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ABSTRACT 

 

The use of stem cells for clinical applications has increased as biomedical researchers 

develop cell-based therapeutic approaches for use in tissue regeneration and/or the treatment of 

medical conditions such as diabetes or other diseases. Large numbers of stem cells are required as 

research progresses from the laboratory to clinical trials and on to subsequent industrial scale-up 

for large-scale manufacturing for distribution. There are a wide range of bioreactors available on 

the market for anchorage-dependent stem cell expansion, however, to increase accessibility and 

affordability of cell therapies, it is critical to consider the bioprocesses associated with culturing 

to support cell expansion and quality. In this work, we aimed to design a low-cost bioreactor 

system for as mesenchymal stromal cell (MSC) expansion that yields clinically relevant numbers 

of cells with reduced labor, while maintaining cell potency and immunomodulatory capabilities 

essential for successful clinical application. 
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CHAPTER 1 

INTRODUCTION 

 

Stem cells, or stromal cells, derived first from mouse embryos in 1981, and later from 

human embryos in 1998, are vital for research focused on human development and regenerative 

medicine [1]. Embryonic stem cells are derived from the inner cell mass of an embryo, also known 

as a blastocyst, and from there, those cells have the ability to specialize into adult cell types such 

as muscle, fat, liver or skin [2]. This ability of specialization into all tissues, totipotency, is limited 

to embryonic stem cells; however, niche populations of adult stem cells reside in tissues, which 

can be activated for regeneration due to an injury [1, 3]. Mesenchymal stromal cells (MSCs), 

named for the mesoderm, are a type of adult stem cell that exist in mesenchymal tissues, connective 

tissues, such as muscle, bone, cartilage, and fat [4, 5]. MSCs are considered to be multipotent, the 

ability to differentiate and regenerate specific connective tissues; but it has been reported that these 

cells have the capability to specialize broadly such as neurons and epithelial cells [4, 6-8]. 

Stem cells have the great potential to open doors for biomedical research, specifically in 

the fields of tissue engineering and cell therapy. At present, various aspects of stem cells are 

investigated through numerous research studies, from manipulation of cells for expansion and 

differentiation for cell therapies and tissue regeneration, to understanding how cell cycle 

development or mutation can lead to diseases and medical conditions like cancer and diabetes [9-

13]. The success of these research endeavors relies on a single commonality – having a sufficient 

number of stem cells for research, and ultimately, clinical application. A large number of stem 
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cells are necessary research studies, which will subsequently lead to clinical trials and afterward, 

industrial scale-up for large-scale manufacturing for the distribution of therapies. To increase the 

accessibility and affordability of these cell therapies, it is critical for researchers to simultaneously 

consider the bioprocesses that have to be included to make this a reality without delay.  

The objective of this work was to design, fabricate and evaluate a modular bioreactor 

system for the expansion of anchorage-dependent cells, such as MSCs, by exploring the recent 

advances of culture platforms for the manufacturing of cells for MSC-based therapies. This system 

has the potential to improve certain aspects of the cellular products and minimize the obstacles 

that must be overcome in order to maximize MSC efficiency. Incorporating a mathematical model 

to predict key culture parameters will allow for the opportunity to improve experiment design as 

well as modeling of certain aspects of cell culture mechanisms that would be difficult to measure 

through experiment alone in numerous hypothetical scenarios. Thus, MATLAB was used to 

develop code for a mathematical model for this work. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 STEM CELLS 

According to the National Institutes of Health (NIH), stem cells are unspecialized cells that 

exist within the human body that, after exposure to a physical stimulation or environmental cue, 

can differentiate, or specialize, into a more specific type of cell [1]. These specific types of cells 

can include bone cells, skin cells, fat cells, muscle cells, or neurons, even if they have been dormant 

for a long time. Depending on their location in the body, stem cells can have a range of activity 

from being regularly active, dividing and specializing in keeping the body healthy and strong or 

only activating under certain conditions such as an injury [1]. Examples include the neural stem 

cells located in the subventricular zone and the subgranular zone in the brain, which supports 

continuous neurogenesis and the directed migration of mesenchymal stromal cells and other kinds 

of epithelial cells to begin tissue repair on a scraped knee [14, 15]. Researchers are interested in 

using stem cells in regenerative medicine to replace damaged tissues and organs due to their 

biological characteristics of giving rise to either more or the same undifferentiated cell for extended 

periods of time and their ability to specialize, or differentiate, into a specific cell type [16]. For 

example, if a researcher was working to develop a bone or cartilage graft, they could utilize 

unspecialized stem cells and develop strategies for their use in personalized medical treatments for 

patients with extensive orthopedic injuries resulting in bone or cartilage loss (Figure 1), 

particularly if the tissue has limited regeneration potential [17]. Stem cells could, therefore, offer 
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an alternative to traditional therapeutic approaches and help restore the normal function of 

damaged tissue [18]. However, this need for stem cells brings up the question of where researchers 

can acquire stem cells for designing these types of cell therapies. 

 

Figure 1. Potential use of stem cells for treatment of orthopedic injuries [19]. 

 

2.1.1 STEM CELL SOURCES 

There are three potential sources for stem cells available. Embryonic stem cells are cells 

derived from the inner cell mass of the blastocyst from human embryos (Figure 2) that were 

donated, with the informed consent of the donor, for research purposes following an in vitro 

fertilization procedure [1]. Human embryonic stem cells (hESCs) are unique because of their 

ability to expand and divide to an almost unlimited magnitude and to differentiate into any cell 

type found in the human body [20, 21]. The use of hESCs and their properties has created concern 

regarding their potential to form tumors from rapid and uncontrollable expansion, immune 

rejection from the host, and differentiation into unwanted cell types after transplantation into a 

patient [21]. 
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Figure 2. Derivation of human embryonic stem cells [22]. 

 

Also, there are ethical or moral concerns surrounding the use of hESCs, which has led to 

the prohibition of research utilizing hESCs in some countries or heavily regulated research in other 

countries [23]. In the United States (U.S.), it could be suggested that the polarization around 

embryonic stem cell research is linked to the Supreme Court decision that legalized abortion via a 

woman’s right to privacy in Roe v. Wade in 1973 [24]. The limitations of federal funding after that 

would be the beginning of delineation between public medical research that was federally funded 

research and medical research supported via private funding sources [24].  

In 1999, in response to a query posed by the NIH, the Office of the General Counsel of the 

U.S. Department of Health and Human Services (DHHS) “concluded that the then current law 

prohibiting the use of DHHS appropriated funds for human embryo research would not apply to 

research using stem cells ‘because such cells are not a human embryo within the statutory 

definition’” in the Rabb Letter [24, 25]. The Rabb Letter said that human pluripotent stem cells 
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are not considered to be a human embryo, having the potential to become an organism, by 

definition, as they are just cells [24]. 

As an alternative to embryonic stem cells, adult stem cells, found in adult tissues 

throughout the human body, have been widely investigated. Adult stem cells have the capacity to 

differentiate into multiple cell types, a property called multipotency; however, unlike embryonic 

stem cells,  adult stem cells are limited in the number of cell types that they can differentiate into 

[26]. Human mesenchymal stromal/stem cells (hMSCS) are a commonly used adult stem cell 

source in biomedical research. In addition to being classified as multipotent, hMSCs maintain 

properties such as immunomodulation and self-renewal, which make them attractive candidates 

for cell therapies and regenerative medicine [27, 28]. Adult stem cells can be found in many 

accessible body tissues, and hMSCs can be derived explicitly from bone marrow (Figure 3), 

adipose tissue, and blood, as well as from the umbilical cord blood, placenta, and other connective 

tissues [28, 29]. 

 

Figure 3. Differentiation of stem cells found in the bone marrow [30]. 
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Most recently, human induced pluripotent stem cells (iPSCs) were reported to have been 

created, or reprogrammed in 2006 by Dr. Shinya Yamanaka [31], and have become a widely sought 

alternative to embryonic stem cells. These iPSCs were skin fibroblasts, reprogrammed to resemble 

embryonic stem cells with their beneficial properties of self-renewal and pluripotency. 

Specifically, several transcription factors: Oct4, Sox2, c-myc, and Klf4 were targeted for 

reprogramming human somatic (i.e., adult) cells to form iPSCs [31]. This modification can be 

done to reprogram various types of cells, such as more easily accessible types including skin cells, 

fat cells, and blood cells. iPSCs are considered to be “pluripotent” because they can specialize, or 

differentiate, into the three germ layers like embryonic stem cells (Figure 4), which means they 

can give rise to all of the cells in the human body [32]. However, several drawbacks and limitations 

exist for iPSCs, particularly related to production efficiency and application. Specifically, the 

efficiency for different cell types regarding transduction with retroviruses is varied, and the 

transcription of the retroviral construct is lost after the cell becomes an iPSC. There is also a chance 

that the transgenes may reactivate in the cells later derived from the iPSC line. Another concern is 

that the genes used to induce the pluripotent state can also lead to tumor development [33]. 

 

Figure 4. Induced pluripotent stem cell maturation [34]. 
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When considering which class of stem cell is used, the source of donor tissue origin should 

also be considered. Cells may be obtained from autologous or allogeneic sources, meaning from 

their own body or a properly matched donor, respectively. As previously mentioned, there is a 

stigma around hESCs due to ethical concerns about the cell source; additionally, there are other 

concerns such as spontaneous tumor formation from uncontrolled proliferation and the risk of 

differentiating into undesired stem cell types [21, 35]. Another risk is that hESCs are obtained 

from an allogenic source, or a donor, and there is the possibility of the patient’s immune system 

rejecting the cell therapy, and they would, therefore, be required to take immunosuppressant drugs 

[36]. The use of iPSCs and MSCs have the potential for autologous treatments, as cells could be 

obtained from a patient biopsy, and would thus, not be rejected upon implantation into that patient. 

The advent of autologous therapies could decrease the cost of therapies and stem cell transplants 

because the patient will not be required to take immunosuppressant drugs indefinitely, however, 

achieving clinically relevant numbers of these cells is a current challenge for widespread use of 

autologous cell therapies. Here, the remainder of the discussion in this review will focus on hMSC-

based applications.  

 

2.1.2 ACHIEVING CLINICALLY RELEVANT CELL NUMBERS 

The investigation of hMSCs for clinical applications has the been extensive due to their 

self-renewal and multipotency, but also due to other characteristics, such as immunomodulatory, 

anti-inflammatory, neuroprotective, and angiogenic properties. Thus, clinical applications for 

MSCs have ranged from tissue regeneration applications to cell therapy for treatment of cancer 

and chronic diseases, including cardiovascular disease, autoimmune diseases, and 

neurodegenerative diseases, which have been reviewed extensively by others [37-42]. For these 
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applications in the clinic, the number of cells required will vary; however, it is expected that the 

magnitude of cells required will be significant, thereby making it necessary to have sufficient 

culturing methods for achieving the required numbers of cells.  

The culture environment for expansion and differentiation of hMSCs is essential, as these 

cells are extremely sensitive to biochemical and biophysical cues, and culture conditions such as 

the presence of signaling molecules can affect their expansion potential and differentiation [43]. 

For example, in the body, mechanical stimulation as bone remodeling occurs aids in bone cell 

differentiation and maturation, which supports the maintenance of structural integrity; thus, 

designing a physiologically relevant environment for cell culture can improve cell expansion and 

differentiation outcomes [44, 45]. In addition, hMSCs in culture are often in contact with various 

substrates for which properties such as the surface stiffness, topography or chemistry can influence 

cell behavior by inducing a response that results in the hMSC differentiation to a specific lineage 

of cells [46]. Researchers have studied how critical culture parameters can influence hMSC 

expansion, as reaching clinically relevant numbers can be challenging since a significant number 

of cells will be needed for therapeutic treatments (whether single or multiple dosages). Clinically, 

there is a very low retrieval percentage (~0.01%) of hMSCs acquired from bone marrow biopsies 

[4, 47], making the expansion of these cells ex vivo essential. Long-term culturing outside of the 

body, however, can be difficult and influence the efficacy of the resulting cells. Specifically, the 

limitations of long-term culture include senescence in hMSCs, which can result in a decrease in 

the proliferation potential of cells, changes in hMSC phenotype, or a decrease in differentiation 

potential [27, 48]. Therefore, it is important to consider how to manipulate cell culture conditions 

to appropriately mimic physiological environments to improve expansion and yields for achieving 

clinically relevant numbers. 
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Table 1 describes several therapeutic targets for which researchers have applied MSCs and 

the proposed range of cells (per kg of the patient) required for that treatment. Because the MSCs 

are the actual therapeutic, it is important to develop large, healthy populations for clinical 

treatments; thus, the scale-up production of hMSCs must also adhere to good manufacturing 

practices (GMP) [49]. The range of cells required for a dose depends on the therapeutic application 

and the weight of the patient (at least 200×106 cells). As previously mentioned, there is a low 

retrieval rate of MSCs from bone marrow, in part, because they are a smaller proportion of cells 

in the marrow. As a result, interest has grown for the use of other more accessible sources for stem 

cells, such as adipose-derived stromal cells (ADSCs) where the percentage of stem cells obtained 

from biopsies can range from 1% to 10% [50, 51]. In order to meet the demands of clinically 

relevant numbers, cell expansion platforms for large-scale culturing of MSCs must be considered.  

 

Table 1. Ranges of hMSCs used for clinical cell therapies. 

Therapeutic Target Range of Cells Reference 

Acute Respiratory Distress Syndrome (ARD) 3×106 cells/kg [52] 

Amyotrophic Lateral Sclerosis (ALS) 
11-12 ×105 cells/patient 

2 ×105 cells/kg 
[53, 54] 

Diabetes (Type 1) 2.1 – 3.6 ×106 cells/kg [55] 

Multiple Sclerosis 1 – 2 ×106 cells/kg [56, 57] 

Idiopathic Parkinson’s Disease (iPD) 
1×106, 3×106, 6×106, or 10×106 

cells/kg 
[4] 

Spinal Cord Injury 

8×106, 40 ×106, or 50 ×106 

cells/patient depending on location 

and time point of clinical trial 

[58] 
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2.2 CELL EXPANSION PLATFORMS 

Various culturing vessels and systems exist for cell expansion, as shown in Figure 5. These 

culturing platforms include both static and dynamic systems, which are applicable for anchorage-

dependent cells, such as MSCs. The selection of a static or dynamic system for culturing can 

depend upon the specific purpose of the culture, whether intended for expansion, differentiation, 

or conditioning of the cells for in vivo applications. A summary of selected culture systems will be 

discussed in further detail in this review. 

 

Figure 5. Examples of various cell culturing systems. 
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2.2.1 STATIC CULTURE SYSTEMS 

hMSCs are classified to be anchorage-dependent, meaning that they need to adhere to a 

surface to properly proliferate and expand. It is possible for hMSCs to aggregate together, cluster, 

or stick to each other, if the surface is not sufficient, and in these cases, cell proliferation will be 

limited [59]. The expansion potential of these cells can be limited by the amount of surface area 

available. In the past, the expansion of hMSCs was most commonly performed in monolayer 

culture using tissue culture-treated flasks because the surface was adequate for cell attachment. 

However, the quantity of cells generated was limited by the surface area of the flasks used, and 

there were issues with long-term culture expansion due to senescence [60]. This indicated a need 

for developing more complex culturing systems for clinically relevant numbers. From there, multi-

layered vessels or flasks were developed, but have still been limited in many ways, primarily due 

to insufficient yields for industrial level scale-up and a lack of automation in place to supply late-

stage clinical trials [36, 60, 61]. Alternative expansion strategies have, thus, been sought to 

circumvent these limitations of conventional two-dimensional (2D) monolayer flasks, and 

dynamic three-dimensional (3D) or bioreactor culture systems have been investigated, since they 

more accurately mimic an environment more akin to what the cells experience in vivo and should, 

therefore, be more optimal for culturing [36]. 

 

2.2.2 DYNAMIC CULTURE SYSTEMS 

 Since the 1980’s when tissue engineering applications were suggested, researchers have 

sought ways to overcome several of the obstacles that prevent or limit the attainment of clinically 

relevant stem cell populations needed for therapeutic applications, and researchers today are still 

working to achieve these sufficient population densities [62, 63]. The development of dynamic 



13 

culture systems, such as various forms of bioreactors, has been essential for scale-up production 

of mammalian cells and will be further detailed in this review.  

Bioreactors are defined as a vessel or container used for biochemical and biological 

processes/production.  They are particularly advantageous tools in the industry because they can 

allow for monitoring of parameters and control of the environment in which the reaction occurs 

[64]. Bioreactors are useful because of their potential for automation, application to large scale-up 

production, and reproducibility of the desired product from batch-to-batch. The classical uses of 

bioreactors include fermentation, wastewater treatment, pharmaceutical production, and 

recombinant protein production [65]. There are also bioreactors specifically designed to tackle 

these processes efficiently; the selection of the most appropriate bioreactor type is critical to 

developing an efficient manufacturing process.  

The specific type of bioreactor selected will depend on whether or not the process is a batch 

production or a continuous production, or a static or dynamic culture system [66]. A batch 

production is defined as a reactor that is filled or charged with reagents that will be left inside the 

vessel as the reaction is carried out with no inflow or outflow until the reaction is complete [67]; 

whereas a continuous production refers to a vessel that has a continuous inflow of reagents and a 

continuous outflow of product, as it is assumed to be appropriately mixed while operating at 

steady-state [67]. Essentially, batch production is much more reminiscent of a fermentation 

process where the cells and their nutrients are kept in one vessel, and new media and supplements 

might be added to keep the cells expanding until the product the cells produce has been maxed out. 

A continuous production is similar in the sense that the vessel contains the cells and there 

is an inflow of nutrients, but there is also an outflow, which will remove inhibitory byproducts that 

might harm the cells if the concentrations get too high. There has been a shift to more designs that 
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favor continuous manufacturing, as there are many advantages such as assumed steady-state 

operations; a homogeneous or heterogeneous environment; a constant volume and density; cost-

efficiency; isothermal conditions; automation; product consistency; and the ability to monitor 

critical culture parameters [66, 68].  

These “critical culture parameters” can be defined as aspects of the cell culturing process 

that is vital to maintaining healthy cells. This could include, for example, a proper amount of fresh 

media to provide appropriate nutrients to the cells. Continuous manufacturing processes allow for 

these parameters to be easily adjusted, as they can be monitored in real-time through appropriate 

sensors measuring pH or carbon dioxide levels from the cell expansion process. The live feedback 

attained will then allow for immediate adjustments. Therefore, the selection of the appropriate 

bioreactor design for parameters such as oxygen gradients, shear stress, metabolic byproduct 

concentration, pH concentration, temperature, and carbon dioxide concentration, is vital [68]. A 

vast majority of technology used in the biopharmaceutical field is for fed-batch processes, but with 

the field swiftly evolving there is a need to adopt different technologies for manufacturing more 

complex products such as cell therapies [69]. In the case of cell therapy production, there are many 

different approaches to solve the current limitations of supplying enough hMSCs for therapies, 

and various culturing vessels have been investigated for expansion of these cells. The following 

sections will overview various bioreactors (summarized in Table 2) and their applications for 

human stem cell culture. 
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Table 2. Comparison of selected culturing systems 

Features Flask 
Spinner 

Flask 

Continuous 

Perfusion 

Bioreactor 

Packed / 

Fixed-Bed 

Bioreactor 

Hollow 

Fiber 

Bioreactor 

Culture Automation No Yes Yes Yes Yes 

System Type Open Closed Closed Closed Closed 

Contamination Risk High Low Low Low Low 

Homogeneity No Yes Moderate Depends Moderate 

Shear Stress No High Moderate Moderate High 

Oxygen Transfer No High Moderate Moderate High 

Cell Harvesting 

Difficulty 
Easy Difficult Difficult Difficult Easy 

 

2.2.2.1 SPINNER FLASKS 

A dynamic culture system, such as a continuous stirred tank bioreactor (or spinner flask if 

little or no monitoring system incorporated), makes for an attractive solution to traditional static 

culture systems because it is simple, easy to scale-up, provides excellent gas exchange to cell 

cultures and monitoring critical culture parameters is straightforward [70]. Most importantly, the 

properties of stem cells cultured under 3D dynamic conditions can be altered and controlled for 

specific applications [71]. 

There are three possible types of culture systems within a suspension stirred tank reactor: 

cell aggregates, cells encapsulated in microcarriers, and cells seeded onto coated microcarriers 

[72-76]. Stem cell aggregate culture is when the anchorage-dependent stem cells will adhere to 

one another when there is no suitable other alternative present to support cell adhesion [77]. It is 

difficult to control the expansion scale-up of stem cell aggregate culture because it is almost 
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impossible to control the aggregate size. In addition, aggregate culture can also damage the final 

stem cell product, as the increase in aggregate size and density can result in a decrease of mass 

transport of nutrients to the center, limiting cell growth and potentially damaging the stem cells 

[78].  

Microcarrier based culture relies on a high surface-area-to-volume ratio to produce a high 

density of stem cells in the final product. Thus, the smaller the microcarrier, then the higher the 

potential surface area present, which increases the potential growth area [79]. This characteristic 

makes microcarriers ideal for process scale-up as higher densities can be achieved in a reduced 

medium volume, which can lower the cost of expansion production [80]. 

Microcarriers can be made from ceramics, and synthetic or natural polymers depending on 

the needed characteristics, length of culture and time and application. Initially, synthetic 

microcarriers made from glass or polymers, such as polystyrene, and polylactic acid, allowed for 

sufficient mechanical strength and consistency in the microcarrier properties from batch-to-batch. 

However, these types of microcarriers maintained limited cell attachment proficiency due to the 

lack of sites for anchorage-dependent cells to adhere to [81, 82]. This limitation has been overcome 

by preparing microcarriers either by coating with extracellular matrix proteins or a hydrogel 

mixture containing appropriate ligands or by chemically enhancing the surface to promote cell 

adhesion for cell expansion purposes [83, 84]. Natural biomaterials for microcarriers are widely 

available and inexpensive. Natural materials such as gelatin, collagen, cellulose, pectin, alginate, 

and chitosan also have excellent biocompatibility as they do not induce an adverse biological 

response from the stem cells, and have been used for microcarrier based applications with stem 

cells [81, 82, 85, 86]. Further, microcarriers are advantageous because properties such as their 

surface chemistry, topography, porosity, geometric shape, matrix coating, and mechanical 
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characteristics can be augmented to control stem cell attachment for expansion better and to 

potentially enhance the phenotype expression of stem cells [86-89]. 

 

2.2.2.2 PERFUSION BIOREACTORS 

Although microcarriers present a 3D shape, cells grown in microcarrier culture are still 

similarly cultured as cells grown in monolayer, which does not accurately represent the natural 

environment found inside the body [90]. Perfusion bioreactors feature a vessel where the media is 

directed to flow through a construct that is either porous or 3D, which can help overcome the 

expansion bottlenecks seen in monolayer cell culture methods by increasing oxygen and nutrient 

transport in the system [91, 92]. Studies have shown that cell metabolism is crucial to stem cells 

retaining pluripotency, or multipotency depending on the source, and perfusion bioreactors can 

provide a constant flow of fresh media that removes inhibitory metabolic byproducts, resulting in 

a stable metabolic system for high-density expansion [93]. 

Perfusion bioreactors are selected when there is a specific cell phenotype of interest to 

amplify with external cues or for conditioning cells for clinical applications. Schröder, et al. 

designed a novel bioreactor system for the purpose of conditioning the chondrocyte cells used in 

autologous chondrocyte implants (ACI). The flow of the media was used to provide hydrostatic 

pressure to the cells for potentially increased protein production and gene expression [94]. The 

bioreactor was designed to condition the chondrocytes to decrease the chances of graft hypertrophy 

and the unintended development of a different type of cartilage, where the estimated pressure loads 

on cartilage of 0.1 – 0.2 MPa were achievable in the system [95]. 

Beşkardeş, et al. used a perfusion bioreactor set-up to explore how co-cultures of 

osteoblasts and osteoclasts interacted in a dynamic environment since bone is continuously 

metabolically active, and bone remodeling is controlled through the interaction of bone-resorbing 
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osteoclasts and bone-forming osteoblasts [96]. As biomechanical stimulation is necessary for bone 

remodeling, the limitations of a two-dimensional static culture will influence cell viability, nutrient 

flow, and cell density, however, dynamic culture can provide appropriate stimulation to upregulate 

differentiation to bone and resulting bone function long-term [45]. 

Perfusion bioreactors present a lot of potential as they can be automated for low labor-cost 

and are a closed system, which decreases the risk of contamination. This design can support long-

term cell culturing of tissue constructs or expansion of cells on porous scaffolds with a continuous 

inlet flow of nutrients and oxygen, while continuously removing byproducts and waste. However, 

the dynamic environment can expose the cells growing along the scaffold to higher shear stress 

with the possibility of potentially causing cell damage. Further, the pressure gradient created in 

perfusion bioreactors is not necessarily accurate to in vivo environments [97]. 

 

2.2.2.3 PACKED BED BIOREACTORS 

Packed bed bioreactors (PBRs) are cylindrical vessels that contain a layer or packing of 

material, such as microcarriers, that support cell adhesion and facilitate the circulation of media 

through the “packed bed” to provide the necessary nutrients, oxygen delivery and removal of 

metabolic byproducts [65, 67]. PBRs belong in the same family of dynamic culture systems such 

as the spinner flask and perfusion bioreactors, and as such, offer many of the same advantages. 

Most importantly, however, PBRs offer a controlled environment for stem cell expansion in a 

small volume, which is cost-effective in terms of materials and medium [65]. This vessel type is 

also beneficial for anchorage-dependent, or immobilized, stem cells because it offers a low shear 

stress environment [43]. It is important to consider how the vessel’s culture system can affect the 

cells as shear stress has been studied to observe its effects such as reduction or alteration of the 
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stem-like properties and differentiation lineage and the overall quality of the final stem cell 

population after expansion [98, 99]. The most significant limitation of PBRs for MSCs is the 

maximum media flow rate [100]. Literature studies have shown that this mechanical stress can be 

beneficial if adequately regulated; for example, shear stress can upregulate MSCs predetermined 

lineage preference to osteogenesis if the shear stress reaches 0.015 Pa [101].  

Osiecki, et al. developed a scalable packed bed style bioreactor for the isolation and 

subsequent expansion of MSCs [100]. The design in this study featured a plasma-treated and fused 

bed of polystyrene beads, the same material as tissue culture plastic in flasks, encased in a shell 

that was gas permeable to enhance gas exchange [100]. The MSCs were expanded in the system, 

but had a lower growth rate than the control flasks and an uneven distribution of the cells due to 

the seeding methods; however, the cells did retain their osteogenic potential [100]. This is an 

example of how beneficial a packed bed style bioreactor can be, as it is a closed system that can 

be automated and can overcome nutrient gradients with a high enough flow rate. Unfortunately, 

cell harvesting can be very difficult as the system has to be flushed with a trypsin-EDTA solution 

to cleave the cells from the culturing surface. This can be insufficient, thus resulting in lower cell 

yields for this type of bioreactor system. 

 

2.2.2.4 HOLLOW FIBER BIOREACTORS 

Hollow fiber bioreactors are perfusion-like bioreactors that present an opportunity to 

produce a high density of cells before MSCs cross the threshold for expansion before losing key 

stem cell characteristics such as potency [102]. Hollow fiber bioreactors are glass tubes containing 

one or a bundle of polymer fibers that culture medium is perfused through [103]. The hollow fibers 

can be used for different transports, such as supplying fresh nutrients and oxygen or removing 
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spent medium and cell products [103-105]. The set-up of hollow fiber bioreactors creates a closed 

environment comparable with in vivo conditions and a large surface area for anchorage-dependent 

stem cells, which satisfies one of the key necessities of dynamic culture [106]. Hollow fiber 

bioreactors have been used for stem cell expansion, cell product formation, and vector production, 

with the intent of finding a culturing platform to integrate at the industry level of scale-up [107-

110]. 

Cipriano, et al. evaluated how hollow fiber bioreactors could improve the metabolic 

functions of the MSC-derived hepatocyte-like cells (HLCs) by comparing the 3D culturing 

environment to control two-dimensional (2D) monolayer culture [111]. The perfused environment 

and the 3D culturing environment will mimic the natural gradient environment found in the body, 

and in this study, the specifically mimic the liver which could upregulate certain gene expressions 

and develop a more heterogeneous cell population [111, 112].  

This version of a perfused culturing system has been proposed for organ or tissue construct 

development due to the increased mass transfer, high cell density expansion or producing cell-

compounds like monoclonal antibodies; where the geometry of the hollow fiber bioreactor is 

important [113-116]. Additionally, there may be phenotype changes to the cells in 3D culturing, 

desired or undesired; therefore, the selection of the culturing system will depend on the scientific 

application [111]. 

 

2.3 FUTURE DIRECTIONS 

When developing strategies for therapeutic application of cells, it is essential to consider 

the source of the stem cells and the culturing techniques for expansion in order to meet the 

increasing demand for large populations of healthy and potent stem cells. With regard to 
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anchorage-dependent culture, bioreactor culturing platforms should be selected based on the 

intended use; for example, cell expansion or cell conditioning. Continuous flow systems with 

perfused media have the advantage of providing fresh nutrients, but the seeding technique and the 

cell harvesting technique are crucial to retrieving the expanded cells without damaging them. A 

potential solution to this would be to design a vessel with a removable insert where the culturing 

surface is loosely packed, making it easier to wash and harvest with trypsin-EDTA solutions.  

Additional alternative improvements for future bioreactor designs may include in-line monitoring 

of novel biomarkers or metabolites more closely associated with stem cell function; however, 

research towards these improvements is ongoing.   
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CHAPTER 3 

EXPANSION AND EVALUATION OF MESENCHYMAL STROMAL CELLS UNDER 

DYNAMIC CULTURING CONDITIONS 

 

3.1 INTRODUCTION 

3.1.1 BACKGROUND 

Currently, there are many different, commercially available options for culturing 

anchorage-dependent cells. In a typical lab setting, culture flasks are commonly used to expand 

cells, but these vessels have a high contamination risk because they are open, there is a labor-cost 

associated with cell maintenance and media changes, and there is unbalanced transport of nutrients 

[117]. Bioreactors, on the other hand, have become an integral part of the scale-up production 

process by allowing for an automated option to researchers where culture parameters can be 

controlled, and robust and well-defined populations of cells for research can be provided [118]. 

Large numbers of cells are required for in vitro experiments to evaluate strategies for developing 

therapies before moving into clinical trials. There are different types of bioreactors available, 

which are used for various forms of dynamic culture available for stem cell culturing, such as 

suspension culture in either a spinner flask or a wave bioreactor, a perfusion bioreactor, or a 

packed-bed style bioreactor. 

We propose designing a modular bioreactor system for the expansion of anchorage-

dependent cells, such as mesenchymal stromal cells (MSCs). The material selected for fabrication 

of the bioreactor vessel is a polycarbonate, Lexan™, which is affordable and allows for easy 
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observation of the system while in use. Modular capabilities of the bioreactor were implemented 

via the fabrication of two different cell culturing inserts to support different forms of culturing 

using monolayer or microcarriers. Here, a series of proof-of-concept experiments were performed 

to evaluate how well this design can support monolayer culture of MSCs and to assess the effects 

of this dynamic culturing approach on the stem-like properties of the resulting cells (determined 

by evaluating osteogenic potential).  

 

3.1.2 HYPOTHESIS 

The focus of this phase of the project was to establish a modular bioreactor system capable 

of supporting rapid stem cell expansion under defined conditions. The effects of the dynamic 

culture environment on the cell growth rate, cell viability, metabolic byproduct production, and 

expanded mesenchymal stromal cell potency were then evaluated using various assays. We 

hypothesized that the dynamic bioreactor conditions will mimic the in vivo environment of the 

body and increase the expansion potential and the potency of MSCs, thus improving the efficacy 

of cell culturing platforms. 

 

3.1.3 OBJECTIVES 

There were two phases for this work, with objectives for each phase as follows: 

1. Bioreactor design and fabrication 

a. Build a “novel” bioreactor 

b. Perform proof-of-concept testing 

2. Dynamic culture evaluation 
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a. Explore effects on stem cell growth and differentiation from monolayer culture in 

bioreactor vessel 

b. Examine metabolic products from a continuous bioreactor system 

c. Perform an economic analysis of the system compared to traditional methods 

 

3.2 MATERIALS & METHODS 

3.2.1 BIOREACTOR VESSEL DESIGN AND SYSTEM ASSEMBLY  

AutoCAD software was used to design bioreactor features and generate a rendering of the 

modular bioreactor (Figure 6). A custom-built cylindrical bioreactor vessel was designed to 

provide housing and support for cell culturing inserts (monolayer and microcarrier supports) while 

permitting continuous perfusion of culture medium through the vessel. Fabrication of the custom 

vessel was completed by the University of Georgia Instrument Design & Fabrication Shop 

(Athens, GA). The bioreactor vessel was fabricated from a cylindrical Lexan™ tube with two 

pieces, a top and bottom, cut to fit together with an O-ring to create a pressure seal. There are four 

small pegs near the base of the vessel bottom to secure each culturing platform inside the chamber. 

The vessel inlet and outlet caps were also made from Lexan™ and are threaded with removable 

O-rings for maintenance of sterility. Barbed hose attachments (Cole-Parmer, Vernon Hills, IL) are 

placed at the ends for attachment of tubing to connect the system. The top cap has two additional 

barbed hose attachments for the gas exchange tubing. The bioreactor chamber rests on a PVC stand 

allowing for the connection of the inlet and outlet to the system. The chamber and the caps are 

sterilizable with ethanol and UV light. 
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Figure 6. AutoCAD drawing of the bioreactor vessel. 

 

Two cell culture inserts were designed and fabricated to support either monolayer culture 

or microcarrier-based culture (Figure 7A). The monolayer culture insert is made from Lexan™ 

and has approximately the same growth area as a standard T-75 culture flask (Falcon, Corning, 

Corning, NY), with 75 cm2 of growth area for anchorage-dependent cell culture. There is an 

attachable stem for the installation and removal of the insert from the bioreactor. The 3D 

microcarrier culture insert is made from Delrin® plastic (U.S. Plastic Corp, Lima, OH) and has 

openings to allow for drainage of spent media through the system (Figure 7B). There is a 

removable handle on the insert for the installation of a nylon mesh to contain the microcarriers and 

for removal of the insert from the bioreactor. Both inserts are sterilizable with ethanol and UV. 
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Figure 7.  A) Bioreactor cell culture inserts for monolayer and microcarrier cultures. B) Assembled 

bioreactor vessel and inserts post-fabrication. 

 

To complete the bioreactor system set-up, a single-channel MasterFlex L/S Digital 

Miniflex peristaltic pump (Cole-Parmer) was selected. Two variations of bioreactor assembly for 

short-term and long-term closed/recirculation cell culture are detailed in Figure 8A. For short-term 

culture, the bioreactor set-up consists of the peristaltic pump and the custom vessel with monolayer 

culturing platform, as previously described. The inlet and outlet caps made are connected via 

barbed hose attachments using platinum-cured, L/S 16, silicone tubing with an inner diameter of 

3.1 mm (Cole Parmer) with high gas permeability to facilitate gas exchange. The long-term 

bioreactor system set-up consists of the peristaltic pump and custom culture vessel with a 3D 
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microcarrier platform, as previously described. The inlet and outlet are connected using the same 

platinum-cured silicone tubing, and an additional media reservoir (Figure 8B) is located in-line. 

The media reservoir was constructed to support long-term recirculation culture within the 

bioreactor system since it allows for media exchange by removing the spent media and 

replenishing with fresh media inside the reservoir. The media reservoir, as shown in Figure 8C, is 

a glass media bottle (Corning) modified with the addition of two barbed hose attachments to 

connect the media reservoir to the system with platinum-cured silicone tubing. Both the tubing and 

media reservoir can be sterilized by autoclaving. The entire bioreactor system, once assembled, 

was kept inside a standard cell culture incubator at 37°C and 5% CO2 (Steri-cycle i160 CO2 

incubator, Thermo Fisher Scientific, Waltham, MA) for culturing experiments. 

 

 

Figure 8. Schematic representation of the modular bioreactor system. A) Proposed system set-up 

for short-term expansion in the bioreactor and proposed set-up for long-term cell expansion, which 

includes a media reservoir for media replenishment. B) Picture of the assembled bioreactor system, 

including the peristaltic pump. C) The media reservoir. 

 

3.2.2 BIOREACTOR ASSEMBLY VALIDATION 

The bioreactor system was assembled, and preliminary evaluation performed to check for 

fluid leaks. The bioreactor vessel was first assembled without the pump, filled with water and left 
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overnight to see if the vessel was airtight. Upon review, PTFE thread sealant tape (Grainger 

Industrial Supply, Lake Forest, IL) was applied to the threaded outlet to prevent liquids in the 

bioreactor vessel from leaking out and to maintain sterility. An additional pass with methylene 

chloride was also performed to ensure that the Lexan™ pieces were sufficiently bonded together 

to create an air-tight seal. The system was assembled with the pump, and the water leak test was 

repeated with the pump running. 

 

3.2.3 MONOLAYER CULTURE INSERT PREPARATION 

Prior to cell culturing experiments, the Lexan™ inserts were plasma treated and sterilized. 

A Plasmod Oxygen Plasma Cleaner (Tegal Corporation, Petaluma, CA) was used to remove 

organic particulate on the monolayer insert and to oxidize the surface. The Lexan™ inserts were 

treated for 2 minutes with oxygen plasma ignited at 50 W following the manual. After plasma 

cleaning, the inserts were soaked in a 70% v/v ethanol solution for additional protonation.  

 

3.2.4 PRELIMINARY CELL ATTACHMENT EVALUATION 

Cell attachment to the monolayer Lexan™ insert was evaluated using a commercially 

available murine bone marrow-derived mesenchymal stromal cell line (D1 cells, ATCC, 

Manassas, VA). D1 cells were seeded in suspension for the bioreactor system at a high density of 

400,000 cells/cm2 to ensure maximum attachment potential on the monolayer insert. Cells at the 

same density were also seeded in a T-75 flask (Falcon, Corning) for a static control for comparison. 

The cells were cultured in low-glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 

Waltham, MA) containing 10% fetal bovine serum (FBS, Atlanta Biologics, Atlanta, GA) and 1% 

U/mL penicillin/ streptomycin antibiotics (Gibco), denoted as DMEM-Complete. The bioreactor 
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system was assembled with the culturing set-up for monolayer experiments, as shown in Figure 9. 

The assembled bioreactor was then placed inside an incubator at culture conditions of 37°C and 

5% CO2 for the duration of the study. 

 

Figure 9. Schematic demonstrating set-up of bioreactor vessel for monolayer cell culture 

experiments.  

 

The cells were cultured for 24 hours and then evaluated using a LIVE/DEAD® 

Viability/Cytotoxicity Kit (Molecular Probes, Eugene, OR) to qualitatively assess cell adhesion. 

Briefly, a LIVE/DEAD® working solution was prepared by adding 20 μL of 2mM ethidium 

homodimer (EthD-1) stock solution to 10 mL of PBS and vortexed to mix. After, 5 μL of 4 mM 

calcein AM solution was added to the mixture and vortexed to mix. The insert was removed from 

the culture vessel, and the cell monolayer was carefully rinsed with phosphate-buffered saline 

(PBS) (Gibco). The working solution was added to the monolayer an incubated at room 
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temperature in the dark for 45 minutes.  This LIVE/DEAD® assay was repeated for the flask for 

comparison, and both samples were evaluated for cell viability by visualizing samples using an 

EVOS FLc Cell Imaging System (Thermo Fisher Scientific) equipped with phase and fluorescence 

light for capturing images. This experiment was also repeated to evaluate cells after 4 days in 

culture to evaluate proliferation and compare the confluency of cells in both the flask and the 

bioreactor to the initial attachment time point. 

 

3.2.5 SHORT-TERM MSC EXPANSION VIA DYNAMIC BIOREACTOR CULTURE 

D1 cells were cultured in DMEM-Complete and grown to confluence. Cells were seeded 

in both the bioreactor system and a 2D control T-75 flask at a density of 400,000 cells/mL at Day 

0. The closed vessel was added to the closed-loop bioreactor system via attachment with silicone 

tubing and placed into an incubator at standard culture conditions of 37°C and 5% CO2 with the 

pump that was previously assembled prior to seeding. The peristaltic pump was turned on after 

allowing the cells 24 hours to attach to the Lexan™ insert. The inlet flow from the pump was set 

to 1 mL/min to limit the potential of a high flowrate from dislodging the D1 cells until Day 3. A 

summary of all culture conditions is provided in Table 3. 

Table 3. Comparison of culturing conditions. 

 Static Dynamic 

Cell seeding density 400,000 cells/cm2 400,000 cells/cm2 

Temperature 37°C 37°C 

Humidity (CO2) 5% 5% 

Medium flow rate N/A 1 mL/min 

Medium volume 12 mL 110 mL 
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3.2.6 SHORT-TERM HARVEST AND EFFICIENCY EVALUATION 

Media samples were collected from both the bioreactor system and the static T-75 flask 

before the harvesting cells for further analysis. The T-75 flask was rinsed with PBS and replaced 

with an equivalent volume of 0.05% trypsin-EDTA (Gibco). The flask was incubated (5% CO2 

and 37°C) for 5 minutes. The trypsin was neutralized with an equal volume of DMEM-Complete 

medium, and contents were transferred to a 15-mL conical tube. Similarly, the Lexan™ insert was 

removed from the bioreactor vessel and washed with PBS. The PBS was removed, and 0.05% 

trypsin-EDTA was used to cleave the cells. The insert was left in the biosafety cabinet to incubate 

for 5 minutes at room temperature. The trypsin was neutralized with an equal volume of DMEM-

Complete medium and transferred to a 50-mL conical tube. Both tubes were centrifuged to collect 

the cells. The resulting supernatant was removed, and a known volume fresh medium was used to 

resuspend the cell pellets before counting, which was performed using a hemocytometer and 

Trypan Blue exclusion dye (Gibco). The described experiment and subsequent analyses were 

performed for three trials.  

 

3.2.7 METABOLIC ANALYSES 

The collected media samples from the static and bioreactor cultures were evaluated to 

assess cell metabolism. Lactic acid and glucose levels were measured using a YSI Biochemistry 

Analyzer 2900 (YSI, Yellow Springs, OH). The YSI Biochemistry Analyzer 2900 uses an 

immobilized enzyme electrode to measure the concentrations of compounds such as glucose and 

lactate from samples, with comparisons made within the unit to appropriately calibrated standards 

for both glucose and lactate. 
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Levels of hydrogen peroxide, a reactive oxygen metabolic byproduct, were measured using 

a Hydrogen Peroxide (H2O2) Colorimetric/Fluorometric Assay Kit from BioVision, Inc. (San 

Francisco, CA). Briefly, a 10 mM H2O2 and 0.1 mM H2O2 standards were used to create a standard 

curve. To create the colorimetric assay solution, 46 μL Assay Buffer, 2 μL OxiRed™ Probe 

solution, and 2 μL Horse Radish Peroxidase (HRP) solution were mixed for a total of 50 μL. The 

Reaction Mix was pipetted to each well, and the plate was incubated at room temperature for 10 

minutes. A Biotek 800TS microplate reader (Biotek, Winooski, VT) plate reader was used to 

measure the OD at 570 nm. 

 

3.2.8 EVALUATION OF MSC OSTEOGENIC POTENTIAL 

Resulting cells expanded in the dynamic bioreactor set-up were evaluated post-expansion 

using a series of functional analyses to assess their bone differentiation potential, as shown in the 

study timeline of Figure 10. Cells cultured under static conditions were also evaluated for 

comparison. The harvested cells were seeded at a density of 80,000 cells/cm2 into 24-well plates 

(Falcon, Corning), with two plates for each culture condition: static or dynamic. Cells were 

cultured with either DMEM-Complete growth medium, as previously defined, for 14 days or with 

osteogenic differentiation medium. The osteogenic differentiation medium consisted of high 

glucose-DMEM (Gibco) containing 10% FBS, 1% penicillin/streptomycin (Gibco), 50 μg/mL 

ascorbic acid (#A-8960, Sigma-Aldrich, St. Louis, MO), and 4 mM beta-glycerophosphate (β-GP, 

#G-5422, Sigma-Aldrich). The media was refreshed every 2-3 days, and samples were collected 

at Day 7 and Day 14 for analysis. 
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Figure 10. Schematic demonstrating timeline used for conducting experiments. 

 

3.2.9 PROTEIN ANALYSIS 

Protein samples were collected at Day 7 and Day 14 post-differentiation. Briefly, M-PER 

Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) was used to extract protein 

samples, according to the manufacturer’s instructions for monolayer culture. Total protein 

concentration was determined using the Pierce BCA Protein Assay (Thermo Fisher Scientific). 

Standards and working reagent required for the assay were prepared according to the 

manufacturer’s instructions in order to create a precise standard curve to compare the unknown 

protein quantities. After samples and standards were plated, the working reagent was added, and 

the plates were shaken for 30 seconds on a rocker to mix the solutions before being incubated for 

30 minutes at 37°C. The plates were allowed to cool to room temperature before the absorbance 

was read at 562 nm with a Biotek 800TS microplate reader. 

Alkaline phosphatase (ALP) protein activity was determined using an Alkaline 

Phosphatase Assay Kit (BioVision Inc.). A set of standards was prepared for the standard curve 

following the manufacturer’s instructions. The standards were pipetted into individual wells in 

duplicates. A volume of 50 μL of each test sample was pipetted into individual wells in duplicates, 

along with 50 μL of 5mM p-nitrophenyl phosphate (pNPP) solution. ALP conversion was activated 
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with 10 μL of ALP enzyme, and the plate was incubated in the dark at room temperature for 1 

hour. The conversion was stopped by adding 20 μL of Stop Solution to each well, and then plates 

were placed on a shaker briefly to mix gently. The absorbance of the samples was read at 405 nm 

with a plate reader. The amount of pNPP created by ALP was calculated with the standard curve, 

and the ALP activity was calculated following the manufacturer’s instructions. ALP concentration 

was then normalized to total protein content determined via BCA assay. 

 

3.2.10 MINERALIZATION ASSESMENT 

Following culturing in osteogenic medium for 14 days, cells were evaluated for mineral 

formation as an indicator of differentiation. Calcium deposits in the well plates were stained with 

500 μL of 2% Alizarin Red working solution made by dissolving 2 g Alizarin Red S (#A-5533, 

Sigma-Aldrich) in 100 mL H2O. Stained cells were then washed with water four times and 

visualized by phase microscopy. To quantify mineralization, the wells were destained with 10% 

acetic acid (Thermo Fisher Scientific), and the destained solution was collected. The absorbance 

of the destained solutions was measured using a Biotek 800TS microplate reader (Biotek, 

Winooski, VT) by reading at 405 nm. Absorbance of the destained solution was normalized to 

total protein content.  

 

3.2.11 STATISTICAL ANALYSIS 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software Inc.). 

Experimental data was tested for statistical significance using an unpaired t-test, one-way 

ANOVA, two-way ANOVA, and the Tukey post-hoc test. A difference of p < 0.05 was noted to 

be statistically significant. Data is expressed as mean and standard deviation. 
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3.3 RESULTS 

3.3.1 BIOREACTOR ASSEMBLY VALIDATION 

The bioreactor assembly revealed that PTFE thread sealant tape would be required for the 

threading on the outlet cap to prevent the cell medium from leaking out. Without the PTFE tape, 

the bioreactor would be an open system and would compromise sterility. Several spots along the 

areas where the custom cut Lexan™ had been bonded together needed an additional pass with 

methylene chloride to ensure the air-tight seal. Overnight leak tests with the pump running 

increased confidence in the ability of the system to run without oversight as the result was a 

successful run with no leaks. A non-stick pan was purchased to place beneath the bioreactor stand 

as a precaution for the incubation of the assembled unit. 

 

3.3.2 PRELIMINARY CELL ATTACHMENT EVALUATION 

The ability of the plasma-treated Lexan™ insert to support anchorage-dependent cell 

culture was assessed. Qualitative evaluation of cell attachment with LIVE/DEAD® staining 

showed that after 24 hours of culture, green-stained cells were visibly present for both the flask 

and the bioreactor insert. Cell attachment was relatively the same for both the flask and insert 

culture, with little to no dead cells observed (Figure 11). At Day 4, assessment of the cell 

attachment showed increased cell growth, when compared to 24 hours, as more green-stained cells 

were observed for both the flask and the bioreactor insert. Qualitative comparison of the flask to 

the bioreactor insert showed greater confluency for the bioreactor than for the flask cultures at Day 

4 (Figure 12). 
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Figure 11. Representative images of cells cultured for 24 hours in a static control flask (left) or on 

the Lexan™ bioreactor insert (right). Cells stained using a LIVE/DEAD® Viability assay indicate 

live, viable cells with green fluorescence and dead cells with red fluorescence. The top row shows 

D1 cells under transmitted light, and the bottom row shows cells with GFP and Texas Red overlay 

to visualize stained cells. All images captured using 10× objective magnification. 
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Figure 12. Representative images of cells cultured for 4 days in a static control flask (left) or on 

the Lexan™ bioreactor insert (right). Cells stained using a LIVE/DEAD® Viability assay indicate 

live, viable cells with green fluorescence and dead cells with red fluorescence. The top row shows 

D1 cells under transmitted light, and the bottom row shows cells with GFP and Texas Red overlay 

to visualize stained cells. All images captured using 10× objective magnification. 

 

3.3.3 SHORT-TERM HARVEST AND EFFICIENCY EVALUATION 

Cell proliferation was observed to evaluate culture efficiency after allowing cells to remain 

in culture for 4 days. Cells were harvested and counted to determine cell yield for three individual 

trials, as shown in Table 4. The average cell yields for the static flask and bioreactor culture were 

determined to be 11×106 and 14.8×106, respectively, as shown in Table 4 and Figure 13. Evaluation 

of the cell yields showed that the bioreactor yielded a higher number of cells, on average, than the 
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traditional flask; however, no statistical significance was observed when the conditions were 

compared with an unpaired t-test (p > 0.05). 

Table 4. Comparison of cell yields for each culturing vessel. 

 Static Dynamic 

Trial 1 5,850,000 13,392,500 

Trial 2 9,150,000 16,950,000 

Trial 3 11,425,000 17,462,500 

Trial 4 12,500,000 11,400,000 

Average 11,025,000 14,801,250 

 

 

Figure 13. Monolayer cell yields after 4 days of culturing in the control T-75 tissue culture flask 

and the bioreactor Lexan™ insert.  
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The doubling time (DT) of the cells was also calculated using the following equation and 

then averaged: 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 = 𝐷𝑇 = (𝑡 − 𝑡0) ×
log 2

(log 𝑁 −log 𝑁0)
 

 

where N0 = initial cell number seeded, t0 = specific starting time, and N = number of cells at a 

given time, t [119]. The average DTs are shown in Figure 14. The DT for the bioreactor culture 

was shorter than the DT for the static flask culture, however, there was no statistical difference 

observed for the conditions (p > 0.05). 

 

 

Figure 14. Doubling times were calculated using the previously described equation. There was 

no statistical significance observed. 
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3.3.4 METABOLIC ANALYSES 

Media samples were collected on the final day of culturing from both the flask and the 

bioreactor vessel and analyzed to assess the metabolism of the cells in the different culture 

conditions by measuring the concentrations of glucose and lactate in the media.  These 

“conditioned media” samples were then compared to the standard culture growth media without 

any cells. At Day 4 of culture, all of the glucose was depleted from the media in the static flask 

(Figure 15A), and the lactate levels were high in comparison to the baseline control media sample 

(Figure 15B) Alternatively, for the bioreactor culture, at Day 4, while there was an increase in 

lactate observed due to production by the cells, there was glucose still present in the media, with a 

significantly higher concentration noted (p < 0.05). 

 

Figure 15. A) Comparison of the glucose levels measured in the conditioned media from the static 

flask culture and the dynamic bioreactor vessel system. B) Comparison of the lactate concentration 

measured for the conditioned media of the static flask system and the dynamic bioreactor vessel 

system. The dotted line for each graph indicates the level of glucose or lactate measured for a 

control media sample without cells. Statistical significance indicated with an asterisk (*). 

 

Quantification of hydrogen peroxide, a reactive oxygen metabolic byproduct, was 

determined using the aforementioned assay kit. Comparison of the measured hydrogen peroxide 
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levels for media from the static flask to that from the bioreactor showed no statistical difference (p 

> 0.05) between the levels of hydrogen peroxide for media from either vessel (Figure 16). 
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Figure 16. Comparison of the hydrogen peroxide levels measured for cells in the static flask and 

the bioreactor. 

 

3.3.5 EVALUATION OF MSC OSTEOGENIC POTENTIAL 

The MSCs expanded in the bioreactor or in the static flask were seeded into well plates 

after expansion to assess their potential differentiation to bone. Cells were either cultured using 

DMEM-Complete growth medium or osteogenic differentiation medium and assessed on Day 7 

and Day 14, and assays were performed to measure total protein, ALP activity, and mineral 

formation. 

 

3.3.6 PROTEIN ANALYSIS 

In order to evaluate the density of cells seeded to assess osteogenic potential at Day 7 and 

Day 14 of culture, protein samples were collected at each respective day for all culture conditions. 

BCA protein assay was used to determine the total protein concentration. Total protein was 
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relatively comparable for all conditions at Day 7. However, there was significantly higher protein 

(p= 0.0153) measured for the cells from dynamic bioreactor culture in differentiation medium than 

those cultured in control medium (Figure 17A). Similarly, at Day 14, total protein was comparable 

for most conditions, however, the cells cultured in differentiation medium had significantly higher 

protein measured for both cells from the static flask (p= 0.0041) and the dynamic bioreactor (p= 

0.0017), when compared to their respective controls cultured in control medium (Figure 17B).  

 

 

Figure 17. Comparison of average total protein measured using BCA assay at Day 7 (A) and Day 

14 (B) for cells cultured with or without osteogenic media after harvesting from flask or bioreactor 

culture for three trials. Statistical significance indicated with an asterisk (*). 

 

ALP protein activity was determined using an ALP Assay Kit and then normalizing the 

obtained values to the total protein concentration for each respective well (determined with BCA 

assay). As shown in Figure 18, a slight increase in ALP activity was observed from Day 7 to Day 

14 for most conditions. ALP activity was highest at Day 14 for samples treated with control 

medium from the flask and bioreactor in Trials 2 and 3. Comparison of samples treated with control 
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medium from the flask and bioreactor showed significantly higher (p < 0.05) ALP activity than 

their respective cells cultured in osteogenic medium for those trials (Figure 18B). Further, when 

averaged to compare differentiated cells from the flask and bioreactor across all trials, there was 

no significant difference observed between the groups, although the bioreactor ALP was slightly 

higher.  

 

Figure 18. Comparison of ALP activity values normalized to total protein for each trial at Day 7 

(A) and Day 14 (B). Average values for the differentiated cells from the flask and bioreactor were 

compared (C). 

 

 

3.3.7 MINERALIZATION ASSESSMENT 

At Day 7, microscopic evaluation showed that cells cultured in the control DMEM-

Complete medium appeared very similar to the cells receiving osteogenic differentiation media, 
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with little to no mineralization observed for any of the cells (Figure 19). At Day 14, no 

mineralization was observed for cells cultured with DMEM-Complete growth medium, however, 

visible calcium formation was observed for cells from the static flask and the bioreactor that were 

cultured in osteogenic differentiation medium, as shown by the red-stained mineral nodules for 

those conditions (Figure 20). 

 

 

Figure 19. Alizarin Red staining on Day 7 for cells cultured from the control flask (A, B, & C) in 

control media without osteogenic additives and the cells cultured from the control flask in 

osteogenic differentiation media (D, E, & F). Cells at Day 7 from the bioreactor (G, H, & I) in 

control media without osteogenic additives and the cells from the bioreactor exposed to osteogenic 

differentiation media (J, K, & L). All images captured at 4X objective magnification. Scale bar = 

1000µm. 
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Figure 20. Alizarin Red staining on Day 14 for cells cultured from the control flask (A, B, & C) in 

control media without osteogenic additives and the cells cultured from the control flask in 

osteogenic differentiation media (D, E, & F). Cells at Day 14 from the bioreactor (G, H, & I) in 

control media without osteogenic additives and the cells from the bioreactor exposed to osteogenic 

differentiation media (J, K, & L). All images captured at 4X objective magnification. Scale bar = 

1000µm. 

 

The amount of Alizarin Red staining of calcium deposits was quantified by destaining each 

sample with acetic acid and measuring the absorbance of each sample at Day 7 and Day 14. The 

absorbance values from the Alizarin Red were then normalized to the average total protein 

concentration for that condition. The results for each of the three trials is shown in Figure 21A&B. 

At Day 7, there was little Alizarin Red staining measured for any of the conditions (Figure 21A). 

By Day 14, there was significantly higher (p < 0.05) Alizarin Red measured for cells from the flask 

and bioreactor that were cultured in osteogenic media, as compared to Day 7 (Figure 21B). The 
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average quantity of Alizarin Red was then determined for all trials and the resulting quantity of 

Alizarin Red for cells obtained from the flask and bioreactor and cultured in osteogenic media 

were compared. Samples identified as outliers, specifically from wells that exhibited extreme 

cellular contraction during culturing, were excluded from the analyses of all trials. As shown in 

Figure 21C, while the cells harvested from the flask had higher mineralization based on Alizarin 

Red staining, there was no statistical difference observed when compared to the cells harvested 

from the bioreactor and then differentiated (p < 0.05).  

 

 

Figure 21. Comparison of the Alizarin Red destained solution normalized to total protein for each 

trial at Day 7 (A) and Day 14 (B). Average values for the differentiated cells from the flask and 

bioreactor were compared (C). Statistical significance indicated with an asterisk (*). 
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3.4 DISCUSSION 

MSCs respond actively to their environment and designing an environment than mimics 

the in vivo environment of the human body, literature has shown that such dynamic environments 

can result in the production of bioactive factors and impact the expansion and differentiation 

potential of stem cells [43, 120, 121]. Bioreactors can be automated to tweak said characteristics 

and it is of great interest to researchers to explore such operating conditions to optimize the and 

standardize said culturing conditions [61]. Here, the experiments detailed in this chapter focused 

on proof-of-concept to demonstrate the feasibility of the designed bioreactor to support MSC 

expansion under dynamic conditions. While two variations for culturing were developed using a 

monolayer or microcarrier insert, specifically, for this phase of work, the focus was developing a 

protocol for monolayer cell culturing inside this custom-built closed-loop perfusion flow 

bioreactor system to determine effects on cell yield and metabolic products present in the spent 

culture medium.  

When developing the design for the bioreactor system, several characteristics and features 

were desired such as a closed system that will not be opened to prevent contamination; a well-

mixed system for the prevention of concentration gradients; and an environment that will improve 

biofactor production that could increase the potency of the MSC population (shown in table 2) [48, 

122, 123]. The original design proposed (shown in Appendix Figure A1) consisted of a rectangular 

chamber made of Lexan™ that featured thin culturing plates that would fit into the contoured 

bottom of the vessel. The culturing plates had the potential to support hydrogel layers, with small 

arms to secure in place. The flow of the media would pass over the culturing plate horizontally 

and remove all spent media and refresh with new media. This design was ultimately rejected 

because of the potential “dead spots” or accumulation areas of spent media and dead cells that 



48 

could not be removed from the system in the corners of the vessel, as the corners made the vessel 

less streamline. 

The working design, as shown in Figure 6, which was ultimately fabricated for 

experimental in vitro testing is cylindrical and vertical with a smooth design that allows for the 

flow of media. As opposed to the square design, this shape presents less area for accumulation of 

waste products that could not be removed from the vessel. Further, this design was easier to 

machine, with fewer total parts, which was easier for assembly in the lab and increased potential 

of cost-effective manufacturing. 

The material selected for the monolayer cell culture inserts, Lexan™, is a polycarbonate 

that does not typically support adhesion essential for anchorage-dependent cell culture because of 

its smooth surface and low surface charge [124]. Therefore, surface treatment was necessary to 

modify the surface characteristics of the Lexan™ for cell culturing. Plasma treatment was 

performed in order to etch away the biological particles on the surface, and deposit charged 

molecules along the material surface, thus changing the surface chemistry to a more hydrophilic 

surface [125]. In addition, the cell culture inserts were soaked in ethanol for sterilization and 

further surface preparation. The structure of ethanol will donate additional protons to the surface 

of the insert via hydroxylation which increases the hydrophilic property of the surface and 

increasing wettability [126]. Typical tissue culture-treated plastics for cell culture are commonly 

plasma treated, thus, the combination of plasma treatment and the ethanol wash yielded a surface 

on the Lexan™ inserts comparable to standard culture-treated flasks on the market, which were 

used as our controls for comparison within experiments [127]. 

Once the bioreactor system was prepared for monolayer culture experiments, a cell line for 

the proof-of-concept testing needed to be selected. The selected cells, D1 cells, are murine bone 
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marrow-derived MSCs with demonstrated multipotent potential, including favorable osteogenic 

potential [128, 129]. Additionally, this cell line has a fast growth rate compared to the growth rate 

of human bone marrow-derived MSCs, and prior experience working with them showed these cells 

to be hearty, which would serve well for the proof-of-concept testing [130, 131]. Because stem 

cells are anchorage-dependent, proper cell attachment to the culture substrate is essential for 

growth and subsequent proliferation [59]. In order to evaluate the efficiency of the treatment of 

the Lexan™ inserts, a preliminary evaluation of cell attachment was performed after 24 hours and 

a follow-up evaluation to assess proliferation was conducted after 4 days of culturing in the 

bioreactor. Preliminary evaluation of cell attachment to the treated inserts was performed using a 

LIVE/DEAD® assay for qualitative assessment. The LIVE/DEAD® assay contains two probes: 

calcein AM and ethidium homodimer-1 (EthD-1). The calcein AM dye will fluoresce green after 

permeating the membrane of live cells. The EthD-1 will fluoresce red in dead cells after binding 

to exposed nucleic acids of the dead cells with a broken membrane because EthD-1 cannot 

penetrate the intact membrane of live cells.  

As shown in Figure 11, at the 24-hour time point, both the flask and the Lexan™ insert 

exhibited green fluorescing live cells and no red fluorescing dead cells. When anchorage 

dependent cells die, cell detachment is observed, so it was expected to see little to no red 

fluorescence. At the 4-day time point, the Lexan™ insert exhibited a high density of green 

fluorescing cells compared to that of the cells seen in the flask at the same time point (Figure 12). 

This visually indicates that the dynamic environment of the bioreactor did not impede the 

proliferation of the D1 cells, thus indicating the selected culture conditions (i.e., flow rate, seeding 

density, culture time, etc.) were sufficient for cell expansion in the bioreactor. Additional 
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experiments were then performed to quantitatively assess the expansion capacity of the bioreactor 

system.  

As previously described in the short-term expansion of the materials and methods, the T-

75 flask and the Lexan™ insert of the bioreactor system were seeded with the same density of 

cells, 400,000 cells/cm2 and cultured for four days (n = 4). The cells were harvested and counted 

manually by Trypan Blue exclusion with a hemocytometer. The cell yield comparison can be seen 

in Fig 13, where the bioreactor system had a higher cell count, on average, of 14.8×106 cells, as 

compared to the flask with an average of 11×106 cells. The data was then used to calculate the 

doubling time of the cells and the results were similar (Figure 14), with the doubling time for the 

D1 cells cultured in the bioreactor system at approximately 52.5 hours, as compared to 

approximately 67.4 hours in the flask. While there was no statistical difference in cell yield or 

doubling time, these results do confirm that the dynamic environment did not decrease the 

expansion potential of the stem cells compared to the control at these conditions. Further studies 

using a greater number of replicates may be needed to determine statistical significance, and 

additional studies could be performed to determine effects of flow rate on cell yields to see if 

bioreactor culture results in increased cell numbers over time.  

MSCs secrete bioactive molecules such as cytokines and chemokines, growth factors such 

as vascular endothelial growth factor (VEGF), extracellular matrix (ECM) proteins and 

metabolites in conditioned media, spent media [132, 133]. It has been reported that conditioned 

media can be beneficial in stem cell expansion and differentiation by exposing the target cell 

population to specific metabolites, ECM proteins and growth factors [120, 134]. Thus, media 

samples were collected at the end time point of the short-term expansion from the bioreactor vessel 

and static flask and used to evaluate the metabolic activity of the cells in the two culturing systems. 



51 

Glucose and lactate are related through the cell metabolic cycle such that, as glucose in culture 

media is consumed, lactate is produced as a waste product [135]. Levels of glucose and lactate in 

spent media from the vessels were determined and compared to those measured for fresh media 

not in contact with cells. After 4 days of culturing, the concentration of glucose in the flask was 

almost completely depleted, while the bioreactor vessel media still maintained more than half the 

initial concentration (Figure 15). Since there is a greater volume of media in the bioreactor vessel 

than the flask, the bioreactor can support longer term culturing with less maintenance (i.e., media 

replenishment not required as frequently). Comparison of the lactate levels were as expected; the 

flask had higher levels of lactate than the bioreactor vessel because the greater volume of media 

in the vessel essentially diluted the lactate (Figure 15), resulting in a more balanced state for the 

cells. This is an additional advantage for the bioreactor system as the dilution of lactate will 

decrease its concentration and the resulting pH of the media will not decrease as quickly. Culture 

media has buffers present to balance the pH but metabolite production, the increase in the 

concentration of H+ ions in the media, can acidify the media and damage the cells [136]. 

The media samples were also tested for the presence of hydrogen peroxide (H2O2), which 

is a reactive oxygen species (ROS) that is a metabolic byproduct of stem cells. Hydrogen peroxide 

is produced when oxygen is partially, or incompletely, reduced which can have a negative impact 

on cell culture quality [137]. ROS accumulation can cause damage within the cells and induce a 

loss of function and rapid aging which will decrease the potency of stem cells [138]. Hydrogen 

peroxide is produced during cell metabolism of healthy cells and has also been reported to play a 

role in controlling inflammation as a signaling molecule [139-141]. Comparison of the hydrogen 

peroxide data showed a very small difference, not statistically significant, between the two 

culturing conditions during the short-term expansion, thus indicating similar levels of metabolic 
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activity (Figure 16) irrespective of culture environment. However, while the concentrations have 

a small difference, the volumes of the culturing system are much different. The greater volume of 

the bioreactor system will dilute the concentration of hydrogen peroxide, so the amount is higher. 

This is correlates with the slightly higher cell yield from the bioreactor system. 

Cells cultured during the short-term expansion were harvested and seeded for further 

culturing to examine how the dynamic culture could have impacted the potency, or differentiation 

potential, of the D1 cells. Literature has shown that MSCs respond actively to their environment 

and will secrete various growth factors for proliferation, angiogenesis, and to reverse the effects 

cell damage from mechanical stimulation, radiation or hypoxia [142]. Thus, it was important to 

determine if a continuous flow of media would diminish or enhance the stem like properties of the 

cultured cells [120]. As proof-of concept, we evaluated the cells for their osteogenic potential, with 

assays performed at Day 7 and Day 14 post-differentiation.  

Initial evaluation of total protein content was performed to determine cell density for each 

condition. The measured protein levels were mostly comparable across all conditions at Day 7 and 

Day 14, which was as expected since the same initial seeding density was used for all wells. For 

differentiation to occur, cells must have progressed past the proliferation stage to allow proper cell 

signaling to occur, thus, our reason for using a high seeding density (close to confluence) for 

seeding. Since the cells were seeded at a high density, continued culture of cells in the control 

media resulted in a slight decrease of protein production over time from Day 7 to Day 14 and when 

compared to the respective cells cultured in differentiation medium. This was not surprising given 

the limited surface area available for continued proliferation in the multi-well plates that was likely 

observed for cells in the DMEM-Complete medium, as opposed to the cells cultured in 

differentiation media that were no longer proliferating. When a cell population reaches a high 
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density, and runs out of space to expand, they cells will halt proliferation which can lead to a 

mutation that could lead tumor formation from uncontrolled division or cell death from glucose 

starvation [143, 144]. These findings are indicative that cells cultured in the bioreactor maintain 

proliferation potential post-expansion. 

Protein samples were further analyzed to assess ALP activity.  ALP is important for bone 

formation and is a biomarker to track the process of mineralization, and  it is closely associated 

with bone metabolism [144, 145]. From Day 7 to Day 14, there was a slight increase in ALP for 

most conditions, and the highest at Day 14 samples cultured with control medium exhibited the 

highest levels of ALP for certain trials. However, when averaged across trials, there was no 

significant difference observed between the groups, although the bioreactor ALP was slightly 

higher. This outcome was not entirely as expected, given the association of ALP with bone 

metabolism, where ALP was expected to increase as osteogenesis progressed. In this work, 

however, cells were cultured in osteogenic media for 14 days, whereas many in vitro studies have 

used culture periods of 21 to 28 days for bone cell differentiation [45]. If the cells had differentiated 

for longer, there may have been a larger difference in ALP concentration and activity between the 

two culturing conditions observed, however the potential for bone differentiation was still affirmed 

as no inhibition or reduction was observed.   

Mineralization was also assessed to evaluate bone-related function for the cells in culture. 

As expected, at Day 7 there was little to no mineralization observed for any conditions as shown 

by Alizarin Red images and subsequent quantification. After 14 days of exposure to osteogenic 

differentiation media, the mineralization was observed for cells from the static flask and dynamic 

bioreactor. Quantification of the destained Alizarin Red solution showed greater apparent 

mineralization for the static flask cells, although not a significant difference. Closer evaluation of 
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the samples in this work showed that for the D1 cells harvested from the bioreactor and then 

differentiated, cells began to contract and pull away from the edges of the well plate (Figure 22), 

which resulted in reduced density of cells comprising the confluent monolayer, and subsequently 

an apparent reduction in formed mineral for differentiated cells. This contraction could be 

attributed to behavior of the D1 cells, where despite being given osteogenic differentiation media 

that should halt cell division, they still proliferate, run out of surface area to expand and contract 

from the surface of the culture substrate. While this contraction resulted in lower Alizarin Red 

staining, the cells from the bioreactor were still able to differentiate, indicating that potency of 

cells expanded in the bioreactor was maintained. 

 

Figure 22. Photograph comparison of the Alizarin Red on day 14 of osteogenic differentiation. 

The cells from the flask (left) exhibited negligible contraction and the cells from the bioreactor 

system (right) exhibited noticeable retraction. The edge of the well on the right plate has been 

outlined in red dashes. 

 

 The final portion of the bioreactor validation consisted of an economic analysis. Table 5 

compiles the materials and their cost for the bioreactor vessel fabrication and the bioreactor system 
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set-up. The largest portion of the cost went to labor for manufacturing which totaled $765.00 while 

the materials cost $267.64. The peristaltic pump was the most expensive portion of the bioreactor 

system at $1,750.00. All of the purchases for the bioreactor system are considered to be a one-time 

purchase that will have a long life of use unlike the flasks used in culture, which are one-use only 

that cost $92.30 for a 60-case. In our lab, typically more than one person at a time is running 

experiments so materials like culturing flasks and pipette tips can get used up quickly and require 

re-ordering. A list of materials commonly used in cell culture was tabulated in Table 6 to help 

calculate the culturing cost comparison seen in Table 7. It cost significantly less to culture cells in 

a flask than in the bioreactor system the first time after assembling the bioreactor system, $49.01 

to $2,815.07. However, the next time the culturing systems are compared, the cost of 

manufacturing and the system components like the pump do not have to be re-manufactured or re-

purchased which brings down the overall cost to only $50.12 as seen in Table 8. After 232 rounds 

of experiments, the flask system will cost more to continue using. The cost may be high for the 

initial manufacturing of the system but the experiments that follow only cost $2.65 more than 

culturing in a flask. 

 

 

 

 

 

 

 

 



56 

Table 5. Bioreactor fabrication component list 

Bioreactor Fabrication 

Item Description Ordered Units Amount 

Lexan™ Polycarbonate Sheet 
0.060"(1.5mm) x 12" x 12" 

Lexan™ Polycarbonate Sheet 
6  $ 20.46 

Lexan™ Polycarbonate Sheet 
0.354"(9.5mm) x 24" x 24" Clear 

Lexan™ 9034 Polycarbonate Sheet 
1  $ 77.41 

Impact Resistant 

Polycarbonate 
Impact Resistant Polycarbonate   $ 38.36 

Polyvinyl Chloride (PVC) Rod  1.5 lb. $ 6.66 

PVC Sheet  0.5  $ 2.50 

Barbed Hose Attachment 

Cole-Parmer NPT Male Adapter to 

Hose Barb, 1/16" NPT to 1/8" ID, 

PVDF 

10 pack $ 22.25 

Miscellaneous Small parts and materials   $ 100.00 

Labor 
Instrument Design & Fabrication 

Shop: CB & JA 
  $ 765.00 

Bioreactor System 

Peristaltic Pump 

Masterflex L/S Digital Miniflex 

Pump, Single-Channel, 300 rpm, 

90 to 260 VAC 

1  $ 1,750.00 

Tubing 
Masterflex L/S Platinum-Cured 

Silicone Tubing, L/S 16, 25 ft 
25 feet $ 75.00 

TOTAL $2,857.64 
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Table 6. Monolayer cell culture experiment material list 

Experiment Materials 

Item Description Ordered Units Amount 

DMEM Complete Media Materials 

DMEM low-glucose media 
Gibco™ DMEM, Low Glucose, 

Pyruvate 
10 pack $ 32.96 

Fetal Bovine Serum Fetal Bovine Serum Premium 500 ml $ 578.00 

Penicillin/Streptomycin Gibco™ Penicillin-Streptomycin 100 ml $ 23.25 

500 ml filter system 
Corning® 500 mL Vacuum 

Filter/Storage Bottle System 
12 case $ 162.56 

Culturing 

T-75 Flask 
Falcon™ Tissue Culture Treated 

Flasks 
60 case $ 92.30 

2 ml pipette 

Fisherbrand™ Sterile Polystyrene 

Disposable Serological Pipets with 

Magnifier Stripe 

500 pack $ 109.77 

5 ml pipette 

Fisherbrand™ Sterile Polystyrene 

Disposable Serological Pipets with 

Magnifier Stripe 

200 pack $ 56.10 

10 ml pipette 

Fisherbrand™ Sterile Polystyrene 

Disposable Serological Pipets with 

Magnifier Stripe 

200 pack $ 61.39 

25 ml pipette 

Fisherbrand™ Sterile Polystyrene 

Disposable Serological Pipets with 

Magnifier Stripe 

200 pack $ 134.93 

Glass pipette 
Fisherbrand™ Disposable 

Borosilicate Glass Pasteur Pipets 
1140 case $ 96.52 

PBS 
Gibco™ DPBS without Calcium 

and Magnesium 
500 ml $ 22.67 

Trypsin 0.05% EDTA 
Gibco™ Trypsin-EDTA (0.05%), 

Phenol red 
500 ml $ 43.90 

15 ml conical tube 

Corning® 15mL PP Centrifuge 

Tubes, Bulk Packed with 

CentriStar™ Cap 

500 case $ 209.20 

50 ml conical tube 

Corning® 50mL PP Centrifuge 

Tubes, Conical Bottom with 

CentriStar™ Cap 

500 case $ 302.75 

TOTAL $ 1,614.35 

 

 

 



58 

Table 7. Monolayer cell culture system comparison, first round 

Culturing Cost 

 Control Monolayer Cost Control Monolayer Cost 

Item Amount 
Control Monolayer 

Cost 
Amount 

Bioreactor 

Monolayer Cost 

Cell Culture Set-up 

Culture Vessel 1  $ 1.54  1  $ 1,002.24  

Peristaltic Pump 0 $ - 1 $ 1,750.00  

Tubing 0 $ --    46 inches $ 11.50  

DMEM Complete Media 

DMEM Complete Media 150 ml  $ 23.91  150 ml $ 23.91   

DMEM, low glucose 133.5 ml  133.5 ml  

Fetal bovine serum 15 ml  15 ml  

Penicillin/Streptomycin 1.5 ml  1.5 ml  

Filtration Unit 1  $ 13.55  1   $ 13.55 

Culturing Materials 

2 ml pipette 2  $ 0.44  2 $ 0.44   

5 ml pipette 10 $ 2.81 5 $ 1.40  

10 ml pipette 10  $ 3.07  15  $ 4.60  

25 ml pipette 2  $ 1.35  5  $ 3.37  

Glass pipette 10 $ 0.85  10 $ 0.85  

PBS 5 ml  $ 0.23  15 ml $ 0.68  

Trypsin 0.05% EDTA 5 ml $ 0.44  15 ml $ 1.32  

15 ml conical tube 2 $ 0.84  0 $ - 

50 ml conical tube 0 $ - 2 $ 1.21  

TOTAL  $ 49.01    $ 2,815.07  
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Table 8. Monolayer cell culture system comparison, second round 

Culturing Cost 

  Control Monolayer Cost   Control Monolayer Cost  

Item Amount  Control 

Monolayer Cost  

Amount  Bioreactor 

Monolayer Cost  

Cell Culture Set-up 

Culture Vessel 1  $ 1.54  1  $ 1,002.24  

Peristaltic Pump 0 $ - 1 $ 1,750.00  

Tubing 0 $ --    46 inches $ 11.50  

DMEM Complete Media 

DMEM Complete Media 150 ml  $ 23.91  150 ml $ 23.91   

DMEM, low glucose 133.5 ml  133.5 ml  

Fetal bovine serum 15 ml  15 ml  

Penicillin/Streptomycin 1.5 ml  1.5 ml  

Filtration Unit 1  $ 13.55  1   $ 13.55 

Culturing Materials 

2 ml pipette 2  $ 0.44  2 $ 0.44   

5 ml pipette 10 $ 2.81 5 $ 1.40  

10 ml pipette 10  $ 3.07  15  $ 4.60  

25 ml pipette 2  $ 1.35  5  $ 3.37  

Glass pipette 10 $ 0.85  10 $ 0.85  

PBS 5 ml  $ 0.23  15 ml $ 0.68  

Trypsin 0.05% EDTA 5 ml $ 0.44  15 ml $ 1.32  

15 ml conical tube 2 $ 0.84  0 $ - 

50 ml conical tube 0 $ - 2 $ 1.21  

TOTAL   $ 47.47    $ 50.12  

 

3.5 CONCLUSION 

A continuous perfused flow bioreactor was designed and evaluated. Cells grown in the 

bioreactor system averaged a higher yield than the cells grown in the flask, but no statistical 

difference was observed between growth rates. The dynamic culture of the bioreactor system did 

not have a negative impact on the growth rate compared to the growth rate in the control. Media 

analysis revealed that the flask was depleted of glucose in the media, and the lactate levels were 

high. The bioreactor system diluted the lactate concentration due to the volume difference and 

there was still glucose for continued culturing time. Further media analysis examined the hydrogen 
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peroxide concentration in the media of both culturing systems; the flask had a higher concentration 

but not statistically significant, which indicates relatively similar metabolism for both culture 

vessels. 

The osteogenic potential was tested by seeding the cells cultured in both systems in well-

plates and culturing with either control growth medium or osteogenic differentiation medium. 

Evaluation of total protein showed cells from the bioreactor remained their proliferation capacity 

after expansion. Further, ALP analysis and Alizarin Red staining indicated that MSC potency was 

maintained for cells expanded in the bioreactor, although additional experiments with longer 

culture periods, increased number of trials and perhaps adjusted flow rates are essential to 

determine if properties of MSCs expanded in the dynamic bioreactor can be enhanced as compared 

to traditional static culture systems.  

 Future work will include evaluation of cells using the designed microcarrier culture 

platform for increased cell expansion, as shown below.  

 

Figure 23. Schematic demonstrating set-up of bioreactor vessel for microcarrier cell culture 

experiments.  
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CHAPTER 4 

MATHEMATICAL MODEL 

 

4.1 INTRODUCTION 

4.1.1 BACKGROUND 

Cell culture and tissue growth are complex phenomena that contain many bioprocesses that 

are difficult to isolate and analyze through experimentation alone. Mathematical models and 

computer simulations offer researchers the opportunity to run a multitude of hypothetical 

scenarios. This allows for rapidly and in a cost-effective evaluation of system designs and can lead 

to bioreactor design optimization. 

With proof-of-concept bioreactors like the one described in this thesis, it is important to 

develop math models to modify and optimize the design for future iterations. The concentration of 

nutrients in the growth medium such as glucose, waste products from cell metabolism such as 

lactate, which could acidify the medium, and other important nutrients for cell culturing like 

oxygen could be monitored with inline sensors. However, a math model in a proof-of-concept 

system, with experimental data to validate the math model at certain points, would be a useful in 

testing a series of hypothetical scenarios in a cost-effective manner. 

We propose a system of equations that will be paired with experimental data detailed in 

the studies of the previous chapter to validate the system of equations. In addition, the 

mathematical model will be used to assess different variations of the experiments in order to 

explore operating conditions. 
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4.1.2 HYPOTHESIS 

The focus of this phase of the project was to establish a system of equations that could be 

used to model critical culture parameters in a proof-of-concept model without sensors. We 

hypothesize that stem cells do not divide symmetrically, and a math model should reflect that. 

Additionally, the concentration of nutrients such as glucose, lactate and oxygen, should be 

modeled by Michaelis-Menten kinetics but also be directly related to cell number. If the system of 

equations can be assembled, a programming language will be used to model hypothetical scenarios 

that could optimize the design of future experiments. 

 

4.1.3 OBJECTIVES 

The objectives for this work were as follows: 

1. Design mathematical model with a system of equations that can evaluate key parameters 

of monolayer cell culture in the bioreactor, including: 

a. Cell number/yield 

b. Glucose consumption 

c. Lactate production 

d. Oxygen consumption 

2. Model the system of equations in MATLAB to evaluate hypothetical experiment 

 

4.2 METHODS 

4.2.1 MODEL DESCRIPTION 

A mathematical model was designed to evaluate culture parameters that would typically 

be difficult to determine through experiment, without tedious reiteration. The bioreactor is a 
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continuous flow system with a cylindrical vessel that supports a monolayer culture insert for 

anchorage-dependent cell culture. It is assumed that the cells have the ability to be distributed 

uniformly along the surface of the insert due to its plasma treatment and additional protonation via 

an ethanol wash, making the surface comparable to that of industry-standard culture vessels 

currently available. 

The volume is held constant with equivalent inlet and outlet volumetric flow rates. This 

leads to the assumption of the nature of the fluid properties of the cell growth medium in the 

bioreactor system. The liquid is assumed to be viscous with the presence of fetal bovine serum 

(FBS) in the medium and therefore, also Newtonian, like water. The medium contains cell nutrients 

to aid the cells in expansion such as glucose, nitrogen, oxygen, phosphates and FBS; the cells will 

output waste products such as lactate, carbon dioxide and water. The presence of FBS in the 

medium will contribute a small amount of lactate at the beginning of the model but will increase 

in concentration as culture time proceeds and not from media replenishment. 

The model was derived from continuous stirred tank reactor (CSTR) design equations as 

the base for the conservation equations [67]. The bioreactor system is modular and can be altered, 

but this form was closest related to that of continuous flow systems. The model was used to predict 

the cell growth in the bioreactor system and the concentrations of glucose, lactate and oxygen; 

varying different parameters of the cell growth equation; and evaluating experimental data in 

comparison to the model. 

 

4.2.2 DEVELOPMENT OF MODEL EQUATIONS 

The mathematical model to describe parameters of the previously described bioreactor is a 

system of four ordinary differential equations (ODEs). There are three nutrient conservation 
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equations: the consumption of glucose (CG) and oxygen (CO) by the mesenchymal stromal cells 

(MSCs), and the production of lactate as a waste product in cell metabolism (CL). The fourth 

equation describes cell density (CN) and predicts cell growth and migration along the growth area 

in the bioreactor. 

 

4.2.3 DEVELOPMENT OF NUTRIENT CONSERVATION EQUATIONS 

The MSCs in the bioreactor vessel were cultured in low-glucose DMEM growth medium 

supplemented with 10% FBS. The media contains glucose and other additives previously 

mentioned to facilitate cell expansion in an in vitro environment. The equations for the 

conservation of glucose (CG) and lactate (CL) are derived from the base form of a general mass 

balance to describe the mass transport with design equations applied for continuous bioreactor 

systems for inlet and outlet flow (Figure 24).  

 

Figure 24. A general mass balance [67]. 

The equations describing glucose uptake and lactate production are similar because lactate 

is produced as a result of glucose consumption and has been related with the multiplication of 

lactate yield from glucose metabolism (YL/G). The conservation of glucose and lactate are as 

follows: 

𝑑𝐶𝐺

𝑑𝑡
= (𝑄 × 𝐶𝐺) − (𝑄 ×

𝐶𝐺

1 +
𝑘 × 𝐶𝐺 × 𝑉𝑜𝑙

𝑈 × 𝐶𝐺

) −
𝑉𝑚𝑎𝑥,𝐺 × 𝑁 × 𝐶𝐺

𝐾𝑚,𝐺 + 𝐶𝐺
 

and, 
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𝑑𝐶𝐿

𝑑𝑡
= (𝑄 × 𝐶𝐿) − (𝑄 ×

𝐶𝐿

1 +
𝑘 × 𝐶𝐿 × 𝑉𝑜𝑙

𝑈 × 𝐶𝐿

) − (𝑌𝐿/𝐺 × (
𝑉𝑚𝑎𝑥,𝐺 × 𝑁 × 𝐶𝐺

𝐾𝑚,𝐺 + 𝐶𝐺
)) 

The glucose conservation equation begins with the inlet flow of glucose (CG,in) introduced 

into the system by the pump at a constant flow rate (Q). The outlet flow is at the same numerical 

value flow rate (Q) as the inlet, but the concentration of glucose is modified to account for the 

consumption of glucose. The lactate conservation equation is similar. Both conservation equations 

have a consumption of glucose modeled by Michaelis-Menten kinetics as the model represents a 

way to describe the rate of enzymatic equations and the relationship between the substrate 

concentration and product formation [146]. Michaelis-Menten kinetics depend on the 

concentration of the desired substrate (CG or CL); maximum reaction rate (Vmax) at the maximum 

amount of substrate concentration; the Michaelis-Menten constant (Km) representing the 

concentration of substrate when the Vmax is halved [146]. In both equations, the Michaelis-Menten 

kinetics are modified by the cell number (N) as the glucose consumption and the lactate production 

are directly proportional to the density of cells present. 

The development of the oxygen conservation equation that describes the concentration of 

oxygen in the system from the air diffusing into the media. The inlet flow of the oxygen into the 

system has an additional source as the silicone material the system tubing is made from is 

permeable and allows for gas exchange. Below is the conservation of oxygen equation: 

𝑑𝐶𝑂

𝑑𝑡
= (𝐷𝑚,𝑂 × 𝐶𝑂) − (𝐷𝑚,𝑂 ×

𝐶𝑂

1 +
𝑘 × 𝐶𝑂 × 𝑉𝑜𝑙

𝑈 × 𝐶𝑂

) −
𝑉𝑚𝑎𝑥,𝑂 × 𝑁 × 𝐶𝑂

𝐾𝑚,𝑂 + 𝐶𝑂
 

Where the rate constant, k, can be defined as using Michaelis-Menten variables: 

𝑘 = 𝐾𝑚𝑎𝑥 (
𝐶𝐺

𝐾𝐺 + 𝐶𝐺
×

𝐾𝐿

𝐶𝐿 + 𝐾𝐿
×

𝐶𝑂

𝐶𝑂 + 𝐾𝑂
) 
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4.2.4 DEVELOPMENT OF CELL NUMBER EQUATION 

There are several equations that can be used to predict the specific growth rates of micro-

organisms but the most common is the exponential growth equation: N = N0e
t/DT where the number 

of cells (N) at a specific time, t, can be determined by the initial cell number (N0), and the division 

time (DT) [147]. This equation assumes that all cells in culture are actively dividing and the 

daughter cells also actively divide; however, that is often not the case. Stem cell division is 

asymmetric where a daughter cell may remain dormant or differentiate into a specialized cell type 

[148]. Therefore, it is important to apply the appropriate growth kinetic model to stem cell 

expansion or else there will be an overestimation of population. The equation for the conservation 

of cell number is described by the Sherley model, which incorporates a parameter for the 

population of dividing cells and a parameter for the population of non-dividing cells. There are 

three assumptions: 1) the doubling time of cells is constant, 2) the daughter cells can give divide 

to create both populations and 3) the nondividing cells remain dormant and do not divide again 

[147, 148].  

Sherley describes the derivation of the model from a general cell division progression while 

considering the populations of dividing and non-dividing cells as seen below where N0 = initial 

number of cells; N = number of cells at a specific time, t; DT = doubling time; Fd = dividing cells 

and 1 – Fd = the fraction of non-dividing cells [148]. After the first cell cycle, the number of cells 

should be double the initial population of cells that double plus the remaining fraction that did not 

divide. After a second cycle, the cell division progression should read as follows: the fraction of 

cells from the initial population that did not divide, plus the new population of cells that do not 

divide, plus the new number of cells that will divide. Table 9 below will show the progression: 
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Table 9. Cell division progression derivation example [148]. 

t/DT Cell Number (C) 

0 N0 

1 (1 – Fd) N0 + 2 FdN0 

2 (1 – Fd) N0 + (1 – Fd) (2 FdN0) + 2 Fd (2 Fd N0) 

 

Taking the sum of the cell division progression of the dividing and non-dividing cell 

populations, the cell proliferation can be modeled more generally as: 

1

2
∑ 𝑥𝑖 =

1

2
[
1 − 𝐹𝑑

𝑡/𝐷𝑇

1 − 𝐹𝑑
]

(𝑡/𝐷𝑇)−1

𝑖=−

 

And then, rewritten to express as: 

𝑁 = 𝑁0 (0.5 +
1 − (2 × 𝐹𝑑)(𝑡/𝐷𝑇)+1

2(1 − 2 × 𝐹𝑑)
) 

When the initial cell number and the doubling time of the cell line are known, then the 

fraction of dividing cells (Fd) can be determined with population growth data. If doubling time is 

not known, it can be calculated using the following equation with population growth data where, 

N0 is the initial cell number at the initial time, t0, N is the cell number at particular time, t, and (t – 

t0) is the period of time in days [119]: 

𝐷𝑇 = (𝑡 − 𝑡0) ×
log (2)

(log(𝑁) − log (𝑁0))
 

 

4.2.5 DETERMINATION OF VARIABLES 

The system of equations required that several variables be determined experimentally for 

the specific cell line used in the bioreactor experiments. Others were retrieved from literature. All 

variables required for the solution of the system were compiled in the Table 10 below. 
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Table 10. List of variables for the mathematical model. 

Parameter Description Value Units Reference 

Media Properties 

Sm Solubility of oxygen in media 2e-4 M [100] 

Cin,G Initial glucose concentration 0.0051155892 M Measured* 

Cin,L Initial lactate concentration 0.0016924366 M Measured* 

Dm,O 
Oxygen diffusion coefficient in 

media 
0.11844 cm2/h [149] 

Cell Characteristics 

Ni Initial cell number 4,000,000 cells/cm2 * 

Nmax Maximum cell number 7,500,000 cells/cm2 * 

Vmax,O Maximum oxygen uptake 1e-13 mol/h/cell [150] 

Vmax,G Maximum glucose uptake 2.72e-13 mol/h/cell [150] 

YL/G Yield of lactate 2.0 - [151] 

Km,O 
Michaelis-Menten constant for 

oxygen uptake 
4.05E-09 mol/cm3 [152] 

Km,G 
Michaelis-Menten constant for 

glucose uptake 
3.50E-07 mol/cm3 [153] 

Kmax Max growth rate 0.02631 hr-1 [100] 

KO 
Oxygen Michaelis-Menten growth 

constant 
1e-6 M [154] 

KG 
Glucose Michaelis-Menten growth 

constant 
6e-6 M [154] 

KL 
Lactate Michaelis-Menten growth 

constant 
0.043 M [151] 
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4.2.6 SOLUTION METHOD   

Mathematical modeling was conducted using MATLAB (The MathWorks Inc.). 

Experimental data used for validation was described in the previous chapter. 

 

4.3 RESULTS 

4.3.1 MATHEMATICAL MODEL PROOF OF CONCEPT 

The mathematical model is a system of ordinary differential equations that required an 

ordinary differential equation (ODE) solver to solve. The ode15s was selected, and the MATLAB 

codes for each of the ode15s solvers and their respective call codes can be found in Appendix B – 

Appendix I. There are four different MATLAB codes for the system of equations and each model 

one of the specific parameters. 

 

4.3.2 PROOF- OF-CONCEPT SYSTEM VALIDATION 

Four graphs were produced by the system of equations: cell number, consumption of 

glucose, production of lactate and consumption of oxygen. The MSC monolayer growth model 

plotted a straight line unlike the expected trajectory of a growth curve (Figure 25). This indicates 

that there are parameters that need to be adjusted for accuracy. The model trajectories for glucose 

consumption, lactate production and oxygen consumption were as expected (Figure 26, 27 and 

28); however, the values were higher than those obtained experimentally. The glucose 

consumption trend was similar to the lactate production. The oxygen concentration decreased very 

slowly due to the oxygen bubble in the vessel, as well as the gas exchange that occurs due to the 

gas permeable properties of the silicone tubing. 
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Figure 25: MSC monolayer growth model plotted by MATLAB. 

 

 

Figure 26: Glucose consumption model plotted by MATLAB. 
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Figure 27: Lactate production model plotted by MATLAB. 

 

 

Figure 28: Oxygen consumption model plotted by MATLAB. 
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4.3.3 HYPOTHETICAL SCENARIO ANALYSIS 

A second math model MATLAB code was developed to more accurately model the 

expansion of MSCs as a stand-alone ordinary differential equation solved with a general ODE 

solver instead of ode15s (Appendix J). This model was compared to the stand MSC monolayer 

growth model (Appendix H). Both models can be varied by changing the known dividing fraction 

of the cells in the population and the initial seeding density of cells. In the MSC monolayer growth 

model (Figure 28) and the new cell model (Figure 29), the variation of the dividing fraction 

revealed that the lower the dividing fraction, the decrease in the number of cells yielded over a 

certain time which is realistic (Figure 29). The seeding density variation produced graphs with 

similar trends, the lower the seeding density, a lower cell yield (Figure 30 and Figure 31). 

 

Figure 29: Plot of the variation of the dividing fraction of cells in the original MSC cell growth 

model. 
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Figure 30: Plot of the variation of the dividing fraction of cells in the new MSC cell growth 

model. 

 

Figure 31: Plot of the variation of the seeding number of cells in the original MSC cell growth 

model. 
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Figure 32: Plot of the variation of the seeding number of cells in the new MSC cell growth 

model. 

 

4.4 DISCUSSION 

The mathematical model previously described was successful in generating a series of 

models that could be used to validate the data obtained in the previous chapter. Mathematical 

model development has been briefly described and this section will focus more-in-depth look at 

the troubleshooting. The cell number equation was difficult to code with the ode15s solver unlike 

the nutrient conservation equations due to the presence of the time, t, variable in the equation. The 

ode15s solver would not accept the variable due to the use of the tspan variable used to represent 

time; it was not possible to represent time twice in an equation. There was the need to replace the 

t with a known value in order for the ode solver to compile without errors. At that point, it was 

necessary to pursue other ordinary differential equation solvers that would allow for the time input 

to remain and that was how the revised cell number model was developed (Appendix J). In 
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addition, the nutrient conservation equations are slightly skewed due to the inconsistency of the 

cell number. The trends, either positive or negative respectively, are realistic but the consumption 

or production component is skewed because the cell number that multiplies that factor is incorrect. 

At 96 hours, 4 days, of culturing within the vessel, the cell number averaged 14.8 million cells, an 

average glucose concentration of approximately 0.55 g/L (0.003 M) and an average lactate 

concentration of approximately 0.5 g/L (0.0055 M). The values in the math model around this time 

point for the cell number is vastly overestimated, 150 million cells instead of approximately 15 

million cells, and therefore, over-estimates the rest of the parameters with the exception of oxygen 

because there was no measurement of oxygen concentration during the experiment series (Figure 

32). 

 

Figure 33: Comparison of monolayer growth, glucose consumption, lactate production and oxygen 

consumption with experimentally obtained data. 
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The revised cell model (Appendix J) generated a more realistic growth curve plot instead 

of a straight line. A comparison of hypothetical scenarios comparing the initial cell seeding density 

and the dividing fraction was made to compare the accuracy of the two models (Figure 34 and 

Figure 35). When varying the initial cell seeding density, the original cell model predicted the cell 

yield to be approximately 1.5 billion cells at 96 hours, whereas the revised cell model predicted 

the cell yield to be approximately 800 million. The lowest seeding density, 1×106 cells, 1 million 

cells, yielded approximately 20 million cells which was the closest value to the experimental data 

obtained in the previous chapter. When varying the dividing fraction, both the original cell model 

and the revised cell model produced higher cell yields than the experimental data; however, the 

revised cell model was only off by a factor of 10 and the curve trend was much more realistic. The 

cell yield generated by the revised cell growth model is still extremely high, which led to an 

evaluation of the three experimentally derived inputs required for the Sherley model: the doubling 

time of the cell population (DT), the dividing fraction of cells (Fd) and the cell number (N) at a 

given time point. The experimental values used to determine these are from time points over 24 

hours and this longer time point is not a precise measurement of the true DT and cell number 

because larger step sizes have a wider margin of error. Thus, additional data is required from 

multiple sample counts over a longer period of time.  
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Figure 34: Comparison of hypothetical seeding densities with the original cell model and the 

revised cell model. 

 

 

Figure 35: Comparison of hypothetical dividing fraction with the original cell model and the 

revised cell model. 

 

4.5 CONCLUSION 

Overall, this math model is solid foundation for a more complex modeling system that can 

more accurately estimate mesenchymal stromal cell culture parameters. In the beginning, ode15s 
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was selected to create the system of ordinary differential equations but the use of the ode15s solver 

was not adequate to model the growth of the cells due to the way time was represented within the 

function. The dsolve function was used to build the revised cell model (Appendix J) which 

incorporated time as a variable “t” within the equation instead of using tspan for the entire system. 

This revised cell model produced trends that were more realistic than the original cell model 

despite being inaccurate like the original cell model. With the variation of cell culture parameters 

such as initial cell seeding density and dividing fraction of cells (Figure 34 and Figure 35), the 

revised cell model did produce less inaccurate cell yields which indicates that the model is more 

accurate but requires some refinement. A series of experiments to experimentally determine the 

doubling time and dividing fraction of a specific cell line would improve the accuracy of the model 

and help tailor it to specific cell line growth kinetics. 
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CHAPTER 5 

SUMMARY AND RECOMMENDATIONS 

 

In this work, we successfully designed and fabricated a bioreactor vessel system for 

mesenchymal stromal cell expansion. The bioreactor was built to support both monolayer culture 

for anchorage-dependent cell culture with Lexan™ inserts and microcarrier culture with the cell 

culture colander. The bioreactor system was able to yield similar cell harvests comparable to the 

T-75 flask control, and cells from both culturing conditions underwent bone differentiation, 

mineralization, after 14 days of exposure to bone differentiation media. Media samples were 

analyzed for glucose, lactate, and hydrogen peroxide concentrations to compare the metabolic 

activity of the culturing conditions. When assessing the hydrogen peroxide metabolic activity, 

there was little difference between the culturing conditions because the cells had similar growth 

rates, but the bioreactor vessel displayed a greater dilution of lactate and a higher concentration of 

glucose because it is designed for longer-term culturing. Additionally, the math model was 

successful in identifying key parameters of cell culture that we wanted to predict. The cell number 

equation evolved over time to be more accurate with a simpler solver, and the nutrient conservation 

equations follow the correct trends expected.  

Recommendations for future work would be to explore the effects of dynamic culture on a 

human mesenchymal stromal cell line and to evaluate the osteogenic potential. In addition, a note 

would be to seed the cells at a lower density in future trials using cells grown in the bioreactor 

system to reduce the chances of retraction from the edges of the well plate. Several other aspects 
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that have yet to be fully explored include the effects on differentiation culturing in the dynamic 

environment compared to static culture; a secretome analysis with xeno-free media to compare the 

protein secretion between the different culturing conditions; and evaluating the potential three-

dimensional culture with microcarriers for scale-up. 

Further studies will be needed to refine the mathematical model with a series of 

experiments to determine the actual doubling time of the cell lines used; a more accurate fraction 

of the population doubling; and the length of the cell cycle. Incorporating this into the cell number 

math model will improve the accuracy of prediction and help normalize the nutrient conservation 

model outputs. This can be done by monitoring and counting mesenchymal cell culture in well-

plates at specific time intervals such as 12 hours, 24 hours, and 48 hours. Additionally, a camera 

could be used to visualize the wells and more accurately label the actively dividing population 

within the well-plate. Determining the cell culture growth kinetics experimentally will improve 

the math model and advance the future research design with this bioreactor. 
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APPENDICES 

APPENDIX A: PREVIOUS BIOREACTOR DESIGNS 

 

APPENDIX A1: AutoCAD schematics of initial bioreactor vessel design. 
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APPENDIX B: MATLAB CODE FOR GLUCOSE CONSERVATION CALCULATIONS 

% This code is executed using an ode15s solver which is used for systems  

% of equations. There are two codes needed: 

% (1) the code with the system of equations and variables 

% (2) the "call" code which summons up the system of equations and states  

%     the initial conditions 

function dcdt = glucoseconservation2D(~, c) % the input for ~ is t and y but it was recommended 

to change it 

dcdt = zeros (5,1); % this generates a 5 X 1 matrix 

%%%%% Parameters of Interest: 

% dcdt(1) = C_g; the concentration of glucose in media 

% dcdt(2) = C_l; the concentration of lactate in the media 

% dcdt(3) = N;   the concentration of hMSCs (cell number) 

% dcdt(4) = C_o; the concentration of oxygen in media 

% dcdt(5) = K; the growth rate of the cells 

%%%%% Known Variables: 

U = 60;             % inlet flow, ml/h 

Vmax_g = 2.72e-13;  % maximum uptake of glucose by hMSCs, 272 fmol/h/cell converted to 

mol/h/cell 

Vmax_o = 1e-13;     % maximum uptake of oxygen by hMSCs, 100 fmol/h/cell converted to 

mol/h/cell 

Y_lg = 2.0;         % ratio of lactate produced from glucose consumption 

Km_g = 3.5e-7;      % michaelis-menten constant for glucose consumption, mol/cm^3 
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Km_o = 4.05e09;     % michaelis-menten constant for oxygen consumption, mol/cm^3 

N_o = 400000;       % initial number of cells 

DT = 48.76672;      % doubling time of bioreactor cells, experimental data + calculated 

alpha = 1.00766; 

Vol = 110;           % volume of media present in the bioreactor, in ml 

Kmax = 0.02631;     % maximum growth rate for hmscs, hr^-1 

K_g = 6e-6;         % michaelis-menten glucose growth constant, 0.006 mM to M 

K_l = 0.043;        % michaelis-menten lactate growth constant, 43 mM converted to M 

K_o = 1e-6;         %michaelis-menten oxygen growth constant, 0.001 mM converted to M 

%%%%% Conservation Equations: 

dcdt(1) = U * c(1) - U*(c(1) /(1 + ((c(5) * c(1)* Vol)/U*c(1)))) - ((Vmax_g * c(1) * c(3))/(Km_g 

+ c(1)));          % glucose conservation 

dcdt(2) = U * c(2) - U*(c(2) /(1 + ((c(5) * c(2)* Vol)/U*c(2)))) + (Y_lg * ((Vmax_g * c(1) * 

c(3))/(Km_g + c(1))));  %  lactate conservation 

dcdt(3) = N_o *((0.5)+((1-((2*alpha).^((96/(DT))+1)))/(2*(1-(2*alpha)))));      % cell number  

dcdt(4) = -((Vmax_o * c(3) * c(4))/(Km_o + c(4)));     % oxygen conservation 

dcdt(5) =  Kmax * (((c(4))/(K_o + c(4))) * ((K_l)/(c(2) + K_l)) * ((c(1))/(c(1) + K_g))); % 

growth constant 

end 

 

APPENDIX C: MATLAB CALL CODE FOR GLUCOSE CONSERVATION 

CALCULATIONS 

% This is a call code. It will summon up a code that contains a system of  
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% ODEs (ordinary differential equations)and will apply a solver method and 

% initial conditions. They cannot be combined into one equation if you want 

% to apply the solver system in matlab.  

function [T,C] = call_glucoseconservation2D() 

tspan = [1 120];    % this is the range for t, time, in the system, hours 

c1_0 = 0.005115589; % initial concentration of glucose in media, measured in M 

c2_0 = 0.0016924366;  % initial concentration of lactate in media, measured in M 

c3_0 = 400000;      % this is the initial cell density, cells/ml 

c4_0 = 2e-4;        % solubility of oxygen in media, 0.2 mM converted to M 

c5_0 = 0.0251915537; % initial starting k from calculation k = 

Kmax*(((Cg)/(Kg+Cg))*(((Kl)/(Kl+Cl))*(((Co)/(Ko+Co))) 

[T,C] = ode15s(@glucoseconservation2D, tspan, [c1_0 c2_0 c3_0 c4_0 c5_0]); % this is how to 

set up the ode15s solver system 

plot(T,C(:,1),'-r')                       % code to generate a graph 

title('MSC Glucose Conservation Model');  % title of plot 

xlabel ('Time (hours)');                  % label of x axis 

ylabel ('Glucose Concentration (M)');     % label of y axis 

end 

 

APPENDIX D: MATLAB CODE FOR LACTATE PRODUCTION CALCULATIONS 

% This code is executed using an ode15s solver which is used for systems  

% of equations. There are two codes needed: 

% (1) the code with the system of equations and variables 



106 

% (2) the "call" code which summons up the system of equations and states  

%     the initial conditions 

  

function dcdt = lactateconservation2D(~, c) % the input for ~ is t and y but it was recommended 

to change it 

dcdt = zeros (5,1); % this generates a 5 X 1 matrix 

%%%%% Parameters of Interest: 

% dcdt(1) = C_l; the concentration of lactate in the media 

% dcdt(2) = N;   the concentration of hMSCs (cell number) 

% dcdt(3) = C_g; the concentration of glucose in media 

% dcdt(4) = C_o; the concentration of oxygen in media 

% dcdt(5) = K; the growth rate of the cells 

%%%%% Known Variables: 

U = 60;             % inlet flow, ml/h 

Vmax_g = 2.72e-13;  % maximum uptake of glucose by hMSCs, 272 fmol/h/cell converted to 

mol/h/cell 

Vmax_o = 1e-13;     % maximum uptake of oxygen by hMSCs, 100 fmol/h/cell converted to 

mol/h/cell 

Y_lg = 2.0;             % ratio of lactate produced from glucose consumption 

Km_g = 3.5e-7;      % michaelis-menten constant for glucose consumption, mol/cm^3 

Km_o = 4.05e09;   % michaelis-menten constant for oxygen consumption, mol/cm^3 

N_o = 400000;       % initial number of cells 

DT = 48.76672;      % doubling time of bioreactor cells, experimental data + calculated 
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alpha = 1.00766;    % dividing fraction of hMSCs cells 

Vol = 110;               % volume of media present in the bioreactor, in ml 

Kmax = 0.02631;    % maximum growth rate for hmscs, hr^-1 

K_g = 6e-6;            % michaelis-menten glucose growth constant, 0.006 mM to M 

K_l = 0.043;           % michaelis-menten lactate growth constant, 43 mM converted to M 

K_o = 1e-6;            %michaelis-menten oxygen growth constant, 0.001 mM converted to M 

%%%%% Conservation Equations: 

dcdt(1) = U * c(1) - U*(c(1) /(1 + ((c(5) * c(1)* Vol)/U*c(1)))) + (Y_lg * ((Vmax_g * c(2) * 

c(3))/(Km_g + c(3))));   % lactate conservation 

dcdt(2) = N_o *((0.5)+((1-((2*alpha).^((96/(DT))+1)))/(2*(1-(2*alpha)))));         % cell number 

  

dcdt(3) = U * c(3) - U*(c(3) /(1 + ((c(5) * c(3)* Vol)/U*c(3)))) - ((Vmax_g * c(2) * c(3))/(Km_g 

+ c(3)));              % glucose conservation 

dcdt(4) =  -((Vmax_o * c(2) * c(4))/(Km_o + c(4)));        % oxygen conservation 

dcdt(5) =  Kmax * (((c(4))/(K_o + c(4))) * ((K_l)/(c(1) + K_l)) * ((c(3))/(c(3) + K_g))); % 

growth constant 

end 

 

APPENDIX E: MATLAB CALL CODE FOR LACTATE PRODUCTION CALCULATIONS 

% This is a call code. It will summon up a code that contains a system of  

% ODEs (ordinary differential equations)and will apply a solver method and 

% initial conditions. They cannot be combined into one equation if you want 

% to apply the solver system in matlab.  
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function [T,C] = call_lactateconservation2D()  

tspan = [1 120];     % this is the range for t, time, in the system, hours 

c1_0 = 0.0016924366;   % initial concentration of lactate in media, measured in M 

c2_0 = 400000;       % initial cell density, cells/ml 

c3_0 = 0.0051155892;  % initial concentration of glucose, measured in M 

c4_0 = 2e-4;         % solubility of oxygen in media, 0.2 mM converted to M 

c5_0 = 0.0251915537; % initial starting k from calculation k = 

Kmax*(((Cg)/(Kg+Cg))*(((Kl)/(Kl+Cl))*(((Co)/(Ko+Co))) 

[T,C] = ode15s(@lactateconservation2D, tspan, [c1_0 c2_0 c3_0 c4_0 c5_0]); % this is how to 

set up the ode15s solver system 

plot(T,C(:,1),'-m')                         % code to generate a graph 

title('MSC Lactate Conservation Model');    % title of plot 

xlabel ('Time (hours)');                    % label of x axis 

ylabel ('Lactate Concentration (M)');       % label of y axis 

end 

 

APPENDIX F: MATLAB CODE FOR OXYGEN CONSERVATION CALCULATIONS 

% This code is executed using an ode15s solver which is used for systems  

% of equations. There are two codes needed: 

% (1) the code with the system of equations and variables 

% (2) the "call" code which summons up the system of equations and states  

%     the initial conditions 



109 

function dcdt = oxygenconservation2D(~, c) % the input for ~ is t and y but it was recommended 

to change it 

dcdt = zeros (5,1); % this generates a 5 X 1 matrix 

%%%%% Parameters of Interest: 

% dcdt(1) = C_o; the concentration of oxygen in media 

% dcdt(2) = C_l; the concentration of lactate in the media 

% dcdt(3) = C_g; the concentration of glucose in media 

% dcdt(4) = N;   the number of hMSCs (cell number) 

% dcdt(5) = K;   the growth rate of the cells 

%%%%% Known Variables: 

U = 60;             % inlet flow, ml/h 

Vmax_g = 2.72e-13;  % maximum uptake of glucose by hMSCs, 272 fmol/h/cell converted to 

mol/h/cell 

Vmax_o = 1e-13;     % maximum uptake of oxygen by hMSCs, 100 fmol/h/cell converted to 

mol/h/cell 

Y_lg = 2.0;         % ratio of lactate produced from glucose consumption 

Km_g = 3.5e-7;      % michaelis-menten constant for glucose consumption, mol/cm^3 

Km_o = 4.05e09;     % michaelis-menten constant for oxygen consumption, mol/cm^3 

N_o = 400000;       % initial number of cells, cell 

DT = 48.76672;      % doubling time of bioreactor cells, experimental data + calculated 

alpha = 1.00766; 

Vol = 110;           % volume of media present in the bioreactor, in ml 

Kmax = 0.02631;     % maximum growth rate for hmscs, hr^-1 
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K_g = 6e-6;         % michaelis-menten glucose growth constant, 0.006 mM to M 

K_l = 0.043;        % michaelis-menten lactate growth constant, 43 mM converted to M 

K_o = 1e-6;         %michaelis-menten oxygen growth constant, 0.001 mM converted to M 

%%%%% Conservation Equations: 

dcdt(1) =  - ((Vmax_o * c(1) * c(4))/(Km_o + c(1)));     % oxygen conservation 

dcdt(2) = U * c(2) - U*(c(2) /(1 + ((c(5) * c(2)* Vol)/U*c(2)))) + (Y_lg * ((Vmax_g * c(4) * 

c(3))/(Km_g + c(3))));  % lactate conservation 

dcdt(3) = U * c(3) - U*(c(3) /(1 + ((c(5) * c(3)* Vol)/U*c(3)))) - ((Vmax_g * c(4) * c(3))/(Km_g 

+ c(3)));           % glucose conservation 

dcdt(4) = N_o *((0.5)+((1-((2*alpha).^((96/(DT))+1)))/(2*(1-(2*alpha)))));      % cell number 

dcdt(5) =  Kmax * (((c(1))/(K_o + c(1))) * ((K_l)/(c(2) + K_l)) * ((c(3))/(c(3) + K_g))); % 

growth constant 

end 

 

APPENDIX G: MATLAB CALL CODE FOR OXYGEN CONSERVATION 

CALCULATIONS 

% This is a call code. It will summon up a code that contains a system of  

% ODEs (ordinary differential equations)and will apply a solver method and 

% initial conditions. They cannot be combined into one equation if you want 

% to apply the solver system in matlab.  

function [T,C] = call_oxygenconservation2D()  

tspan = [1 120];     % this is the range for t, time, in the system, hours 

c1_0 = 2e-4;         % solubility of oxygen in media, 0.2 mM converted to M 
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c2_0 = 0.0016924366;   % initial concentration of lactate in media, measured in M 

c3_0 = 0.0051155892;  % initial concentration of glucose, measured in M 

c4_0 = 400000;       % this is the initial cell number, cells 

c5_0 = 0.0251915537; % initial starting k from calculation k = 

Kmax*(((Cg)/(Kg+Cg))*(((Kl)/(Kl+Cl))*(((Co)/(Ko+Co))) 

[T,C] = ode15s(@oxygenconservation2D, tspan, [c1_0 c2_0 c3_0 c4_0 c5_0]); % this is how to 

set up the ode15s solver system 

plot(T,C(:,1),'-g')                         % code to generate a graph 

title('MSC Oxygen Concentration Model');    % title of plot 

xlabel ('Time (hours)');                    % label of x axis 

ylabel ('Oxygen Concentration (M)');        % label of y axis  

end 

 

APPENDIX H: MATLAB CODE FOR CELL NUMBER CONSERVATION  

% This code is executed using an ode15s solver which is used for systems  

% of equations. There are two codes needed: 

% (1) the code with the system of equations and variables 

% (2) the "call" code which summons up the system of equations and states  

%     the initial conditions 

function dcdt = cellnumber2D(~, c) % the input for ~ is t and y but it was recommended to 

change it 

dcdt = zeros (5,1); % this generates a 5 X 1 matrix 

%%%%% Parameters of Interest: 
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% dcdt(1) = N;   the concentration of hMSCs (cell number) 

% dcdt(2) = C_l; the concentration of lactate in the media 

% dcdt(3) = C_g; the concentration of glucose in media 

% dcdt(4) = C_o; the concentration of oxygen in media 

% dcdt(5) = K; the growth rate of the cells 

%%%%% Known Variables: 

 U = 60;             % inlet flow, ml/h 

Vmax_g = 2.72e-13;  % maximum uptake of glucose by hmscs, 272 fmol/h/cell converted to 

mol/h/cell 

Vmax_o = 1e-13;     % maximum uptake of oxygen by hmscs, 100 fmol/h/cell converted to 

mol/h/cell 

Y_lg = 2.0;         % ratio of lactate produced from glucose consumption 

Km_g = 3.5e-7;      % michaelis-menten constant for glucose consumption, mol/cm^3 

Km_o = 4.05e09;     % michaelis-menten constant for oxygen consumption, mol/cm^3 

N_o = 400000;       % initial number of cells 

DT = 48.76672;      % doubling time of bioreactor cells, experimental data + calculated 

alpha = 1.00766; 

Vol = 110;           % volume of media present in the bioreactor, in ml 

Kmax = 0.02631;     % maximum growth rate for hmscs, hr^-1 

K_g = 6e-6;         % michaelis-menten glucose growth constant, 0.006 mM to M 

K_l = 0.043;        % michaelis-menten lactate growth constant, 43 mM converted to M 

K_o = 1e-6;         %michaelis-menten oxygen growth constant, 0.001 mM converted to M 

%%%%% Conservation Equations: 
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dcdt(1) = (N_o *((0.5)+((1-((2*alpha)^((96/(DT))+1)))/(2*(1-(2*alpha))))));      % cell number 

dcdt(2) = U * c(2) - U * (c(2) /(1 + ((c(5) * c(2) * Vol)/U * c(2)))) + (Y_lg * ((Vmax_g * c(1) * 

c(3))/(Km_g + c(3))));  % lactate conservation 

dcdt(3) = U * c(3) - U * (c(3) /(1 + ((c(5) * c(3) * Vol)/U * c(3)))) - ((Vmax_g * c(1) * 

c(3))/(Km_g + c(3)));           % glucose conservation 

dcdt(4) = - ((Vmax_o * c(1) * c(4))/(Km_o + c(4)));     % oxygen conservation 

dcdt(5) =  Kmax * (((c(4))/(K_o + c(4))) * ((K_l)/(c(2) + K_l)) * ((c(3))/(c(3) + K_g))); % 

growth constant 

end 

 

APPENDIX I: MATLAB CALL CODE FOR CELL NUMBER CONSERVATION 

% This is a call code. It will summon up a code that contains a system of  

% ODEs (ordinary differential equations)and will apply a solver method and 

% initial conditions. They cannot be combined into one equation if you want 

% to apply the solver system in matlab.  

function [T,C] = call_cellnumber2D()  

tspan = [1 120];    % this is the range for t, time, in the system, hours 

c1_0 = 400000;     % this is the initial cell density, cells/ml 

c2_0 = 0.0016924366;  % initial concentration of lactate in media, measured in M 

c3_0 = 0.0051155892; % initial concentration of glucose in media, measured in M 

c4_0 = 2e-4;        % solubility of oxygen in media, 0.2 mM converted to M 

c5_0 = 0.0251915537; % initial starting k from calculation k = 

Kmax*(((Cg)/(Kg+Cg))*(((Kl)/(Kl+Cl))*(((Co)/(Ko+Co))) 
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[T,C] = ode15s(@cellnumber2D, tspan, [ c1_0 c2_0 c3_0 c4_0 c5_0]); % this is how to set up 

the ode15s solver system 

plot(T,C(:,1),'-')                   % code to generate a graph 

title('MSC monolayer growth model'); % title of plot 

xlabel ('Time (hours)');             % label of x axis 

ylabel ('Number of Cells (cells)');  % label of y axis 

end 

 

APPENDIX J: MATLAB CODE FOR REVISED CELL NUMBER CONSERVATION 

syms n(t) 

%%%%%% Important Variables: 

n_o = 4000000; 

DT =48.7667219; 

alpha = 1.00766; 

%%%%% The ODE Solver: 

ode = diff(n,t) == n_o * ((0.5)+((1-(2*alpha).^((t/DT)+1))/(2*(1-(2*alpha))))); 

cond = n(0) == 4000000; 

nSol(t) = dsolve(ode,cond); 

fplot(nSol,'-')                     % generates a graph of the data 

title('MSC Monolayer Growth');      % title of plot 

xlabel ('Time (hours)');            % label for x axis 

ylabel ('Number of Cells (cells)'); % label for y axis 

axis ([0 120 0 150000000]);         % sets limitations for each axis 


