 

Perfusion Rate 

Parameters 

Low Velocity 

(n=2) 

Adjust Velocity 

(n=1) 

Cell Density (x104 cells mL-1) 32.58±1.00 48.00 

Fold-Expansion (Fold-) 7.82 11.51 

Cell Viability (%) 95.60 94.12 

Appendix 5-2 Oxygen consumption rate (OCR) of HL-60 cells expansion in FBB. 

Dissolved oxygen and cell density at the initial (day 0), day 5 and day 7 day of HL-60 cells 

expansion in FBB 

                     Cultivation Time 

Parameters 

Day 

0 5 7 

Dissolved Oxygen (mg L-1) 5.95 3.57 1.68 

Cell Density (x104 cells mL-1) 4.17 14.61 32.58 

The calculation of oxygen consumption rate (OCR) 

Oxygen consumption rate (OCR) =   
∆DO

∆𝑋∆𝑡
   [mg hr-1 cell-1] 

Where ∆DO is the change of dissolved oxygen (mg L-1), ∆X is the change of cell density 

(cells mL-1) and ∆t is the time interval between two consecutive measurements (hr) 

OCR at day 5; 

OCR5days = 
2.38

10.44𝑥104𝑥103𝑥120
 = 1.90 x10-10 [mg hr-1 cell-1] 

OCR at day 7; 

OCR7days = 
1.89

17.97x104𝑥103𝑥48
 = 2.19 x10-10 [mg hr-1 cell-1] 
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Appendix 5-3 Glucose consumption rate per cell (rglu) of HL-60 cell expansion in FBB, 

control static column and T flask. The data was collected from 5 and 7 days of the cell 

culture. The concentration of glucose in the cell culture medium at the initial cell culture 

(Day 0), day 5 and day 7. 

                      

Systems 

Glucose Concentration 

(mg L-1) 

Day 0 Day 5 Day 7 

FBB 1641.19 1363.46 858.32 

Control Static Column 1641.19 1473.18 972.60 

T Flask 1638.39 1164.51 622.77 

Cell density at the initial cell culture (Day 0), day 5 and day 7. 

                      

Systems 

Cells Density 

(x104 cells mL-1) 

Day 0 Day 5 Day 7 

FBB  4.10 14.61 32.58 

Control Static Column 4.10 16.24 35.73 

T Flask 4.50 49.75 104.59 

The calculation of glucose consumption rate (rglu) (Wierzchowski et al., 2019)  

rglu =   
∆𝐶𝑔𝑙𝑢

∆𝑋∆𝑡
   [mg hr-1 cell-1] 

Where ∆Cglu is the change of glucose concentration (mg L-1), ∆X is the change of cell density 

(cells mL-1) and ∆t is the time interval between two consecutive measurements (hr) 

Glucose consumption in FBB: 

rglu day 0-5; rglu   =   
∆𝐶𝑔𝑙𝑢

∆𝑋∆𝑡
   =   

277.73

(10.44𝑥104)(120)
   =   2.22 x 10-5 mg hr-1 cell-1 

 rglu day 5-7; rglu   =   
∆𝐶𝑔𝑙𝑢

∆𝑋∆𝑡
   =   

782.87

(17.97𝑥104)(48)
   =   9.08 x 10-5 mg hr-1 cell-1 
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Glucose consumption in control static column:  

rglu day 0-5; rglu   =   
∆𝐶𝑔𝑙𝑢

∆𝑋∆𝑡
   =   

168.01

(12.07𝑥104)(120)
   =   1.15 x 10-5 mg hr-1 cell-1 

 rglu day 5-7; rglu   =   
∆𝐶𝑔𝑙𝑢

∆𝑋∆𝑡
   =   

668.59

(19.49𝑥104)(48)
   =   7.15 x 10-5 mg hr-1 cell-1 

Glucose consumption in T flask:  

rglu day 0-5; rglu   =   
∆𝐶𝑔𝑙𝑢

∆𝑋∆𝑡
   =   

473.88

(45.25𝑥104)(120)
   =   0.90 x 10-5 mg hr-1 cell-1 

 rglu day 5-7; rglu   =   
∆𝐶𝑔𝑙𝑢

∆𝑋∆𝑡
   =   

1015.62

(54.84𝑥104)(48)
   =   3.86 x 10-5 mg hr-1 cell-1 

Appendix 5-4 The monitoring of pH during 7 days HL-60 cell expansion using. The 

measurement of pH values was using pH paper monitored the changing of pH in the cell 

culture medium.  

                     Systems 

Cell Expansion Time 
FBB Control Static 

Column 

T Flask 

Day1 7.5-8.0 7.5-8.0 7.5-8.0 

Day2 7.5-8.0 7.5-8.0 7.5-8.0 

Day3 7.5 7.5 7.5 

Day4 7.5 7.5 7.5 

Day5 7.5 7.5 7.5 

Day6 7.5 7.5 7.5 

Day7 7.5 7.5 7.5 
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Appendix 6-1 The PBMCs datasheet. The document was provided by STEMCELL 

Technologies (Cambridge, UK). 
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Appendix 6-2 Treg cryopreservation protocol (Ellis, 2014) 

Freezing medium; RPMI-1640, FBS and DMSO 

Protocol; 

1. Prepare 50%RPMI-1640 + 50%FBS freezing medium. 

2. Centrifuge the cell suspension and resuspended in the freezing medium to a final 

concentration of up to 108 cells per 450 µL. 

3. Add 50 µL of DMSO per cryovial tubes (the final concentration is 10% in total 500 

µL cryovial). 

4. Add 450 µL of cells in the freezing medium (step 2) to the cryovial tubes. 

5. Put the vials in a freezing box and place in -80ºC freezer. 

6. After 12 to 24 hrs transfer the vials into a liquid nitrogen tank. 

Appendix 6-3 The calculation of umf and ut of Tregs 

The umf and ut of Tregs were calculated following the equation 2-5 and 2.7 (Chapter 2) 

The calculation of umf; 

umf=0.0055 
emf

3

1-emf

d
2
(ρ

p
-ρ

f
)g

μ
 

emf ~ 0.4 

umf=0.00059
d

2
(ρ

p
-ρ

f
)g

μ
 

d = 1.01x10-5 m. 

ρp = 1051 kg m-3 

ρf = 997 kg m-3 

g = 9.81 m s-2 

µ = 6.5x10-4 Pa.s [kg m-1 s-1] 

umf=0.00059
(1.01x10-5)

2
(1051-997)9.81

6.5 x 10
-4

 

      

          = 4.90x10-8 m s-1 
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The calculation of ut; 

ut=
d

2
(ρ

p
-ρ

f
)g

18μ
 

   ut=
(1.01x10-5)

2
(1051-997)9.81

18(6.5x10
-4

)
 

    = 4.61x10-6 m s-1 

The umf of Tregs is 4.90x10-8 m s-1 and ut is 4.61x10-6 m s-1 

Appendix 6-4 The observation of Tregs that presented in the feeding bottle after 14 

days expansion.  

 

Protocol 

Cell Number 

(Cells) 

Day 7 Day 14 

Protocol 1 NA 2.42x103 

Protocol 2 NA NA 

Protocol 3 1.35x103 1.01x103 

Protocol 4(A) NA 9.5x103 

Protocol 4(B) NA 2.65x103±3.10x102 

Appendix 6-5 Cell Aggregation After 14 days Expansion. The cell aggregation was 

measured during cell counting using NucleoCounter® NC-200™. The inoculation time in the 

FBB and initial cell density were different between each protocol. Tregs were inoculated for 

3 days in P1, 1 day in P2 and P3 and 2 days in P4(A) and P4(B). The initial cell density was 

2.5x105 cells mL-1 in P1, P1 and P4(B), 1.39x105 cells mL-1 in P3 and 5x105 cells mL-1 in 

P4(A). 

 

System 

Cell Aggregation 

(%) 

Protocol 1 

(P1) 

Protocol 2 

(P2) 

Protocol 3 

(P3) 

Protocol 4(A) 

(P4(A)) 

Protocol 4(B) 

(P4(B)) 

96-well plate 0 0 0 0 0 

FBB 0 38 0 11 34 

Static Control 

Column 

0 38 53 0 35.5 
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Appendix 6-6 The calculation of umf of Dynabeads® 

The umf of Dynabeads® was calculated following the equation 2-5 (Chapter 2) 

Umf=0.0055 
emf

3

1-emf

d
2
(ρ

p
-ρ

f
)g

μ
 

 

emf ~ 0.95 

d = 4.5x10-6 m. 

ρp = 1300 kg m-3 

ρf = 997 kg m-3 

g = 9.81 m s-2 

µ = 6.5x10-4 Pa.s [kg m-1 s-1] 

 

umf=0.0055 
0.953

1- 0.95

(4.5x10−6)2(1300-997)(9.81)

6.5𝑥10−4
 

        = 48.72x10-6 m s-1 

The umf of Dynabeads® is 48.72x10-6 m s-1 

Appendix 6-7 The cell number detected during flow cytometry analysis on Treg 

phenotype. 1x104 cells (event) were counted in positive control and 5x103 events in the 

negative control sample. Only 99 events in the FBB, 74 events in the static control column 

and 501 events in the 96-well plate were counted. The low number of events was due to low 

viable cells after ex vivo expansion. 

Positive Control 

  

CD4-PerCP Cy5.5 

vs 

CD25-APC 

 FoxP3-PE  

vs 

CD127-PECy7 

Event 10000 Event 10000 

CD4+CD25- 3 FoxP3+CD127- 1 

CD4+CD25+ 9951 FoxP3+CD127+ 8319 

CD4-CD25- 34 FoxP3-CD127- 36 

CD4-CD25+ 12 FoxP3-CD127+ 1644 
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Negative Control 

  

CD4-PerCP Cy5.5 

Vs 

CD25-APC 

 FoxP3-PE 

Vs 

CD127-PECy7 

Event 5000 Event 5000 

CD4+CD25- 2 FoxP3+CD127- 1 

CD4+CD25+ 8 FoxP3+CD127+ 4 

CD4-CD25- 4985 FoxP3-CD127- 4988 

CD4-CD25+ 5 FoxP3-CD127+ 7 

 

FBB 

  

CD4-PerCP Cy5.5 

vs 

CD25-APC 

 FoxP3-PE 

vs 

CD127-PECy7 

Event 99 Event 99 

CD4+CD25- 0 FoxP3+CD127- 0 

CD4+CD25+ 25 FoxP3+CD127+ 7 

CD4-CD25- 67 FoxP3-CD127- 67 

CD4-CD25+ 7 FoxP3-CD127+ 25 

  

Static Control Column 

  

CD4-PerCP Cy5.5 

Vs 

CD25-APC 

 FoxP3-PE 

Vs 

CD127-PECy7 

Event 74 Event 74 

CD4+CD25- 1 FoxP3+CD127- 1 

CD4+CD25+ 40 FoxP3+CD127+ 6 

CD4-CD25- 21 FoxP3-CD127- 29 

CD4-CD25+ 12 FoxP3-CD127+ 38 

  

96-Well Plate 

  

CD4-PerCP Cy5.5 

Vs 

CD25-APC 

 FoxP3-PE 

Vs 

CD127-PECy7 

Event 501 Event 501 

CD4+CD25- 13 FoxP3+CD127- 1 

CD4+CD25+ 331 FoxP3+CD127+ 30 

CD4-CD25- 72 FoxP3-CD127- 107 

CD4-CD25+ 85 FoxP3-CD127+ 363 

 
 




