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ABSTRACT 

 

Tissue engineering is one of the fastest growing biotechnology industries.  The 

overarching research goals of the tissue engineering industry are highly intertwined with the field 

of medicine.  The tissue engineering field seeks to create a variety of technologies that can be 

used in a clinical setting for tissue repair therapy.  These technologies include everything from 

cell-based trophic factor therapies to engineered tissue grafts, and potentially engineered tissues.  

At the forefront of tissue engineering research is the extensive use of adult stem cells.  Adult 

stem cells are located throughout the body and have the ability to differentiate into a variety of 

different tissue types.  This plasticity enables adult stem cells to be used in a wide range of tissue 

engineering research.  Despite all of the advancements made in the tissue engineering field, some 

obstacles still need to be overcome before tissue engineering can be used extensively as a clinical 

therapy for tissue damage and repair.  One of the largest obstacles is the creation of tissue 

engineering technologies that mimic the existing human body conditions as close as possible.  

The creation of fully biomimetic tissue engineering technologies will increase the quality and 

functionality of the engineered grafts and therapies.  The research presented will discuss the 

development and implementation of a biomimetic perfusion bioreactor.  The reactor was 

designed to incorporate a number of environmental factors that play a large role in controlling 

cellular behaviors into a culture system capable of supporting the growth of a human 

mesenchymal stem cell construct.  Furthermore, the reactor was constructed to allow the tissue 

construct to be studied in a non-invasive manner.  This characteristic provides a way to keep the 

integrity of the cell construct throughout the experimentation process so it remains functional 

and viable until it is potentially needed for tissue therapy. 
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CHAPTER 1 - INTRODUCTION 

 

Human mesenchymal stem cells (hMSCs) have significant potential for therapeutic tissue 

regeneration and repair.  This potential originates from the innate abilities of hMSCs to 

differentiate into a variety of tissue lineages, to act as a source of secreted trophic factors, and 

their immunosuppressive properties.  To optimize the therapeutic potential, culture conditions 

must be manipulated to create the most in vivo like microenvironment.  This microenvironment 

will support the growth of the hMSCs in a manner that closely mimics the conditions hMSCs 

experience in vivo.  Use of three-dimensional cell culture versus standard two-dimensional cell 

culture has the biggest impact on creating a biomimetic microenvironment.  The creation of 3-D 

functional constructs from hMSCs depends on the innate ability of MSCs to proliferate and 

differentiate. This ability is strongly influenced by the hMSC culture conditions.  Other major 

culture conditions that influence hMSC proliferation and development include perfusion flow of 

media versus static culture and differing modes of perfusion flow.  An inherent challenge in 

investigating the 3-D cellular construct development is the dynamic monitoring of the cellular 

and physiological environment.   

To face the challenges presented in investigating hMSCs, Dr. Ma’s lab has developed a 

perfusion bioreactor.  The bioreactors developed previously integrated dynamic cell seeding 

capability with the ability to support high density 3-D tissue construct growth for long periods of 

time in culture (> 30 days).  The systems also can support varying flow conditions, both 

modulating the flow rate and the type of flow experienced by the construct (convective versus 

diffusive).  While the bioreactors allow for comprehensive analysis of an hMSCs 3-D construct, 

they currently do not posses the capability to be directly used in any potential clinical therapeutic 

studies.  The analysis methods used to monitor the microenvironment involve highly invasive 

means, usually resulting in the destruction of the construct.  After cellular analysis, the constructs 

are no longer viable.  To overcome this obstacle a new bioreactor was designed.  This reactor is 

based on similar technology to the existing reactors, but it allows for non-invasive study of the 3-

D construct.  Non-invasive monitoring of the reactor growth construct supports multiple analyses 

of the same construct during a long-term culture.  It allows for the tracking of changes that occur 

in cellular behaviors and processes, such as cellular metabolism, when subjected to a variety of 
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external factors and stresses.  Most importantly, development of a bioreactor that supports non-

invasive analysis capabilities allows for the 3-D hMSC growth construct to potentially be used in 

clinical trials.  The reactor construct could be monitored to determine an optimal therapeutic 

state, and could be transferred directly into animal or clinical trials. 

 A perfusion bioreactor which is compatible with nuclear magnetic resonance 

spectroscopy (NMR) and magnetic resonance spectroscopy and imaging (MRS/MRI) was 

constructed.  NMR is the non-invasive method of study that would fit the experimental needs as 

stated above.  Compared to other techniques, NMR and MRI are not harmful to the cells within 

the construct in any manner.  Collection of cellular data does not perturb the cells or cell 

construct.  Imaging via MRI is high resolution and does not require the addition of any 

potentially harmful agents to the culture.  The bioreactor construction mimics the current reactors 

used in Dr. Ma’s lab.  Along with providing non-invasive methods of monitoring, NMR provides 

a wide range of flexibility in analysis options.  Using 
1
H NMR spectroscopy and MR imaging 

gives the reactor the versatility to acquire 1-D spectroscopic data, T2 relaxation time data, and 

apparent diffusion coefficient data from the hMSC growth construct.  A variety of intracellular 

metabolites within the construct can be tracked and monitored through 1-D 
1
H, 

13
C, and 

31
P 

spectroscopy.  The relative amounts of the metabolites such as glucose and ATP, as well as a 

variety of amino acids can be calculated. From this the metabolic state of the construct can be 

determined.  High resolution MRI of the reactor growth construct provides a wealth of structural 

data about the construct itself.  Through apparent diffusion coefficient and T2 relaxation time 

data, the presence, location, and viability of hMSCs within the reactor can be measured.  The 

development of the construct into a tissue can also be monitored.  Essentially, NMR and MRI 

can be used to “see” the hMSCs in the reactor and closely watch their cellular behaviors during 

the culture period, and determine how the hMSCs within the construct are affected by their local 

microenvironment. 

Similar to the previous reactors, the new bioreactor system has the capacity to modulate 

macroscopic flow modes, from convective to diffusive.  In vivo cells experience a variety of flow 

types and thus a variety of mechanical stresses upon the cellular surface.  Differing stresses can 

induce a wide range of behaviors from a cell population.  Altering flow patterns within the 

construct and observing the behavioral changes based on the differing mechanical stresses would 

provide profound insight into the creation of the most in vivo like microenvironment. The novel 
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perfusion bioreactor simulates various tissue growth environments and provides insight into the 

dynamic interplay between the stem cells in the developing constructs and their local 

microenvironment.  Ultimately, this will lead to the creation of the optimal hMSCs construct for 

cell-based therapy.    

Thus, combining magnetic resonance spectroscopy and imaging and a variety of 

intracellular biochemical assays, the novel perfusion bioreactor system developed is uniquely 

suited to interrogate the biochemical, structural, and physiochemical features of the 3-D tissue 

constructs and to provide spatial signals non-invasively over the course of hMSC construct 

development. 
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CHAPTER 2 – BACKGROUND 

 

2.1 General MSC Properties 

Mesenchymal stem cells (MSCs) are a population of cells which reside in the throughout 

the body in bone marrow and adipose tissue.  In the adult human, they are most prevalent within 

the bone marrow.  MSCs are a pluripotent cell line which has the ability to differentiate into 

many different cells types including cartilage (chondrocytes), adipose tissue, vascular tissue, 

bone matter (osteoblasts), endothelial cells, and muscular tissue (including cardiomyocytes, heart 

muscle cells). MSCs can also clonally regenerate. (Figure 2.1) They can be generally defined by 

a combination of physical, morphological, phenotypical, and functional properties. [1] To date, 

there has been a set of general standards proposed by the International Society for Cellular 

Therapy to identify potential MSCs. MSCs must be plastic adherent when cultured, must show 

the ability to differentiate into osteoblasts, chondrocytes and adipocytes under the standard in 

vitro differentiating conditions, and must lack standard hematopoietic cell markers such as CD45 

and CD34.  Additionally, MSCs must be positive for CD105, CD73, and CD90. [2, 3]  While 

these three criteria cannot wholly identify an MSC, they definitively show which cells are not 

MSCs.   

Mesenchymal stem cells were discovered about 40 years ago in the stromal layer in adult 

bone marrow. [4] This layer can be found near the vessel walls of the bone marrow.  The stromal 

layer is usually associated with supporting the hematopoietic system and the hematopoietic stem 

cells (HSCs) that are located in the bone marrow.  Recently, there has been a paradigm shift, and 

the stromal layer is now thought to be based on a stem cell model and contain multipotent stem 

cells itself. [5] It is now known that MSCs are the second population of distinct stem cells that 

exist within the bone marrow, along with hematopoietic stem cells (HSCs).  They are the smaller 

of the 2 populations.  Of all the nucleated cells in bone marrow, MSCs comprise a very small 

amount of the total number, ranging from 0.001 to 0.01% of the total population. [6] These 

mesenchymal stem cells are capable of supporting hematopoiesis as well as terminally 

differentiating into the aforementioned tissues.  [7] MSCs provide growth factors and adhesive 

properties necessary for HSCs to survive.  Overall, the MSCs in the stromal layer help provide 

the broad range of cellular signals and cues the HSCs need to mature and differentiate. [8] All of 
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this is done while maintaining their own self-renewing capacity and differentiation ability.  Due 

to their relatively recent discovery, and small population size in bone marrow, MSCs had not 

been widely studied and characterized until a few years ago.   

 

2.1.a Characterization 

MSCs are difficult to characterize and lack a defining, hallmark antigen.  The surface 

markers and antigens they display are not unique to the cell type, and can vary with differing 

subcultures of MSCs.  The overall phenotype shows a combination of mesenchymal, endothelial, 

epithelial, and muscle cell phenotypes. [9] Since they do express many non-specific markers, a 

combination of these markers is normally used to describe MSCs.  They are characterized as an 

MHC class I molecule, even though they express no universal surface marker.  MSCs lack the 

CD34 antigen of primitive HSCs and CD45, a surface antigen that is the standard marker for all 

HSCs.  MSCs lack other major surface antigens, such as CD11b, a typical immune cell antigen, 

and CD31, an HSC and endothelial cell marker.  They also do not express the HSC and 

progenitor cell marker, CD117. [1, 8-11] While MSCs may lack a single definitive surface 

marker, they are positive for a number of other cell antigens that can aid in identification.  One of 

the most common markers found on MSCs is Stro-1. Stro-1 is a marker found only on colony 

forming cells.  Stro-1 was also found on cells that have the same differentiation potential as 

MSCs and on cells that can develop into HSC supporting cells.  However, despite that fact that 

Stro-1 cells are functionally consistent with MSCs, it cannot be used as a definitive MSC marker.  

Stro-1 expression is not limited to MSCs and Stro-1 is only expressed in early passage MSCs; 

the expression is lost over long-term culture expansion of MSCs. [11] Stro-1 can be used in 

conjunction with several other markers to positively identify MSCs.  CD106, or VCAM-1, is 

expressed in cells found in the MSCs’ bone marrow niche, and is likely to be an MSC marker 

because it is extensively used in cell adhesion and signal transduction.  There are only a small 

population of cells that are CD106
+
 and Stro-1

+
.  These cells are the only cells in the MSC niche 

that exhibit multipotentiality, so CD106 appears to be solid MSC marker. [11] CD 74 is the third 

most likely MSC marker.  The MSC specific antibodies SH-3 and SH-4 react against CD73, 

illuminating the presence of CD73 in MSCs.  There are also a variety of other cell surface 

antigens that are found in MSCs, including CD13, CD29, the ligand receptor CD44 and CD105.  
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Limited detailed information is available on the role or function that these surface antigens have 

in MSCs, however. [1, 8-11] Not all populations of MSCs express the same markers; however 

MSCs have shown variable expression of numerous cell surface markers, including CD10, 

CD90, and Sca-1.  The differences in expression levels of these markers come from varying 

culture conditions, isolation methods, and species of MSCs.   

Obtaining a culture of MSCs can prove to be as difficult as characterizing them. As 

previously stated, they comprise only a small percentage of the total number of cells in the bone 

marrow.  The most common method to isolate MSCs is through plastic well adherence. Since 

they have a fibroblast-like morphology, MSCs will adhere to plastic surfaces in the presence of a 

medium containing only serum, while other marrow cells, such as hematopoietic stem cells, will 

not adhere. This is the simplest and most common method used to isolate potential MSCs.  Once 

isolated, potential MSCs can be studied and separated further, based on certain surface molecules 

that are found to be common among MSCs.  Assaying for CD50 can also be used immediately to 

separate cells into 2 populations, HSCs (CD50
+
), or non-HSC bone marrow cells, (CD50

-
). [12]  

Stro-1 has been shown to interact with non-hematopoietic stromal cells, but is unreactive with 

hematopoietic stem cells.  Therefore it can be used to enrich the separation of MSCs from other 

stromal cells. SH-2, SH-3, and SH-4 antibodies have also been shown to recognize MSCs, while 

remaining unreactive with HSCs. SB-10 also interacts with MSCs by reacting with cell surface 

marker CD166. [1] Recently, there has been an attempt by to develop a global set of biomarkers 

to identify MSCs.  After analyzing both undifferentiated MSCs and short-term in vitro MSCs, 

463 unique proteins were identified.  These included 148 membrane-anchored proteins and 159 

membrane associated proteins.  The proteins discovered included some of the hallmark MSCs 

identification proteins such as CD71, CD44, CD105, CD29, and CD166.  Also discovered were 

29 integrins that were part of the array as well as 18 Ras-related GTPases and 20 receptors. [10] 

Further analysis of the biomarkers, including a determination of protein expression changes from 

undifferentiated MSCs to terminally differentiated MSCs, would be a boon to the field and 

would aid in identifying a set of MSCs biomarkers as well as potentially developing an MSC 

isolation assay. 
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2.1.b Immune Properties 

MSCs are a population of cells that have some uncommon and potentially helpful 

immunological properties.  These properties can be utilized to benefit the field of 

immunosuppressant cellular therapy.  MSCs exhibit the ability to induce immune suppression 

through a variety of methods and appear to be immunoprivileged cells.  MSCs carry a 

nonimmunogenic phenotype (MHC Class I+, MHC Class II-, CD40-, CD80-, CD86-) which 

means that they may be able to induce tolerance.  They do not, however, express any immune co-

stimulatory molecules such as CD40L, CD40, B7-1, and B7-2; therefore they should be 

recognized as foreign by host T-cells.  This is not the case, and transplanted MSCs do not elicit 

an immune response. [3, 6, 13, 14] There are many leads on the role MSCs play during active 

immune suppression.   

Previous research has shown that MSCs can suppress T-cells via co-culture, although the 

exact mechanism is still being determined. [1] One proposed way MCSs suppress T-cells is by 

engaging the T-cell receptor with an activating antibody. [15] It has been shown that the 

suppression of T-cells by MSCs occurs in a dose-dependent fashion, and that cell to cell contact 

is not necessary for T-cell suppression. [16]  More recent research has shown that MSCs have a 

direct effect on T-cell behavior.  MSCs can cause a down regulation in the ability of T-cells to 

respond to their specified peptide and can also cause cell division arrest in T-cells. [17] MSCs 

also have been shown to play a role in T-cell apoptosis.  While they can induce apoptosis in 

activated cells, they do not have an effect on the “resting” T-cell population. [18] MSCs have 

exhibited immunomodulatory effects on a variety of cells aside from T-cells.  When MSCs were 

cultured with other dendritic cells, which play a large role in immune stimulation, the cytotoxic 

response of these cells was tempered and resulted in decreased inflammatory cytokine secretion. 

[16] MSCs can induce the expression of IL-10 in dendritic cells, driving them toward a 

suppressor or inhibitor phenotype. [17] 

These behaviors have important implications in clinical uses for MSCs.  MSC 

transplantation into a recipient may not need significant host immunosuppression, which would 

eliminate the potential risks that come along with suppressing one entire immune system. [15] 

MSCs have shown an ability to be transplanted across MHC barriers without eliciting a strong 

immune response.  They can evade the immune system and remain within the transplanted host. 
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[16] Dendritic cells play a large role in graft versus host disease (GVHD), a common and 

problematic ailment among transplant recipients.  MSC-based therapy has the advantage of not 

triggering an immune response and thus avoiding the adverse effects associated with GVHD.  

The immunosuppressive behaviors of MSCs provide a unique benefit to MSC-based cellular 

therapy.  Avoidance of an immune response would circumvent a multitude of problems normally 

associated with any type of cell-based or organ-based transplant therapy.   

 

2.1.c Differentiation 

Mesenchymal stem cells are multipotent, and thus can differentiate into a number of 

different cellular lineages. MSCs contain genes for the varying lineages, although monitoring 

these genes cannot be used reliably to determine a differentiation pathway. Often a single 

mesenchymal stem cell will co-express genes of multiple lineages, and the specific genes 

expressed can vary from cell to cell. MSCs can express a truncated version of the T-cell receptor, 

which may play a role in their growth properties and plasticity. [19]  It is thought that this allows 

the MSCs to remain at a state where they can easily differentiate. 

MSCs can be induced to differentiate into a variety of lineages, including osteocytes, [20, 

21] adipocytes, [22] chondrocytes, [23] and myocytes. [24, 25] Recent research has discovered 

that it may be possible for MSCs to differentiate into neuronal cells, [26] however results are 

debatable at this point.  It is thought that osetogenic differentiation is the “default” pathway that 

MSCs follow, but this remains unconfirmed. [8] Osetogenic, chondrogenic, and adipogenic 

differentiation of MSCs are the most highly developed methodologies and most widely used in 

research.   

Differentiation of MSCs can be regulated in two different ways: 1) treatment with certain 

chemicals or growth factors, or 2) exposure to the specific environment of the terminally 

differentiated cells. While chemical based differentiation is usually the more potent 

differentiation tool for use during in vitro studies, it has limited applications for in vivo studies 

due to the potentially hazardous nature of some of the requisite differentiation chemicals.  

Exposure of MSCs in culture to the appropriate external microenvironment provides the 

necessary factors and signaling for the MSCs to differentiate without chemical aid.   
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The main regulatory factors in osteogenic differentiation are the bone morphogenic 

proteins, or BMPs. BMP-2 and BMP-6 promote osteodifferentiation, along with inducing a main 

osteogenic gene, Runx2. [11] Osteogenic differentiation can be induced in vitro with 

dexamethasone, ascorbic acid and -glycerophosphate. [12] In vitro differentiation can be 

denoted by the upregulation of alakaline phosphate as well as the deposition of calcium by the 

differentiated MSCs. [27]   

Chondrogenic differentiation is mediated mainly through TGF- 1, TGF- 3 and IGF-1, 

along with various BMPs. [11] More specifically, chondrogenic differentiation is mediated 

through p38 and ERK 1/2 in the MAPK pathway and Akt via the PI3K pathway.  [28] In vitro 

induced chondrogenesis requires both mechanical and chemical forces, as MSCs must be grown 

in pellet form and then treated with serum free media containing TGF- 1 or TGF- 3. [12, 27] 

Adipogenic differentiation is controlled via induction of a hormone receptor, peroxisome 

proliferator-activated receptor .  Myogenic differentiation is achieved in vitro through treatment 

with 5-azacytidine. [11, 12] These differentiation processes also rely on a variety of other 

factors, either chemical or cellular signals from the surrounding microenvironment.   

The Wnt signaling pathways have been implicated in playing a large role in 

differentiation of MSCs.  Wnt3a and Wnt5a can both effect downstream molecules that are 

necessary for MSC differentiation, such as Runx2 in osteogenic differentiation and the reduction 

of collagen in chondrogenic differentiation.  However, the exact mechanism and exact role Wnt 

pathways play are largely unknown.  [29] 

 

2.1.d MSCs as Trophic Factor Sources 

 Due to their many unique properties described previously, mesenchymal stem cells have 

the ability to aid in therapeutic research.  MSCs can aid in tissue repair through two different 

mechanisms.  Initial research pointed to MSC differentiation into terminal tissues as the repair 

pathway, but recently, the belief has shifted to one in which MSCs serve to supply vital 

cytokines and other various trophic factors at an injury site. (Table 2.1, Figure 2.2)  

 In vivo studies of most clinical applications of MSCs showed that while treatment with 

MSCs promoted tissue healing or new tissue growth, there was very little differentiation of 
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MSCs into actual terminally differentiated tissue.  If differentiation was not the main cause of 

therapeutic repair, then repair was caused by some type of MSC-mediated paracrine treatment of 

the injured tissue.  This belief was bolstered when it was shown that MSCs were able to induce 

heart tissue repair in as little as three days post injection to an infarct site.  Since three days is too 

short of a time for differentiation to occur in vivo, this data meant that paracrine effects of MSCs 

on injured tissue were the most likely reason for MSC therapeutic repair. [30-32] Furthermore, it 

has been shown that MSCs release a wide variety of cytokines and growth factors that can all 

play a role in MSC-mediated therapy. [33] 

 The therapeutic effects of MSCs are wide-ranging in both the affected tissue type and the 

type of therapy induced.  The most vital characteristic of MSC trophic factor secretion is the 

ability of MSCs to inhibit apoptosis and stimulate angiogenesis.  Apoptosis was downregulated 

in endothelial cells when treated with conditioned MSC media, containing MSC-secreted 

cytokines.  Angiogenesis was upregulated after receiving the same conditioned media treatment.  

Analysis of the conditioned media found it contained IL-6, VEGF, MCP-1, angiogenin, and 

MMP inhibitors, along with a variety of other proteins. [34] This increase in cell survival and 

angiogenic ability induced by the MSCs highlight their importance as a source of trophic factors 

for cellular and tissue therapy.  Other important roles MSCs play in paracrine factor induced 

therapy include the ability to mobilize and migrate to an injury site in vivo. [33] MSCs have the 

ability to promote both proliferation and migration of smooth muscle cells, which can aid in the 

formation of new vascular tissue. [35] They can also induce sprouting and radial migrations in 

HUVEC cells. [36] MSCs function as a support and repair tissue for hematopoietic stem cells by 

secreting a variety of pro-hematopoietic cytokines [3, 33, 35, 36] MSCs can inhibit scarring and 

promote proliferation of host tissue cells to regenerate injured tissue. [33] The cytokines secreted 

by MSCs are able to improve heart function after an ischemic event through many pathways.  

They are able to stimulate angiogenesis in the affector tissue. [34, 36] Akt modified MSCs play a 

large role in improving heart function through the release of paracrine factors and cytokines. [30-

35] MSCs show the flexibility to be used in a wide variety of therapeutic treatments due to their 

secretion of trophic factors. 
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2.2 Three-dimensional Scaffolds 

2.2.a Three-dimensional Culture Conditions 

One of the most important factors affecting cell growth is the cellular growth 

environment. Mimicking the in vivo environment in vitro is key to any cellular studies, and is 

vitally important in any research involving stem cells.  MSCs are highly affected in vivo by their 

local microenvironment, and exist in a specific “stem cell niche.” [37] Finding a way to 

successfully mimic this stem cell niche will provide more accurate and more successful research. 

[38, 39] Historically, the majority of cellular experiments are performed under two-dimensional 

culture conditions. Now, there has been a new innovation and many experiments are being done 

under a different set of culture conditions: three-dimensional cell culturing. [40, 41] Standard 

two-dimensional cultures have proven insufficient to tackle the problems currently facing the 

biochemical and biomedical research fields.  Three-dimensional culturing provides many 

benefits and allows for new growth conditions that two-dimensional cultures cannot replicate.  

Cells can grow and interact within three dimensions instead of a simple monolayer where there is 

limited cell to cell contact.  [41].  The environment created within a three-dimensional culture is 

more suitable for allowing cellular contact, paracrine signaling, formation of an extracellular 

matrix (ECM) network, and the establishment of biochemical gradients. Cells grown in a three-

dimensional construct also respond to biophysical factors differently than when cultured in two 

dimensions. [38, 39, 42] 

The biggest benefit of three-dimensional culture is that it provides for the formation of an 

extensive ECM network within the construct.  In vivo, the extracellular matrix (ECM) contains 

integrin, fibronectin, collagen, elastin, laminin, and other various proteins that allow for cellular 

communication and provide structural support.  Integrins are used to bind the cytoskeleton to the 

ECM.  They can detect changes in external forces on the cell and can transmit mechanical 

signals into the cell.  [38] The variety of collagens and laminin are responsible for ECM structure 

and cellular support.  Cells interact with ECM, adjacent cells, and secreted signal molecules.  

Cellular receptors also use the ECM as an anchor.  The ECM changes as the cells proliferate, and 

can take on a large variety of forms throughout the life cycle of the cell.  By removing the ECM 

network from a cell, the inherent environment a cell grows in vivo is changed [41]. Three-

dimensional cultures also provide stem cell specific benefits.  The bone marrow MSC niche 
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contains extremely low oxygen concentrations (<5%) due to cellular gradients.  [39] A three-

dimensional culture can mimic this in vitro.  Cells on the inside of a 3-D culture will be farther 

away from the source of nutrients than cells on the outside of the construct.  This will establish a 

biochemical gradient whereby the interior cells will receive less nutrients and gasses (such as 

O2).  Thus, the inside of a 3-D construct can simulate the low oxygen conditions that are found 

inside of the bone marrow. [39] 

In a 2-D culture, the majority of these properties are lost, due to the lack of layering of 

the cells and the lack of an extensive ECM network. The cells can form a monolayer, but lack the 

three-dimensionality and complete ECM network that is found in vivo.  They do not form 

biochemical gradients nor do they allow for extensive cell-to-cell crosstalk.  Three-dimensional 

growth cultures help alleviate these problems. [40, 43] Cells are likely to require a complete 3-D 

matrix to maintain their usual phenotypic shape and to establish their normal in vivo behavior 

patterns. [41] 

 

2.2.b Effects of 3-D Culture on Cellular Behavior 

Changes in cellular environment can lead to large changes in cellular behavior.  Cell 

morphology is largely affected by 3-D culture.  Cells take on a flat morphology within 2-D 

culture, but take on a variety of three-dimensional shapes when grown in a 3-D construct.  The 

formation of the complete ECM network can lead to differing adhesion by cells to the scaffold, 

matrix, and other cells when compared to the minimal adhesion cells experience in two-

dimensional growth cultures.  Three-dimensional culture was also found to have a large effect on 

cellular migration. [38] In vivo, three-dimensionality plays a vital role in the differentiation 

properties of HSCs.  The unique 3-D environment in which the cells exist directly affects their 

cell fate based on the specific spatial interactions between cells, as well as the cytokines and 

oxygen concentrations to which the cells are exposed. [42] 

With regards to MSCs, spatial organization, and therefore culture conditions, are vitally 

important to cellular function and behaviors. Similar to above, spatial organization of the 

mesenchymal stem cells influences cell attachment and spreading, cell proliferation, ECM 

secretion, and their differentiation. [44, 45] Previous research done by Dr. Ma’s lab has shown 

that culturing MSCs in a 3-D construct allowed for enhanced differentiation of the MSCs into 
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osteogenic and chondrogenic lineages. [46]  Environmental conditions such as oxygen tension, 

chemical gradients, mechanical factors, and signaling factors play large roles in cellular 

proliferation and stem cell differentiation.  A tailor-made microenvironment for MSCs may 

provide the proper cellular niche for realizing the full therapeutic potential of the cells. [43] 

 

2.2.c 3-D PET Scaffold 

To culture the hMSCs in Dr. Ms’s lab under three-dimensional conditions, a three-

dimensional polymer matrix, called polyethylene terepthalate or PET is used.  Created by 

DuPont in the 1940’s, PET is a linear polymer with numerous medical uses, including medical 

sutures, vascular grafts, and surgical mesh. [47]  PET sutures were first introduced in the 1950’s, 

followed by woven PET grafts in the 1970’s. Also, PET is used in heart valve surgery to promote 

tissue growth and as a mechanism to suture the new heart valve to the surrounding tissue.   

 PET also has many characteristics that make it biologically useful. Due to its polymer 

shape and structure (it contains an aromatic group), PET has a high level of biostability.  When 

woven into a matrix, PET can help with tissue ingrowth and implantation.  The PET helps anchor 

the new tissue in place and prevents movement between the new tissue growth and the original 

tissue.  Also, by anchoring the tissue implant, the PET matrix ensures that the implant maintains 

proper shape and function. [47] In Dr. Ma’s lab, a woven PET matrix is used as a source for the 

hMSCs to anchor.  They can attach to the PET fibers and begin to proliferate.  The three-

dimensionality of the matrix allows for cell and ECM growth to occur in three dimensions, 

similar to how cells grow in vivo. 

Previous research done in Dr. Ma’s lab [46] has shown the advantages of culturing 

hMSCs in a 3-D matrix as opposed to a 2-D culture.  hMSCs were cultured on flat two-

dimensional petri dishes, as well as depth filtered into 3-D PET matrix. SEM images showed 

MSCs grown on the 2-D surface had a minimal amount of ECM production.  The hMSCs grown 

in 3-D matrix however, showed a large amount of ECM production, as well as a variety of 

morphologies within the matrix.  There was also a significantly higher amount of ECM protein 

expression in the cells grown under 3-D conditions versus 2-D.  3-D grown hMSCs had a higher 

amount of expression of Collagen I and IV, laminin, and fibronectin.  This was verified through 

immunostaining.  This research demonstrated that cell culture in a 3-D matrix goes a long way in 
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simulating the proper microenvironment for cellular proliferation and differentiation.  The cells 

are able to form a complete ECM network, a vital part of any cellular microenvironment. [46] 

 

2.3 Perfusion Flow 

2.3.a Perfusion Flow in the Bioreactor 

 Along with 3-D culture growth conditions, an additional parameter that can be varied to 

better simulate a more in vivo like microenvironment is the introduction of perfusion flow within 

a bioreactor system.  A perfusion flow bioreactor system provides an optimal physiochemical 

environment that is inductive to tissue formation. [44] In a standard static (no flow) culture, cells 

are placed in a flask or tissue culture plate, and growth medium is changed every 2-3 days.  

There is a high possibility of nutrient deprivation in the cells due to their high energetic and 

metabolic demands, since uniform tissue development depends on the appropriate delivery of 

nutrients and oxygen.  In a perfusion bioreactor, growth medium is constantly flowed over the 

cells.  Perfusion flow of growth media within a bioreactor system allows for efficient nutrient 

delivery and removal of waste products, redistribution of regulatory molecules, and acts as a 

mechanical force that imparts various mechanical stresses on the cells contained within the 3-D 

construct. [44, 48, 49] 

 The stresses exerted on the cells contained within a 3-D growth construct have an 

enormous effect on cellular behavior.  Fluid flow has induced matrix deposition in marrow 

stromal osteoblast cells. [44, 50, 51] Stress induced by fluid flow has also played an important 

role in wound healing and vascular development. [38] Fluid flow has been shown to have 

differential effects on hMSC gene expression patterns. [52] Many MSC cell behaviors are 

affected greatly by the stresses induced from perfusion flow.  Perfusion flow provides a 

microenvironment conducive to differentiation and tissue formation. Work done in Dr. Ma’s lab 

has shown that hMSCs cultured in 3-D matrix perfusion culture have metabolic rates an order of 

magnitude higher than those cultures in a 3-D matrix static culture, and that perfusion cultures 

support a higher cell density than static cultures. They also exhibit higher growth rates, and 

hMSCs grown in a 3-D perfusion bioreactor also show a more even spatial distribution compared 

to hMSCs cultured in a 3-D static culture. [44, 46]  Additionally, the mechanical forces that form 

shear stress and fluid flow have been found to affect 3-D tissue formation.  MSC differentiation 
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is also positively influenced by fluid flow and the associated biomechanical stress. Fluid flow 

aids in MSC differentiation into osteoblasts,[53-56] chondrocytes, [57] and myocytes. [58]  

 

2.3.b Differing Flow Types; Parallel Versus Transverse Flow 

 Along with perfusion flow, the differing mode of flow and mass transport can affect 

MSC behaviors. [59] In the parallel model, media flows around the construct.  The surface of the 

construct and thus the top surface cells are the only layer that directly experience the stresses 

induced by the flow.  As the depth into the construct increases, the amount of shear stress 

experienced by the hMSCs decreases until it is effectively zero. [60] Thus, a smaller number of 

cells experience the mechanical stimulus and the innermost cells must rely on 

mechanotransduction from the outer layer.  Parallel flow also restricts the amount of media 

penetration into the construct.  The limited media penetration into a 3-D construct results in a 

growth environment where diffusion is the dominant mode of mass transport.  The innermost 

cells are not in direct contact with a fresh supply of nutrients, and thus a gradient is established.  

The formation of a biochemical gradient within the construct is thought to have a large number 

of effects on cellular behavior, along with differing behaviors from cells at different depths 

within the construct. [60, 61] It is believed that these biochemical gradients exist in vivo and 

affect structure, function, and organization of a variety of cell types, including bone marrow stem 

cells. [62]  

Transverse flow is an entirely different mode of flow that has the capability to induce an 

entirely different set of behaviors.  In the transverse model, media is flowed through the 3-D 

construct.  Theoretically, nearly all of the cells within the construct should experience the flow.  

Most of the cells within the construct will experience the mechanical stresses induced by flow, 

which will create a different behavioral pattern within the cells of the 3-D construct.  In the 

transverse flow, convective transport is the major means of nutrient transport with enhanced 

mass transport efficiency.  Nearly all of the cells in the construct should have unlimited access to 

the nutrients in the media.  This flow pattern will establish an entirely different biochemical 

gradient to which hMSCs are exposed.  The different hydrodynamic microenvironment created 

by transverse flow has the potential to induce an entirely different group of cellular behaviors 

than those induced by parallel flow.   
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Recent studies have shown that hMSCs are highly responsive to their hydrodynamic 

microenvironment, and the presence of media flow regulates hMSC proliferation, behavior and 

progenicity. [55, 60] While flow has proven to be a vital component in the creation of an in vivo 

like microenvironment, the mode of flow (and thus induced stresses and biochemical gradients) 

experienced by the cellular construct  may be vital to cellular construct development.   

 

2.4 Nuclear Magnetic Resonance 

2.4.a NMR/MRS of Biological Material 

 NMR spectroscopy has been used for analysis and monitoring of biological systems and 

cellular metabolism since the 1970’s.  It provides many advantages over standard biological 

analyses, and has the flexibility to collect a large amount and variety of data from a single 

sample.  NMR spectroscopy can assay for the energy producing reactions within cells and tissue 

and how they are controlled and affected by external factors.  One of the most important features 

of biological NMR spectroscopy is that it can be used to quantify amounts of metabolites within 

the cells or tissue themselves. [63] The quantification provides a snapshot of the cellular 

metabolic state.   

NMR and MRS (magnetic resonance spectroscopy) are non-invasive methods with a 

strong capability for monitoring a wide range of biological and physiochemical markers [64, 65].  

NMR can monitor the relative amounts, as well as the changes, in intracellular levels of 

biomolecules such as amino acids and a host of other cellular metabolites.  It can be used to 

provide vital quantitative spatial information such as cell viability and metabolic states in various 

3-D cellular constructs [66-73].  NMR can also be used in vivo to characterize and quantify the 

composition of bone marrow. [74] MRS has evolved to a point where it is now used in 

identifying potential molecular causes of a variety of clinical diseases based on anomalies of 

intracellular metabolic products.  Changes in the concentrations of intracellular metabolites or 

changes in certain cellular metabolic pathways can signify that there is a problem within a tissue.  

MRS has been used to explore Parkinson’s disease [75], heart failure [76], diabetes [77-79], and 

cancer. [80, 81] 
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NMR and MRS have been used to monitor the properties of tissue engineered constructs 

such as tissue hydration, glycosaminoglycan percentage and collagen concentration in perfusion 

bioreactors.  The relative amounts of metabolites and other macromolecules which make up the 

scaffolds can be determined from spectroscopy. [82-84]  Uses of NMR and MRS to study a 

variety of perfusion bioreactors has been utilized to analyze construct phosphorous metabolite 

levels, such as ATP, ADP, and creatine, construct viability and glucose consumption, and 

changes in metabolism as varying external factors (oxygen) are applied to the bioreactor. When 

external forces are applied to the bioreactor, NMR spectroscopy and MRS provide easy, non-

invasive ways to monitor the metabolic changes that occur in response to these stresses. [85-87] 

 

2.4.b MR imaging 

In addition to NMR spectroscopy and MRS, magnetic resonance imaging provides non-

invasive imaging capability at microscopic resolutions (<100 μm) (known as magnetic resonance 

microscopy), and has been shown to have an even wider variety of uses in biological analysis of 

cells, tissues, and organisms.  Recent advances in MRI technology allow for imaging to occur on 

a near cellular resolution (30 μm).  MRI provides some basic advantages over other imaging 

techniques, namely that the sample is not subject to radiation damage as in the case with X-rays, 

and MRI typically has much better depth penetration than can be provided from optical means.  

[88] MRI/MRM (magnetic resonance microscopy) provides the ability to visualize an entire 

section of cells or tissues and monitor for changes or anomalies.  Images are collected as a series 

of slices, from which a three-dimensional image can be generated.  The study target can 

essentially be reconstructed ex vivo which allows for data collection and analysis of the 

individual slice or region of interest (ROI) within the selected slice.  From these image slices, a 

variety of data can be extracted depending on the pulse sequence and gradients used.  Diffusion 

weighted image slices can be used to determine the free diffusion of water within the sample.  T2 

spin-spin relaxation weighted images can be used to determine the T2 relaxation of the tissue or 

construct being analyzed.  The data acquired be extrapolated or calculated across the entire 

tissue/cellular sample. This data can then be analyzed to determine any major difference in 

diffusion or relaxation time throughout the tissue, which would signify some type of abnormality 
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within the tissue or sample.  [88, 89] These characteristics provide for a great many uses of 

MRI/MRM when applied to basic science.  

MRI/MRM has extensive uses in tissue engineering.  MRI can be used to monitor tissue 

construct viability as they grow, can monitor the inclusion of constructs if they are transplanted 

in vivo, and can be used to examine the structural properties of tissue constructs. [88] Magnetic 

resonance microscopy was used to examine structural integrity of the alginate microcapsules 

[90].  Expanding on the alginate data, contrast agents were used to monitor the growth and 

location of pancreatic cells cultured in alginate beads.  By analyzing T2 relaxation time and 

diffusion studies, MRI aided in determining the location of the cells within the beads. [91] It was 

also used to analyze the structure of tissue engineered bone constructs and determine mineral 

content.  Proton density and T2 maps of the construct were acquired to analyze density within the 

construct. Bone density could be tracked throughout the tissue construct, outlining where more 

mineralization had occurred, thereby highlighting the hard and soft tissue locations within the 

construct. [92] MRI was also used to analyze the biochemical composition of a 3-D construct by 

relating quantitative MRS measurements to the biochemical properties of the construct. 

Measurements of T2 relaxation time and diffusivity dropped as culture time increased, indicating 

construct development.  Over the same time, changes in the construct glycosaminoglycan content 

were measured, correlating the MRS changes to the changes in biochemical makeup of the tissue 

construct. [93] Bone density monitoring was also used to determine the effects of ultrasound on a 

tissue construct.  Weekly non-invasive monitoring of T2 relaxation time was used to determine 

the amount of bone development in a construct, which proved that ultrasound stimulation 

accelerated osteogenesis. [94] MRM can also been used to determine the diffusion tensor in 

tissue, providing a wealth of structural, growth, and organizational information about tissues or a 

tissue construct, or in the case of the new NMR-compatible bioreactor, the location of cells 

within the growth construct. [95] 

MRI has also been used to monitor tissue construct growth in a variety of construct 

materials.  Spatial distribution of minerals within a polymer bone construct was tracked via 

MRM, and tissue growth within a hollow fiber bioreactor was monitored for composition 

changes during development. MRM determined which parts of the tissue construct had higher 

water content and were high in collagen, indicating a lower mineralization. These changes were 

tracked over nine weeks to completely analyze construct growth, development, and 
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mineralization. [96, 97] NMR-compatible bioreactors have been used to analyze the structural 

function of chondrocyte tissue constructs under a variety of stresses.  The development of such 

systems provided a method where stresses could be applied to a construct while MRI images 

were acquired, allowing for the comparison of the construct before, during, and after the stresses 

were applied. [98] The analysis of construct behavior allows for better predicting of how the 

construct would behave on a very small tissue scale.  The bioreactor allows for exploration of 

how the stresses affect specific areas of the construct differently, as opposed to simply analyzing 

the behavior of the bulk construct.    

MRI has a variety of in vivo tissue engineering uses, mainly focused on the tracking of 

cells or a tissue construct in vivo. MR imaging was used to determine the location of injected 

tissue engineered pancreatic cell beads.  The cells were followed after their injection to 

determine their location in vivo. [99] It has been shown to track an implanted tissue scaffold 

seeded with hMSCs in vivo and track the individual cells. MR imaging can monitor their 

behavior and outgrowth at the implant site. [100] Recently, MRS has been used extensively to 

track stem cells in vivo.  Both mesenchymal and embryonic stem cells can be labeled with 

contrast agents, which give the cells the ability to be tracked and determine their behaviors when 

injected into a wound site.  The cells can then be visualized within the place of implant.  Stem 

cell trafficking, migration, and ultimate fate in vivo can be monitored and analyzed. The use of 

contrast agents can also track a stem cell tissue engineered construct in vivo.  The inclusion of 

contrast agents allows for the visualization of the architecture of the construct as well as how and 

where the individual cells are seeded within the construct. [101-106]  Finally, new evidence 

shows that NMR can detect what is being termed a “neuronal stem cell biomarker”, which has 

thus far been shown to be specific to neural progenitor stem cells and is not found in fully 

differentiated cells [107].  The functional results of this research have been disputed, [108-110] 

and the most recent research on this topic suggests that while the biomarker not be neuronal stem 

cell specific, it may be specifically related to neurogenesis or neuronal stem cell processes in 

vivo. [111] However, the proposition of using MRS or MRI to identify specific progenitor or 

stem cells characteristics in vivo or in vitro represents another use of spectroscopy that could 

open many doors to future clinical or analytical use in stem cell research. 
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Figure 2.1: The mesengenic process. Adult mesenchymal stem cells (MSCs) are able to 

differentiate into bone, cartilage, muscle, marrow stroma, tendon/ligament, fat and other 

connective tissues in a sequence of lineage transitions. [112] 

 

 

Table 2.1: Trophic factors secreted by MSCs. MSCs secrete a variety of trophic factors in a 

paracrine fashion to aid in tissue therapy, including anti-apoptotic factors, angiogenic factors, 

immunosuppression factors, and anti-inflammatory factors. (s) – secreted by MSCs (i) – induced 

up or down regulation by MSCs. [33, 34, 36, 112-117] 
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Figure 2.2: Trophic mechanism of tissue repair. MSCs have the capacity to trophically 

mediate hematopoiesis as a natural part of homeostasis. After tissue damage, MSCs can 

contribute to tissue repair by entering the damaged region either as a consequence of local 

chemo-attractants or by systemic mobilization. MSCs expanded in culture can be introduced by 

direct injection into the damaged tissue or systemically by intravenous injection. Once in 

residence in the damage site, MSCs produce an array of bioactive factors that contribute to 

positive repair outcomes. [33] 
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CHAPTER 3 – MATERIALS AND METHODS 

 

Unless otherwise specified, chemicals were acquired from Sigma (St. Louis, MO) and 

monoclonal antibodies were acquired from Abcam (Cambridge, MA).   

 

3.1 Cell Culture 

Basic Cell Culture: Bone marrow derived hMSCs were obtained according to previous work. 

[118]  Bone marrow aspirates of approximately 2 ml were drawn from healthy donors ranging in 

age from 19 to 49 years under an Institutional Review Board-approved protocol.  Plastic 

adherent nucleated cells were separated from the aspirate and cultured using complete media 

[alpha MEM with 10% FBS (Atlanta Biologicals, Lawrenceville, GA) and 1% 

penicillin/streptomycin (P/S) (Gibco, Carlsbad, CA)] at 37°C and 5% CO2.  The hMSCs from 5 

different donors were used to conduct the various assays and provide a complementary data set. 

hMSCs were cultured at 95% air (20% O2) and 5% CO2. 

 

Cell Expansion: In preparation for usage, hMSCs at various passages were cultured in complete 

media to 80% confluence on T-150 tissue culture flasks or tissue culture sterile petri dishes.  

Cells were washed with PBS and harvested by incubating the cells for 5 minutes at 37°C with 

1mL per 25 cm
2
 of 0.25% trypsin (Gibco, Carlsbad, CA) / 1mM EDTA solution in PBS per dish. 

Trypsin was neutralized using culture media and cells were centrifuged for 7 minutes at 500g. 

Early passage cells are defined as passage 3-5. Late passage cells are defined as passage 8-10. 

Cells under passage 3 were used for expansion and not for collection of experimental data. 

 

Oxygen Studies: Experiments conducted normoxia, or normal oxygen tension refer to cell culture 

in an incubator with 20% oxygen. Gas concentration within the incubator is maintained with a 

mixture of ambient air (~20% O2) and 5% CO2.  Hypoxia, or low oxygen tension experiments 

were conducted under oxygen tensions of 1%, 2%, or 5% O2. To maintain low oxygen tension 

culture conditions, cell cultures were placed into a sealed Tupperware container with inlet and 

outlet ports.  Humidified gas containing the selected oxygen tension with 5% CO2 and the 
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balance N2 was pumped into the sealed container for 60 minutes daily.  The container was only 

opened every 3
rd

 day to change growth medium in the cultures and cultures were replaced 

immediately after the change.  

 

3.2 3-D Scaffold Preparation/Cell Culture 

3-D PET Scaffold Treatment: Synthetic polyethylene terephthalate (PET) fibrous matrices were 

cut and treated.  PET constructs were treated with a solution of 1% Na2CO3 and 1% Tween-20 at 

60°C for 30 minutes. PET was then washed with deionized water (DI-H2O) at 60°C for 30 

minutes. PET was washed with 0.5% NaOH at 100°C for 90 minutes to create carboxyl and 

hydroxyl groups on the surface and improve hydrophilicity. PET was then washed with 

deionized water (DI-H2O) at 60°C for 30 minutes.  PET was dried at room temperature 

overnight. Constructs were then thermally compressed at 120°C to approximately 1.2 mm 

thickness and 85% porosity. The diameters of the PET fibers were about 20 µm and pore sizes 

ranged from 100 to 200 µm. 

 

3-D Depth Filtration: hMSCs were seeded into 3-D PET matrices via depth filtration.  5-6x10
6
 

low passage hMSCs were suspended into 10 mLs of complete media.  Cells were passed through 

4 stacked PET matrices at roughly 1mL/min via gravity filtration.  The cell suspension was 

passed through the stacked matrices four times to improve seeding efficiency.  Matrices were 

placed in 6-well plates with 5 mLs of complete media. Media was changed every other day, 

transferring the matrices to larger well plates to accommodate higher nutrient needs (due to 

increased cell proliferation.  The approximate amounts of complete media needed are as 

followed; day 1-5, 5 mLs; day 6-10, 10 mLs; day 11-15, 15 mLs; day 16-20, 20 mLs; day 21-30, 

30 mLs.  

 

3.3 Standard Biochemical Assays: 

DNA Assay: A DNA standard was prepared by dissolving salmon testes DNA in TEX (10 mM 

Tris, 1 mM EDTA, 0.1% Triton X-100), and its concentration confirmed using light at 260 nm 

from a µQuant UV spectrophotometer (Biotek Instruments, Winooski, VT). Serial dilutions were 
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prepared and used to construct a standard curve for each assay. At the beginning of experiments, 

a known concentration of hMSC in suspension was also serially diluted. These cells were 

dissolved in TEX with 0.1 mg/ml proteinase K at 50°C overnight and used to construct another 

standard curve. Unknown cellular samples were centrifuged into a pellet and dissolved in 0.1 

mg/ml proteinase K as well.  Samples of cell lysate (100 µL) were placed in duplicate or 

triplicate in to a 96-well plate and 100 µL of Picogreen (Molecular Probes, Eugene, OR) added 

to each well. The plate was incubated at 37°C for 10 min in the dark and then read on a Packard 

Fluoro Count fluorescent plate reader (Global Medical Instrumentation, Ramsey, MN).  The two 

standard curves were compared to determine the cellular DNA content, which was found to be 

9.3 pg/cell.  This value was used to convert DNA content in unknown samples to cell number. 

 

Protein Assay: PET constructs (3-D) or tissue culture well plates (2-D) were removed aseptically 

from media and washed in PBS solution. Total protein was extracted from the matrices (3-D) or 

plate surface (2-D) in a lysing buffer (120 mM NaCl, 25 mM HEPES (pH 7.4), 1 mM EDTA) 

containing 1% Triton X-100 and protease inhibitors (1% phenylmethylsulfonylfluoride, 0.1% 

leupeptin, 0.1% antipain, and 0.1% aprotinin). A small volume of the cell-lysate was used to 

perform protein assays. A stock protein solution was prepared from bovine serum albumin 

(BSA) (Fisher Scientific), and a serial dilution was generated to use as a standard curve. 

Standards as well as samples of diluted crude protein extracts (10 µl) were placed in triplicate 

into a 96-well plate and 200 µl of diluted Protein Assay dye solution (Bio-Rad, Hercules, CA) 

were added to each well. The absorbance at 595 nm was read on a microplate reader (Bio-Rad).  

Western Blot sample buffer (25% Tris-SDS buffer [6% Tris base + 0.4% SDS], 20% glycerol, 

4% SDS, 2% 2-mercaptoethanol, 1 mg bromophenol blue) was added in a 1:1 ratio to cell lysate 

remaining after protein assay.   

 

Western Blotting: Cell lysate samples were separated by SDS gel polyacrylamide electrophoresis 

and transferred electrophoretically onto nitrocellulose membranes (0.2 µm). The membranes 

were then blocked using a Tris buffer containing 0.1% Tween-20 and 5% dry milk. Membranes 

were incubated with primary antibody overnight at 4°C, washed with blocking buffer and 

incubated with an alkaline phosphatase-conjugated secondary antibody for 1 h at room 
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temperature. Protein bands were determined by reacting the secondary antibody with a substrate 

(Bio-Rad) to provide a chemiluminescent signal, which was detected using X-ray film or a Bio-

Rad Fluor-S multiimager. Blots were normalized to -actin or GAPDH protein content to 

quantify relative amounts of target proteins.  

 

Immunocytochemistry staining(Mouse mAb): The expression of various extracellular matrix 

(ECM) proteins was examined by immunocytochemistry staining. hMSCs were grown on glass 

coverslips in 6-well tissue-culture dishes. Upon harvesting, the coverslips were washed with PBS 

and fixed with 4% paraformaldehyde for 30 min.  Coverslips were washed with Tris buffer 

(TBS) containing 0.5% Triton-X 100 and blocked with 1% goat serum. Coverslips were 

incubated with the primary antibody (in blocking buffer) overnight at 4 °C. Coverslips were 

washed with blocking buffer and incubated with FITC or TRITC-conjugated secondary antibody 

(Jackson Laboratories, West Grove, PA) for 1 h at 37 °C. Coverslips were washed again with 

TBS/Triton-X and mounted using Vectashield with DAPI (Vector Laboratories, Burlingame, 

CA) to counterstain the cell nuclei. Slides were sealed with nail polish and samples were viewed 

using an Olympus BX51 microscope coupled to a QImaging Retiga EXi digital camera system. 

 

Immunocytochemistry staining(Rabbit rAb): The expression of various intracellular proteins was 

examined by immunocytochemistry staining. hMSCs were grown on glass coverslips in 6-well 

tissue-culture dishes.  Upon harvesting, the coverslips were washed with PBS and fixed with 4% 

paraformaldehyde for 30 min.  Coverslips were washed with PBS and blocked for 60 minutes 

with 5% goat serum in a PBS/0.3% Triton-X solution. Coverslips were incubated with the 

primary antibody (in PBS/Triton-X) overnight at 4°C.  Coverslips were washed with PBS and 

incubated with FITC or TRITC-conjugated secondary antibody (in PBS/Triton-X) for 1.5 h at 

37 °C.  Coverslips were washed again with PBS and mounted using Vectashield with DAPI to 

counterstain the cell nuclei. Slides were sealed with nail polish and samples were viewed using 

an Olympus BX51 microscope coupled to a QImaging Retiga EXi digital camera system.  Note: 

For double antibody immunocytochemistry staining, coverslips were exposed to blocking buffer 

containing both primary/secondary antibodies.   
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ELISA (PGI2): PGI2 levels were assayed using an ELISA kit. Assay buffer, tracer, Ellman’s 

reagent, and wash buffer were prepared beforehand with the reagents from the kit.  Standards, 

non-specific binding, maximum binding, and total activity samples were prepared and were 

added to the well plate along with unknown samples.  Appropriate amounts of assay buffer, 

tracer, and antibody were added to the respective wells.  The plate was incubated overnight at 

4°C.  The plate was washed with wash buffer and Ellman’s reagent was added. Tracer was added 

to the appropriate wells and the plate was developed for 90 minutes in the dark.  Absorbance was 

read at 405nm on a microplate reader (Bio-Rad). 

 

ELISA (nitric oxide): Nitric oxide secretion levels were assayed using an ELISA kit.  Nitric 

oxide reagent, NADH reagent, and nitrate reductase reagent were prepared according to 

instructions and reagents contained in the kit. Nitrate and nitrite standards were serially diluted.  

Appropriate amounts of reaction buffer were added to the wells.  Unknown samples and 

standards were added to the plate.  NADH reagent and nitrate reductase were added to the wells.  

The plate was incubated for 30 minutes at 37°C. Griess Reagent I and II were added to each well 

and the plate was shaken to mix.  The plate was incubated at room temperature and optical 

density at 540 nm was read on a microplate reader (Bio-Rad).   

 

3.4 Differentiation 

hMSC Cardiomyocyte Differentiation: Low passage hMSCs were harvested and seeded onto 

glass coverslips at a density of 1,000 to 4,000 cells/cm
2
. Cells were cultured for 2 days in 

complete media. On day 3, complete media was removed and cardiomyocyte differentiation 

media was added. Cardiomyocyte differentiation consisted of low glucose DMEM (Gibco, 

Carlsbad, CA) containing 10% FBS, and 1% P/S, supplemented with 10 µM 5-azacytidine, 10 

µg/L basic fibroblast growth factor (bFGF), and 0.25 mg/L Amphotericin B. 

Immunocytochemistry staining of cardiac myosin heavy chain, and α-sarcomeric actin was used 

to detect differentiation.   
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hMSC Osteoblast Differentiation: Low passage hMSCs were harvested and seeded onto glass 

coverslips at a density of 1,000 to 4,000 cells/cm
2
. Cells were cultured for 2 days in complete 

media. On day 3, complete media was removed and osteogenic differentiation media was added.  

Osteogenic differentiation consisted of complete media supplemented with 100 nM 

dexamethasone, 10 mM sodium- -glycerophosphate, and 0.05 mM ascorbic acid-2-phosphate. 

Von Kossa Staining was used to detect mineralization of the ECM. 

 

Von Kossa Staining for Calcium: Glass coverslips containing the differentiated hMSCs were 

washed with PBS and fixed in 10% formalin for 60 minutes. Coverslips were then rinsed and 

incubated under UV light for at least 15 minutes.  Coverslips were rinsed again and washed in 

5% sodium thiosulfate.  Coverslips were rinsed and incubated with nuclear fast red for 3 minutes 

at room temperature to counterstain.  Coverslips were washed and samples were viewed using an 

Olympus BX51 microscope coupled to a QImaging Retiga EXi digital camera system. 

 

Osteogenic Differentiation: Low passage hMSCs were induced to differentiate into osteoblast 

according to the above protocols.  Samples for Von Kossa staining were assayed at day 7 and 

day 14.  

 

Cardiomyocyte Differentiation: Low passage hMSCs were induced to differentiate into cardiac 

myocytes according to the above protocols. Samples were cultured under normoxia and both 2% 

and 5% oxygen tension.  Immunocytochemistry staining samples were assayed at time points of 

2, 3, and 4 weeks post differentiation under all oxygen tensions.   

 

 

3.5 Bioreactor 

Media: Complete media was used in all bioreactor experiments unless otherwise noted.  
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Growth Chamber Assembly: Delrin® support plugs were fabricated at the Florida State 

University Institute of Molecular Biophysics machine shop.  Treated PET matrix pieces were cut 

to the size of the Delrin®  support plug.  The PET was sutured in place using medical grade K-

871 silk sutures. (Esutures, Mokena, IL) Nalgene 5/32" OD tubing was inserted into the support 

plug. The entire assembly was inserted into a 20mm OD medium walled NMR tube. (Wilmad, 

Buena, NJ) Sterilized cotton was placed into the tube to prevent contamination.  

 

Bioreactor Seeding Efficiency Trials: Approximately 0.5-1x10
6
 late passage hMSCs were seeded 

into each bioreactor growth chamber.  hMSCs were harvested and suspended in 3mLs of 

complete media.  Cells were injected into the reactor growth chamber and flowed transversely 

across the PET matrix. The cell suspension was flowed through the seeding loop for 6 hours at a 

rate of 0.2 mL/min. After seeding, the growth construct was removed and assayed for seeding 

efficiency.  

 

DNA Assay: PET matrices were removed aseptically from their respective culture conditions, 

washed in sterile PBS and cut. The scaffold was sectioned spatially (top, middle, bottom) into 6 

equal parts to perform the DNA assay. Cells in the constructs were lysed by placing the scaffolds 

in TEX with 0.1 mg/ml proteinase K (Fisher Scientific, Pittsburgh, PA) at 50°C overnight. Cell 

lysates were analyzed to get a cell number count as previously described. 

 

Bioreactor Dynamic Seeding for Long-term Growth: Approximately 8-10x10
6
 middle passage 

hMSCs were seeded into each bioreactor growth chamber.  hMSCs were harvested and 

suspended in 3mLs of complete media.  Cells were injected into the reactor growth chamber and 

flowed transversely across the PET matrix. The cell suspension was flowed through the seeding 

loop for 6 hours at a rate of 0.2 mL/min. After seeding, the Delrin® support plug was either 

lifted 0.75cm from the bottom of the tube to support parallel media flow, or kept in contact with 

the bottom of the tube to force transverse media flow.  
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Metabolic Activity Analysis: Cellular glucose and lactate samples were taken from the bioreactor 

via sampling ports in the system tubing just prior to and just after the growth chamber.  Glucose 

and lactate concentrations were determined using a 2700 Biochemistry Select Analyzer (YSI 

Incorporated, Yellow Springs, OH). These values were used to determine glucose consumption 

and lactate production in cultures over a 10-40 day period. 

 

NMR Bioreactor Experiments: For the static bioreactor spectroscopy, the growth chamber was 

removed from the perfusion flow system in the lab and transported to the NMR magnet. No 

perfusion flow occurred inside the magnet.  For the perfused bioreactor, a flow system was set up 

near the magnet, similar to the flow system used in the lab.  Fresh complete media was circulated 

and air was purged from the tubing.  The bioreactor growth chamber was removed from the 

perfusion system in the lab and aseptically transported down to the NMR magnet with flow ports 

covered to prevent contamination.  The flow system contained an inflow port to enable the 

addition of standards.  The growth chamber was connected to the flow system and was perfused 

with fresh complete media during the course of the NMR and MRS experiments.   

 

1
H NMR Spectroscopy:

 1
H NMR and MRS spectroscopy was performed on the bioreactor using a 

11.7 T, 41 mm bore cryopumped magnet on a Bruker Avance spectrometer equipped with 

Micro2.5 imaging gradients (1 T/m maximum strength). The bioreactor was placed inside a 

20mm birdcage coil and was actively perfused during signal acquisition. To localize collection of 

NMR spectra to the surface of the PET construct, high resolution 
1
H images were acquired with 

a gradient recall echo sequence (GRE) with averaging (NEX) = 1, echo time (TE) = 5.0 ms, 

recovery time (TR) = 150 ms, matrix (MTX) of 330×128×128, and a field of view (FOV) of 

2.56×2.00×2.00 cm
3
. An isotropic resolution of 50 µm was acquired in 2.75 hours. Following 

imaging, NMR data were acquired from rectangular voxels (2×2×2 mm) using both Point 

Resolved Spectroscopy (PRESS) and Stimulated-Echo Acquisition Mode (STEAM). Voxels 

were placed along one edge of the bioreactor in 2-mm increments that progressed from the 

bottom of the bioreactor to the top. NMR spectra were acquired with the following parameters: 
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SW = 20 kHz, number of points = 4096, TE = 12ms, TR = 2500 ms, NEX = 512, and water 

suppression achieved through CHESS preparation. 

 

T2 and Apparent Diffusion Coefficient Calculations: MR images were acquired using a spin-echo 

imaging sequence and were analyzed to quantify both  T2 and ADC of the PET construct within 

the bioreactor.  To quantify T2, images were acquired over 2.1 hours with SW = 10kHz, NEX = 

6, TE = 12 ms, TR = 6.3 s, MTX = 256×200, a FOV of 2.56×2.00 cm
2
, and a slice thickness of 

0.35mm.  Diffusion weighted images were acquired over 10 hours with SW = 10kHz, NEX = 12, 

TE = 30 ms, TR = 3.0 s, MTX = 256×200, with the same MTX, FOV, and slice thickness as T2.  

The diffusion gradient strength was incremented during acquisition with b values of 14.61, 

805.7, 1545, 2275, and 3001 s/mm
2
.  Quantification of both T2 and ADC was performed with a 

region of interest (ROI) analysis.  Square ROIs within the PET construct and the surrounding 

bulk media were generated and average signal intensity over the entire ROI was measured.  

Based on these measurements, T2 relaxation time and ADC were calculated by fitting signal 

intensity as a function of TE or b (respectively) using a non-linear Levenberg-Marquardt 

regression analysis for a single decaying exponential function.  Statistical analysis was done 

using a Students t-test. 

 

Protein Sample Collection: Protein samples were collected from the bioreactor for western blot 

analysis.  The PET construct was removed from the flow system and cut away from the Delrin® 

support.  It was washed with PBS and cut in half. Each half was extracted as outlined previously 

in the “Protein Assay” section. Samples were taken for both parallel and transverse flow 

conditions at day 10 and day 20 post seeding.  

 

 

3.6 Angiogenesis Experiments 

Hypoxia Effects on Short-term Angiogenic Potential: Angiogeneic potential of hMSCs was 

explored by assaying levels of Akt, AMPK, p-Akt, and p-AMPK expression.  Antibodies were 

received from Cell Signaling Technology (Danvers, MA).  Low hMSCs were cultured in low 
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serum (2%) complete medium under normoxic or 2% O2 hypoxic conditions for up to 96 hours.  

Cells were harvested and analyzed for pro-angiogenesis proteins via western blotting and 

immunocytochemistry staining (rAb) for the aforementioned proteins.  Samples were taken for 

each assay at 24, 48, 72, and 96 hours.   

 

Hypoxia/Culture Effects on Angiogenic Potential: Angiogenic potential of hMSCs was explored 

by assaying for changes in PGI2 and nitric oxide levels secreted by the cells.  Low passage 

hMSCs were cultured on 2-D tissue culture plates or 3-D PET scaffolds in low serum (2%) 

complete medium, under normoxic or 2% O2 hypoxic conditions.  Cells were seeded into 

scaffolds via depth filtration.  Cellular samples were collected at day 7 and day 14 after seeding.  

Samples were assayed for secretion of nitric oxide and PGI2 as outlined above.   

  



32 
 

CHAPTER 4 – DEVELOPMENT AND IMPLEMENTATION OF THE BIOREACTOR 

 

4.1 Bioreactor Development 

The design of the NMR-compatible bioreactor was a process which combined the 

bioreactor technology available in the lab with the need to develop an NMR-compatible, non-

invasive bioreactor for long-term growth. The previously used bioreactors in Dr. Ma’s lab were 

composed of three-dimensional PET cell scaffolding cut into flat circular discs approximately 

1.5 - 2 mm thick and placed flat on a larger scaffold for structural support.  Medium was flowed 

past the PET constructs, over the top and bottom of the discs. (Figure 4.1) [44, 48] The aim was 

to modify this design to fit the specific needs of the project.  Some vital parameters that needed 

consideration when designing the bioreactor were as followed.  1) Size: the reactor needed to be 

able to fit inside an NMR magnet, so effective size of the growth chamber was limited to the size 

of NMR tube that would fit the existing NMR probe. 2) Shape: the reactor needed to fit inside a 

cylindrical NMR tube and needed to accommodate the requirements for dynamic cell seeding 

and perfusion flow of the media. 3) Tubing: the reactor needed to be outfitted with tubing to 

handle perfusion flow. This tubing would need to seal to the reactor to prevent any leakage of 

media and possible contamination.  4) Support: the reactor needed to contain some type of 

support structure that could secure the PET construct, seal against the NMR tube, and attach the 

necessary tubing for media flow.  5) Flow ability: the reactor needed to accommodate flow into 

and out of the growth chamber in the same direction, without building up too much pressure 

against the glass and support structure.  6) Movement ability: the reactor needed to be able to 

move, as to change the configuration of the cellular construct between cell seeding and cell 

growth.   

  The first approach to designing the NMR-compatible bioreactor was to stack a series of 

discs on top of one another inside the NMR tube. This approach was used previously to culture 

hippocampal slices inside of an NMR tube. [119] This approach would provide high cell density 

and optimize the ratio of occupied tube space to the amount of cells “seen” by the NMR coil.  

The major flaw with this initial design was the media flow.  Flowing medium through the PET 

discs would have created a nutrient gradient within the stack and caused uneven delivery of 

necessary nutrients to the cells.  It would also have been difficult to seed the hMSCs into the 



33 
 

PET matrix in this configuration.  To optimize the delivery of nutrients and to better facilitate 

cell seeding, a cylindrical design of the PET matrix scaffolding was developed, whereby medium 

would flow into the bioreactor through the center of the cylinder.  This design (Figure 4.2) 

allows for medium (and thereby nutrients) to be delivered equally to all cells along the center of 

the cylinder and allows for uniform flow across and along the seeded PET matrix.   The 

cylindrical shape was chosen as it allows medium to flow out of the bioreactor via outflow tubes 

placed along the outside of the cylinder PET matrix. The cylindrical shape design of the PET 3-

D construct gives flexibility to the growth chamber and satisfied many of the necessary 

parameters for the bioreactor as outlined above.  The cylinder could be adapted to fit in a variety 

of tube sizes and it would allow for proper fluid flow through the growth chamber. (Figure 4.3) 

The next stage in bioreactor design was to find a method to hold the PET construct in 

place inside the reactor, allow for movement of the PET construct, and allow for the sealing of 

the growth chamber.  The PET matrix lacks structural rigidity, so a support framework was 

needed to anchor the matrix seeding bed.  A Delrin® based support was chosen.  Delrin® is a 

rigid, inflexible polymer that is lightweight and extremely durable.  It does not leech any 

hazardous chemicals into surrounding cellular growth media.  These properties of Delrin® made 

it an ideal materials candidate for the bioreactor.  Delrin® provides a solid structural support, it 

seals the growth chamber inside the NMR tube, and it provides a sound structure to attach the 

inflow and outflow tubing.  The framework was designed in a cylindrical shape to match the 

shape of the PET construct.  It contains three support posts arranged roughly 120 degrees apart in 

a circular fashion.  The supports are attached to a cylindrical plug that was machined to fit 

precisely into an NMR tube.  Holes were drilled in the cylindrical plug to allow for the insertion 

of inflow and outflow tubing.  Four outflow holes were created to minimize the amount of fluid 

pressure that could build up within the system.  A small threaded cap was placed atop the inflow 

port.  This provided an attachment place for a long polymer rod, which is used to raise and lower 

the growth chamber support structure within the NMR tube. (Figure 4.2, 4.3)  

The final construction of the NMR-compatible growth chamber involved assembling the 

above designed components.  A 20mm OD NMR tube size was selected because it gave the 

maximum growth area available for the available NMR probe sizes.  To assemble the system, the 

PET matrix is cut to shape and wrapped around the support posts.  It is anchored to one support 

with medical grade silk sutures.  This closes the cylinder and provides the necessary structural 
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rigidity.  Nalgene® brand tubing is pulled through the holes in the cylindrical cap and is used for 

inflow and outflow.  The entire assembled plug and PET is then inserted into the NMR tube and 

pushed to the bottom, using the rod attached to the threaded cap. (Figure 4.3, 4.4) 

 

4.2 Flow Testing of the Bioreactor 

 Upon completion of the reactor system development, the entire reactor system was flow 

tested with both water and culture media. (Figure 4.4) A peristaltic pump was used for all flow 

testing experiments, as it is the type of pump used during bioreactor operation.  Fluid flow was 

tested in both directions to insure integrity of the system.  The bioreactor was filled with water 

and monitored for even filling of the growth chamber.  There was minimal leakage within the 

bioreactor that resulted from the dry contact of the Delrin® plug and the tube wall.  However, 

when the surface was wetted, there was no additional leakage.  A variety of different flow rates 

were tested to determine the flow limits tolerated by the system.  The reactor was able to handle 

fluid flow rates up to 5.0 mL/min.  Higher flow rates were not tested as they are not 

physiologically relevant.  Long-term flow tests for 24 hours were conducted.  During the test, 

small air bubbles formed along the PET matrix.  Since the air bubbles could introduce 

inhomogeneities into the system that would adversely affect the resonance lineshapes acquired 

by NMR spectroscopy, the bubbles needed to be removed.  Plugging one or more of the outlet 

tubes allowed the air bubbles to be bled out of the growth chamber.  The same set of tests was 

run with serum free media with the same results.   

The bioreactor system was then tested inside the culture incubator at 37°C with complete 

media.  Initial tests revealed that the Delrin® support plug expanded after exposure to the 

increased temperature.  Expansion of the plug caused the NMR tube to crack.  The plug was 

sanded down to allow for expansion upon heating.  Since the sanded plug was too small to seal 

the growth chamber, the plug was allowed to acclimate to the incubator for 24 hours prior to any 

media flow through the growth chamber.  After 24 hours of acclimation, there was a small 

amount of media leakage, due to the dry plug/tube wall interface.  To combat this problem, 

media was flowed into the reactor system and the growth chamber was filled.  Fluid flow was 

then shut off for an additional 24 hours.  When flow was restarted, it was discovered that the 

plug had successfully sealed the growth chamber.  This protocol was adopted for all future 
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experiments with the bioreactor.  A long-term control reactor was set up, and media was 

successfully perfused through the growth chamber (without cells) for 3-5 days.   

 

4.3 Cellular Seeding 

 Before the reactor could be used for any NMR experiments, a number of growth 

experiments were completed to help characterize the reactor.  Cell seeding efficiency 

experiments were performed to determine the seeding efficiency of the novel bioreactor and to 

compare with the well established reactors in Dr. Ma’s lab.  The support plug was pushed flush 

with the bottom of the NMR tube. (Figure 4.5) Cells were concentrated into a three mL 

suspension and injected into the growth chamber.  Seeding data was compiled by using the DNA 

assay to compare initial cell DNA amount to DNA amount recovered from the PET matrix.  A 

total of 18 seeding efficiency experiments were performed.  Initial trials involved seeding the 

cells for 3 hours at a flow rate of 0.2 mL/min. Average seeding efficiency for these trials was 

found to be 35.6%. In an effort to optimize seeding efficiency, flow rate was slowed to 0.1 

mL/min for three hours.  However, this proved unsuccessful, as the seeding efficiency during 

these trials dropped to 23.1%.  Continuing optimization efforts, the flow rate was returned to 0.2 

mL/min for the remainder of the trials.  Using a faster flow rate would prevent hMSC adherence 

to the PET matrix fibers.  The seeding time was increased from three to six hours.  This lead to 

an overall increase in seeding efficiency, with an average of 40.6% of cells seeded into the PET.  

Overall, the total seeding efficiency across all trials was 39.6%. (Figure 4.6) 

To determine the fate of the unseeded hMSCs, the culture media was collected from the 

growth chamber and analyzed for cellular content.  Results from numerous trials determined that 

an average of 14.2% of the total cells inoculated were found in the media within the NMR tube.  

This gives a total of recovery of 53.8% of the cells seeded.  The data can be extrapolated to show 

that cells are distributed equally throughout the media in the perfusion system.  The growth 

chamber has a volume of roughly six mLs, and the seeding loop of the bioreactor perfusion 

system has a volume of five to six mLs.  Based on this data, it can be assumed that there are an 

additional 14.2% of unaccounted for cells in the perfusion system seeding loop, bringing the total 

to 68% of the cells that were initially seeded into the bioreactor.   
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The second purpose of the cellular seeding efficiency experiments was to determine the 

spatial distribution of the hMSCs within the PET construct.  A uniform distribution of the cells 

was necessary to acquire a representative NMR spectrum of the entire construct from any single 

point.  An inhomogeneous distribution of cells could cause cellular behavior to differ in different 

parts of the construct.   During the first seeding experiments, the media inflow tube was left flush 

with the surface of the cylindrical plug.  DNA analysis of the seeding distribution demonstrated 

an inhomogeneous seeding profile within the construct.  Half of the cells seeded (50%) were 

located in the top third of the construct, while only 22% and 28% of the inoculated cells were 

located in the middle and bottom thirds, respectively.  To homogenize the cellular distribution, 

the inlet tubing was extended to roughly half way down into the middle of the growth construct.  

Multiple seeding experiments were conducted with the new configuration, and the cellular 

distribution was found to be more homogeneous, with a ratio of 26% of the cells found in the top 

third, 29% in the middle, and the remaining 45% in the bottom.  These results are not statistically 

different, and it is therefore safe to assume that the cells are being seeded into the bioreactor 

growth construct in a uniform matter. (Figure 4.6)  

 

4.4 Long-term Cellular Growth in the Bioreactor 

 Proliferation of hMSCs seeded within the reactor was analyzed to ensure that the reactor 

could support hMSC tissue construct growth over the necessary time period for future NMR 

experiments.  Low passage hMSCs were seeded in the bioreactor and cultured for 10-15 days.  

During these experiments, media samples were collected to analyze for glucose and lactate 

concentration.  Monitoring the metabolic activity was necessary to show that the hMSCs seeded 

were viable over the long-term growth period and thus the reactor was useable.  The reactor was 

seeded as it had been during the efficiency experiments. After seeding was complete, the plug 

was lifted off of the bottom of the NMR tube to allow for media flow around the construct.  

Contamination problems occurred during the first few experimental runs. (Figure 4.5) The 

reactor growth chamber became contaminated 2-3 days after seeding the cells.  It was 

determined that the column of air inside the reactor tube was allowing bacteria to come in 

contact with the top of the plug and any media that may have leaked out during flow acclimation.  

In turn, the bioreactor would become contaminated.  To eliminate this problem, removal of the 
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air column was necessary.  This was done by sterilizing cotton balls and placing them into the 

reactor tube after assembly.  The cotton would prevent an air column from forming and 

contacting any leaked media.  This solution proved successful and eliminated the contamination 

problems.   

 During the long-term trials, two or more media change routines were practiced.  Media 

was either allowed to circulate for the entire duration of the growth period or media was changed 

after approximately 5-7 days.  If media is not changed, lactate levels can become dangerously 

high (> 0.5 g/L) and glucose levels can drop extremely low (< 0.5 g/L).  This can cause the 

culture media to become toxic to the cells and subsequently interfere with their proliferation or 

even kill them.  Initial glucose concentration in the complete media is approximately 1.0 g/L, 

while initial lactate concentration is 0.0 g/L.  The results from the biochemical analysis show that 

during the long-term growth period, a drop in glucose concentration and an increase in lactate 

concentration is visible.  This is indicative of viable cellular material within the reactor.  When 

media was changed after 5-7 days, there were slight increases in glucose consumption, an 

indication that the cells were in a proliferative state. (Figure 4.7, 4.8b) 

 During the long-term growth trials, spatial distribution of the hMSCs was also monitored.  

As mentioned earlier, a uniform distribution of cells within the PET construct was sought out.  

Spatial distribution was analyzed via DNA assay at the end of the long-term growth experiments.  

The results from the first few experiments revealed an extremely inhomogeneous distribution of 

cells within the construct.  After two weeks of growth in the bioreactor, over 60% of the cells 

were found in the bottom third of the reactor construct while only 5.5% of the cells were located 

in the top third of the construct.  34% remained in the middle.  Note that this was different from 

the initial seeding density, meaning that during growth, cells moved from the top to the bottom 

of the construct.  The cause of this problem was that the reactor tube was grown vertically, and 

that the hMSCs within the construct were being pulled by gravity and settling at the bottom of 

the growth construct.  To alleviate this problem, a rotational growth strategy was devised.  After 

seeding, the tube was placed horizontally on its side.  This would prevent the cells from settling 

to the bottom of the construct.  To prevent the cells from accumulating on a single side of the 

construct, the tube was rotated daily approximately 60°.  After the growth method was changed, 

the spatial distribution was reanalyzed.  When cultured under the horizontal method, there was a 

redistribution of the cells.  The middle of the construct remained constant with 34% of the cells 
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located in that third.  Cell concentration in the bottom third had dropped to 45% and cell 

concentration in the top third has risen to 21% of the cells seeded.  When analyzed, these 

differences were not statistically significant, indicating that a homogeneous distribution of cells 

in the construct had been achieved after two weeks of growth. (Figure 4.8)   

 

4.5 
31

P NMR Spectroscopy of the Bioreactor 

 The first attempts to acquire useful NMR spectroscopic data from the bioreactor aimed to 

acquire a phosphorous spectrum, with the goal of establishing a metabolic profile of the hMSCs.  

At this point, attempts were being made to successfully differentiate hMSCs into 

cardiomyocytes.  The aim was to establish a baseline metabolic profile of the hMSCs, and 

subsequently monitor the changes in the metabolic profile as the hMSCs differentiated.  Primary 

experiments in acquiring a useable 
31

P NMR spectrum proved unsuccessful.  A large peak of 

inorganic phosphate was detected, but it originated from the culture media.  This peak was 

present in the control experiments when data was acquired from a blank reactor (exact replica of 

the working reactor, only without cells).  No other metabolic peaks were detectable, due to an 

extremely high signal to noise ratio. (Figure 4.9) The length of the acquisition time was also 

varied from 30 minutes to 13 hours.  Longer spectral acquisitions increased the signal strength 

received and potential 
31

P metabolite resonances were detected.  The resonances were tentatively 

identified as resonances from adenosine triphosphate (ATP). However, when comparing multiple 

acquisitions from the same reactor over a longer length of time, there was no visible increase in 

signal from the reactor.  The reasons behind the changes in the apparent spectral peaks are 

numerous.  There may not have been enough signal received from the cellular content in the 

bioreactor, or the metabolic state of the hMSCs may have changed during the long acquisition 

time or in between acquisitions.  Most likely, the reactor was not sensitive enough to pick up any 

significant changes in the metabolite concentration with the amount of cells that were seeded into 

the reactor.  The concentration may have been too low or changing too quickly to get an accurate 

reading. (Figure 4.10)   

 The biggest problem with the initial reactors was the length of time it too to acquire any 

type of useable spectra.  The spectral acquisition times ranged from 1 to 13 hours.  That 

timescale would be too long to acquire any useful data from the reactor.  Phosphorous-based 
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metabolites within the cells have concentrations that fluctuate on a much shorter time scale.  

Acquisitions that took too long do not provide useful data about the current metabolic state at a 

given time.  To get a useful snapshot of the metabolic state of the reactor, the acquisition time 

needed to be shortened down to minutes instead of hours and increase the signal from the 

reactor.  To increase the signal to noise ratio, the number of cells seeded into the bioreactor was 

increased.  To this point, 1-1.5x10
6
 low passage hMSCs had been seeded into the bioreactor 

construct.  Further research indicated that other types of NMR-compatible bioreactors had used 

many more cells in their reactors. [85] The amount of cells seeded into each reactor was 

increased to approximately 6-10x10
6
 hMSCs.  It was hoped that increasing the number of cells 

by an order of magnitude would provide a high enough intracellular metabolite content to detect 

using NMR spectroscopy.  Using a higher number of hMSCs (> 1x10
7
 hMSCs) per construct 

would have proven to be impractical and cost prohibitive.  

 The number of cells seeded was increased and 
31

P NMR spectra were acquired from the 

bioreactor after 10-15 days of growth.  Short duration spectral acquisitions (30 minutes) did not 

reveal any significant spectral resonance peaks.  Some resonances may have been phosphorous 

metabolites, but they were not definitively identified, as the peak resonance was too small.  A 

longer acquisition was needed to accurately determine if the presence of the phosphorous 

metabolites could be visualized and possibly connected back to the short duration acquisition.  

Acquisition time was increased up to many hours, which finally revealed a few small spectral 

peaks.  Tentative resonance assignments were made for the three ATP peaks (α, , ) or perhaps 

nicotinamide adenine dinucleotide (NAD).  However, the spectra were still plagued with a low 

signal to noise ratio.  The spectral peaks were also not very prominent after many hours of 

acquisition. (Figure 4.9c, 4.10) In a final attempt to acquire some useful phosphorous metabolic 

data, 
31

P NMR data was acquired continually overnight.  The run provided a large spectral peak, 

however the linewidth of the resonance was over 10ppm wide.  Any identification or isolation of 

individual metabolites would have proven impossible with such a large peak width.  

Even if the metabolites that composed the large peak had been identified, the data would 

not have fit the long-term goals of the project.  As was mentioned earlier, the long acquisition 

time required to collect any useful data proved to be a major obstacle.  It would be nearly 

impossible to take a “snapshot” of the cellular metabolism at a given point in time when the 

spectral acquisition took anywhere from 4-12 hours.  Cellular metabolism is constantly in a state 
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of flux, meaning any acquisition would be the summation of the metabolic activity during the 

acquisition time.  Finally, comparison of the metabolism in the reactor over the entire growth 

period had been extremely difficult given the reactor acquisition conditions.  With the small 

signal to noise ratio and the relatively small size of many of the “identified” spectral resonances, 

determining any differences in peak size between two reactors or between the same reactor at 

different sample times is too tough an obstacle to overcome.  Any perceived difference in peak 

size would likely be too small to make a concrete justification of actual metabolic change 

occurring within the reactor.  Given these obstacles and the limited possibility of success in 

collecting phosphorous metabolism data from the cell construct, the decision was made to shift 

directions and attempt to acquire different types of spectroscopic data from the bioreactor.   

 

4.6 
1
H MR imaging 

 Focus on the project was shifted to using the bioreactor to acquire proton (
1
H) NMR data.  

Proton NMR is more sensitive than 
31

P spectroscopy, due to the high abundance of hydrogen 

compared to phosphorous and this would improve on the low signal strength and quality that was 

previously achieved.  Using a different set of metabolites proton NMR would still provide useful 

metabolic data from the cell construct.  Proton NMR also has imaging capacity, opening up an 

entire new set of experiments that could be conducted on the bioreactor.  The switch enabled the 

broadening of data collection to much more than simple 1-D spectroscopy.   

 There were no major changes in growth protocol for conducting the 
1
H MRS 

experiments.  The same number of hMSCs was used (6-10x10
6
) and growth time was between 

10-20 days.  Some changes were made in the NMR protocol.  Previously, 1-D NMR 

spectroscopic data of the entire reactor growth chamber had been acquired.  Proton spectroscopy 

allowed for the acquisition of an image of the reactor.  This enabled direct spectroscopic 

acquisition of the PET construct, where the cells would be.  Focusing would prevent the 

construct signal from being washed out by the surrounding bulk media in the growth chamber.  

This allowed for some potential improvement on the low signal to noise ratio that had previously 

affected the 
31

P spectroscopy. 

 To move forward with the 1-D spectroscopy, a step back had to be taken.  Acquisition of 

a high resolution image of the growth chamber became the first priority of the experimental 
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process. Only after the image was generated could the project move forward with additional 

experiments.  Images of the bioreactor were collected as a series of slices in three orientations, 

axial, sagittal, and coronal.  Axial slices are collected from the top of the bioreactor down and 

provide a cross section. Sagittal slices are collected from left to right and coronal slices are 

collected from the front to the back of the bioreactor growth chamber.  Since the growth chamber 

has cylindrical symmetry, there is no difference between the sagittal and coronal slices.  Unless 

otherwise specified, lengthwise slices are in the sagittal direction.  High resolution (50 µm) 

images of the bioreactor growth chamber were collected in all three spatial directions.  From the 

images, the PET matrix is easily visualized as light gray webbing.  The lighter solid gray is the 

surrounding bulk media in the growth chamber.  The dark black sections of the images are the 

Delrin® support plug and the sutures used to hold the construct together.  At the top of the 

image, the inflow tubing can be visualized. (Figure 4.11)  A relative intensity plot of the reactor 

images showed the difference in intensity between the background and the PET construct.  The 

intensity plot illustrated the homogeneity in the reactor construct from top to bottom.  This data 

aided in verification that the hMSCs are distributed evenly throughout the construct vertically 

and that there are no large clumps of cells.  High resolution images were arranged in the proper 

orientation of the actual bioreactor. (Figure 4.11) The images were relatively clean but there are 

some points where interference occurred.  There are some susceptibility problems that came 

from the sutures, as evidenced by the bright spots near the suture location in the images.  There is 

also some susceptibility interference that came from the top of the bioreactor which may be from 

a potential air bubble trapped inside the plug or from the Delrin® plug itself.  However, most of 

the growth construct looked “clean” from an imaging standpoint and free from interference.  

This benefitted the spectroscopic data collection.  From the collected image slices and data, a 

complete computerized reconstruction of the bioreactor growth chamber was generated. (Figure 

4.11) This reconstruction can be used to visualize the growing reactor in three dimensions and 

potentially to “see” the cells inside.  With the reactor images acquired, the image slice data 

enabled the optimal collection of 1-D spectroscopic data from the growth construct.   
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4.7 
1
H NMR Spectroscopy of the Bioreactor 

4.7.a Spectroscopy of the Static (Non-Perfused) Bioreactor 

 The high resolution images collected aided in spectral acquisition.  The images of each 

bioreactor were used to focus the spectrometer to collect spectral data from a specific area of the 

growth chamber called a voxel.  From the images, the voxel was directly placed on the PET 

construct and away from all sources of spectral interference such as the sutures, trapped air 

bubbles, and the top and bottom of the construct itself.   The voxel sizes used were either a 

1×1×1 mm cube or a 1×1×2 mm rectangular solid.  The voxels were placed directly on the PET 

growth construct as to avoid the bulk media and concentrate the spectral acquisition onto the area 

with the hMSCs.   

 The first spectral data collected was along the length of the bioreactor growth construct.  

A total of seven spectra were collected from seven different voxels.  The voxels were lined up 

along one axis of the reactor and placed back to back. The purpose of this experiment was two-

fold.  The reason was to see if an NMR spectrum could be acquired from the reactor construct, 

and if this was possible, could a similar spectrum from varying spots within the reactor be 

acquired.  Results showed the acquisition of a 1-D 
1
H NMR spectrum.  The peaks were large 

enough for identification of the metabolites.  Lactate resonances were present at 1.1ppm and 

3.7ppm.  The presence of lactate within the spectrum demonstrated that there were viable cells 

within the reactor growth construct, which were undergoing cellular metabolism and producing 

lactate as a waste product.  The acquired spectra also demonstrated that there is little to no 

difference in the acquired spectra from the 6 locations along the construct axis. (Figure 4.12) 

Acquiring uniform spectral signals from all along the construct illustrated that the cellular 

construct itself is very homogeneous, and that there was an even distribution of cellular material 

within the construct.  The seventh voxel acquired was taken from a location outside of the 

growth construct.  This spectrum was significantly different than any of the spectra acquired 

from within the construct. (Figure 4.12) There was no lactate resonance present in this spectrum.  

There were large bandwidth peaks, due to acquisition of signal from some external source.  Lack 

of the appropriate metabolic resonances from outside the growth construct illustrated that the 

metabolites visualized from the construct itself are due to the presence of cellular material and 

not from an outside source, such as the surrounding bulk media.  The initial NMR spectral data 
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collected demonstrated the presence of an even distribution of cellular material within the PET 

growth construct, and not outside of the construct.   

 Additional bioreactors were analyzed to determine if a larger number of metabolites 

could be detected via 
1
H spectroscopy.  In each reactor run, the lactate resonances were detected 

as had been previously.  An unidentified resonance at 1.28ppm was also identified.  It was 

hypothesized that this resonance might be related to the neuronal stem cell resonance described 

in the background section.  No other metabolite resonances were visible however. (Figure 4.12) 

 

4.7.b Spectroscopy of the Perfused Bioreactor 

 After demonstrating the ability to acquire NMR spectroscopy data from the static, non-

perfused bioreactor, the next step was to acquire NMR spectral data from the actively perfused 

bioreactor inside the magnet.  The system needed to be modified to fit the dimensions of the 

magnet.  Media flowing out of the growth chamber needed to flow over 2 meters in a straight 

vertical direction to be removed from the magnet.   The biggest difference between the perfusion 

growth system and the perfusion NMR system was the usage of the peristaltic pump to both 

drive the media through the growth chamber and to aid in media removal from the chamber.  

Kept at the same flow rate as the inflow tubing, the outflow draws media out at the same rate 

media is pumped in. This change alleviated the problem of generating enough force to push the 

media up and out of the magnet.   

 Initial spectra acquired from the perfused reactor revealed the presence of similar 

resonances to the static reactors.  Lactate was present at 1.3ppm with a secondary resonance at 

3.9ppm.  Other tentative spectral assignments were made for previously unseen resonances.  

Resonances were found corresponding to glutamate or glutamine in the 2.2ppm region.  Sugar 

resonances were found with the secondary lactate resonance from 3.8 - 4.0ppm, and there were 

some strong resonances in the fatty acid region near 0.9 - 1.1 ppm.  The fatty acid resonances 

correspond to hydroxybutarate.  (Figure 4.13a) The metabolic state of the reactor remained 

steady over longer time periods within the magnet while under perfusion.  A compilation of 

acquired spectra demonstrated that resonance sizes, and thus metabolic concentrations, remain 

constant throughout the long-term perfusion. (Figure 4.13b)   
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 To definitively identify the metabolites that were commonly seen in the spectra, the 

perfused reactor was spiked with 50mM choline and lactic acid.  Spectroscopy allowed for the 

visualization of the spiked solutions entering and exiting the growth chamber of the construct, 

based on the appearance and disappearance of the resonances.  Based on the results, the lactate 

resonances were confirmed as previously identified.  Choline was identified through the spiking, 

however, there was no choline detected in the construct itself. (Figure 4.13c,d) 

 The next step in long-term perfusion was to determine if the spectroscopic methods were 

sensitive enough to detect any major metabolic changes within the cells.  To achieve this goal, 

cell death was stimulated in the reactor by turning off perfusion.  The spectra collected show 

little differences after 45 hours of perfusion inside the NMR magnet.  During perfusion, a 

number of spectral peaks were identified.  Lactate peaks at 1.3 ppm and 3.9 ppm were seen 

clearly and were verified through spiking of the reactor.  Several other resonances were 

tentatively assigned from their chemical shift using metabolomics databases.  Specifically, sugar 

resonances were visible in the 3.5 – 4.1 ppm region, but assignment to the specific sugars was 

not attempted.  A resonance at 2.1 ppm, consistent with glutamate or glutamine was visible 

throughout the reactor perfusion time.  A resonance at 1.5 ppm was assigned to the Alanine 

methyl group.  The spectra also contained resonances that were tentatively assigned to fatty acids 

and/or fatty acid metabolism.  Three resonances upfield of 1.0 ppm may correspond to the 

methyl groups of panothenate or Coenzyme A and a resonance at 1.1 ppm was assigned to 

hydroxybutarate.  These resonances were observed in spectra collected throughout the perfusion 

time.  The tentative spectral assignments that showed the presence of fatty acids and molecules 

involved in lipid metabolism illustrated potential hMSC differentiation into adipocytes within the 

growth construct of the reactor. (Fig 4.14a) 

The results also demonstrate that the reactor system was capable of detecting changes in 

cellular metabolism in response to changes in the environment.  Perfusion was shut off after 45 

hours to simulate cell death, and metabolic changes were visible in spectra collected from the 

reactor growth construct.  Changes in metabolism were visible 2.5 hours post stoppage (not 

shown) with more extensive changes observed 24 hours after stopping perfusion. (Figure 4.14b) 

Lactate concentration had increased significantly inside the reactor construct, consistent with cell 

death.  There was a negligible amount of glutamine/glutamate, when compared to the actively 

perfused reactor, signifying the shutdown of energy or amino acid metabolism.  The fatty acid 



45 
 

related resonances appeared to be high within 2 hours of the start of the NMR experiment with 

levels lowering after 45 hours of perfusion.  Stopping of perfusion flow appeared to have 

increased the resonance intensity in the fatty acid region of the spectrum to the highest levels. 

(Figure 4.14b) 

 

4.8 T2 Relaxation Time Measurements from the Bioreactor 

 To display the versatility of the NMR-compatible bioreactor, additional common NMR 

experiments were conducted on the growth construct, including measuring the T2 spin-spin 

relaxation time within the growth chamber.  Acquiring T2 relaxation time data simply involved 

interlacing additional NMR experiments with the 
1
H spectroscopy during the same data 

acquisition.  After collecting the appropriate data, slices of the reactor were analyzed to calculate 

the T2 relaxation time.  Measurements were taken in three places inside the reactor growth 

chamber; from inside the growth construct, from the bulk media flowing throughout the growth 

chamber, and outside of the chamber as a background control. (Figure 4.15b) 

T2 weighted images were generated from the reactor.  The images provide a visual 

representation of the T2 relaxation times collected from the system.  (Figure 4.15c) The construct 

appears much darker than the surrounding media.  The darker areas within the construct 

represent a lower T2 relaxation time, indicating the presence of cellular material.  The larger T2 

from the bulk media indicates the presence of the hMSCs is restricted to the construct and not 

present in the bulk media. 

 The T2 relaxation times acquired from within the PET growth construct are significantly 

lower than the T2 relaxation times acquired from the bulk media. (Figure 4.15d) T2 relaxation 

time in the bulk media was measured at 179.7 ms.  T2 in the construct was found to be 

significantly lower, at 87.33 ms.  The lower times are due to the presence of local J-coupling.  

The coupling and subsequent lowering of T2 comes from the presence of nuclei from other 

cellular material within the construct.   Thus, the lower T2 relaxation time from within the 

construct verifies the presence of a large amount of cellular material.   
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4.9 Apparent Diffusion Coefficient Measurements from the Bioreactor 

 A series of apparent diffusion coefficient (ADC) measurements of the bioreactor were 

taken under static flow conditions to aid in analysis of the presence and distribution of hMSCs 

within the construct.  As with the above discussed T2 experiments, ADC acquisition was 

performed during the same NMR data collection trials.  This further highlights the flexibility of 

the reactor, by demonstrating that a large amount of data can be collected from a single NMR 

trial within the magnet.  ADC measurements were collected from the bulk media and from a 

variety of voxels within the growth construct.  ADC weighted image maps were generated and 

calculations of the ADC value (measured in μm
2
/ms) were taken from many individual slices of 

the reactor.   

 ADC measurements were first taken from control static reactors (without cells), under 

parallel flow conditions to ensure that the PET matrix itself would not restrict the diffusion of the 

water.  Measurements were taken at 20°C and 30°C to determine the effects of temperature on 

ADC as well as to match up with previous experimental conditions.  The probe/magnet has a 

temperature control setting with a maximum value of 30°C.  Initial experiments as a proof of 

concept were performed at room temperature, or 20°C, while later experiments were performed 

at a more in vivo like 30°C, to keep cellular material viable.  Along with ADC calculations, the 

ratio of construct ADC to bulk media ADC was calculated in order to normalize ADC 

measurements across samples.  Control construct ADC at 20°C was measured to be 2.23 μm
2
/ms 

with bulk media ADC measured at 2.29 μm
2
/ms.  This gives a construct/media ratio of 0.970.  At 

30°C, construct ADC at 20°C was measured to be 2.67 μm
2
/ms with bulk media ADC measured 

at 2.92 μm
2
/ms, giving a construct/media ratio of 0.917.  (Figure 4.16c) The aim was to calculate 

a control ratio close to 1.0, signifying that the PET matrix was not restricting diffusion.  The 

measured values show essentially no difference between the ADC values of the bulk media and 

the ADC values of the PET scaffold.  The results confirmed that the PET scaffold imparts a 

minimal, insignificant decrease on the measured ADC value, and any restricted diffusion would 

be due to the presence of viable cellular material within the construct. 

 The next set of experiments was designed to calculate the ADC of a static bioreactor.  An 

ADC map of the reactors was generated at 20°C and taken at two different slices within the 

growth construct, the edge slice of the construct and one of the middle slices.  The growth 
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construct from static bioreactor is darker than the surrounding media, which indicates more 

restricted diffusion (Figure 4.16a-b).  Multiple samplings confirmed that the ADC within the 

growth construct is significantly lower than the ADC in the surrounding media.  Construct ADC 

of the reactor where cells had been cultured was measured to be 1.67 μm
2
/ms, while the 

surrounding bulk media ADC was measured at 2.07 μm
2
/ms.  The lower ADC value signified 

restricted diffusion within the construct, which can be attributed to cellular material.  The 

calculated construct/media ratio was 0.803. (Figure 4.16c) This lowered ratio, compared to the 

controls, confirms that the cells within the reactor are responsible for the more restricted 

diffusion that was measured.  Thus, it can be inferred through decreased ADC values in the 

experimental reactor, that there is viable cellular material growing within the growth construct of 

the reactor.   

 

4.10 Discussion of Bioreactor Development and Implementation 

 The goal of designing the bioreactor was to develop a novel perfusion bioreactor system 

capable of supporting long-term 3-D construct growth and varying microenvironment conditions.  

Most importantly, the new system needed to function and be compatible with the non-invasive 

analytical techniques of NMR Spectroscopy and MRS/MRI imaging to keep the integrity of the 

3-D construct intact.  After a series of iterations a successful design was achieved and 

implemented.   

 

4.10.a NMR-compatible Bioreactor System Supports Long-term Growth and Monitoring 

The bioreactor system developed integrates cell seeding and long-term growth in a single 

device, and enables in situ NMR monitoring of the same tissue construct over the course of the 

experiments.  Similar to the perfusion bioreactor system that was developed in the prior work, 

the NMR-compatible bioreactor utilizes a depth filtration mechanism to achieve even cell 

distribution in the 3-D construct [44].  The capability to adjust the spatial position of the 

construct in the NMR tube has several vital functions.  First, it allows dynamic cell seeding by 

creating a transverse flow across the matrix thereby achieving effective cell seeding and a 

uniform cell distribution throughout the 3-D construct.  The seeding efficiency of 40% after 
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adjusting the position of the inlet tubing is comparable to what was achieved in the perfusion 

chambers developed in Dr. Ma’s lab.  The spatial uniformity was also improved after adjusting 

the bioreactor orientation (e.g., horizontal vs. vertical) and the position of inlet tubing.  

Moreover, the adjustable positioning of the 3-D construct effectively creates two different 

hydrodynamic microenvironments in the 3-D construct: parallel flow and transverse flow, and 

thus provides the flexibility to generate various flow conditions or their combination within a 

single device while allowing non-invasive monitoring of the developing construct.  As the 

parallel flow and transverse flow generate distinctly different hydrodynamic profiles and greatly 

influence macromolecule distributions in the 3-D construct, the device has potential to provide 

important insight into the mechano-responsive mechanisms governing the 3-D construct 

development.  In addition, the capability of combining various flow patterns recapitulates 

specific aspects of in vivo microenvironment which actively modulate the construct growth 

environment while monitoring cellular properties.   

 

4.10.b 3-D Hydrodynamic and Metabolic Microenvironments  

A unique advantage of the NMR-compatible bioreactor system is the ability to 

simultaneously acquire a useful NMR spectrum, high resolution images, and diffusion/T2 

weighted maps from the bioreactor under various operation conditions.  The hydrodynamic 

microenvironment is an important component of tissue in vivo microenvironment. It imparts 

mechanical forces and significantly influences macromolecule distribution even at the lower end 

of the physiological range of flow (0.1 - 10.0 m/s) due to the low effective diffusivity. [120-123]  

The recent studies in Dr Ma’s lab have shown a significant impact of media flow on hMSC 

construct development under various flow conditions. [60, 124] NMR is one of the few methods 

that can be used to measure the hydrodynamic environment in the heterogeneous 3-D constructs 

without artifacts, and its non-invasive nature is uniquely suited for repeated measurement of the 

sterile constructs. [125]  

Diffusivity, or apparent diffusion coefficient, is the measure of the free diffusion of water 

within tissues.  At normal body temperature, 37°C, water molecules move approximately 30 µm 

in 50 ms.  Since this distance is larger than or comparable to the size of cells, there is a high 

likelihood that the free moving water molecules will interact with cellular material in vivo.  The 
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interaction will prevent the free diffusion of water and this drop in apparent diffusion creates a 

measurable difference between tissue and free water. [126] Diffusivity is affected mainly by 

cellular density (cellular membranes inhibit free diffusion), but can be altered by a range of 

factors, including extracellular fibrosis, intercellular spaces, tissue organization, active transport 

of macromolecules, and perfusion flow.  These properties make measuring diffusivity an 

extremely useful too when it comes to studying cellular architecture and microenvironment. 

[127] Apparent diffusion coefficient was determined as a measurement of local hydrodynamic 

microenvironment.  Immediate uses of this measurement are to determine the uniformity of the 

hydrodynamic microenvironment created within the construct.  The presence of cells, and thus, 

cellular membranes were verified by noting a significant decrease in ADC between the bulk 

liquid within the reactor growth chamber compared to the PET matrix.  It was evident that the 

presence of media flow alters the hydrodynamic microenvironment when compared to the static 

culture conditions.   Results verified the uniform distribution of hMSCs through the entire 

growth construct.  Coupled with the capability to create various macroscopic flow patterns, ADC 

analysis provides direct measurement and the quantitative analysis of the impact of local 

hydrodynamic microenvironment on construct development.   

T2, or spin-spin, relaxation times of the water in whole tissues are used to track metabolic 

changes within the tissue.  Relaxation times are affected by the local microenvironment on a 

molecular level.  Studies of T2 relaxation times in tissues go back to the 1970’s when it was 

shown that tissues restrict the diffusion of water by 4x. [128] Currently, T2 relaxation is used to 

closely analyze how metabolic processes in cells affect cellular behavior. Metabolism studies 

have advanced to the point where changes in T2 relaxation time can signify neurological 

pathologies and disorders in tissues and organs, and can be used to track changes in water 

diffusion of tissue fluids (CSF). [129-131] T2 relaxation is also used on a larger scale to track 

viability of tissues or tissue segments [132] and analyze the structural and mechanical properties 

of tissues such as bone. [133] In this part of the research project, T2 spin-spin relaxation was 

used as a measure to analyze the viability and distribution of the hMSCs within the construct.  

Decreased T2 relaxation time by a factor of 2 within the construct, when compared to the bulk 

media surrounding the construct, was caused by the presence of hMSCs and extracellular matrix.  

The measurements corroborated with the other NMR based growth data acquired from the 

reactor.  T2 has the ability to provide vital quantitative data on the growth and metabolic state of 
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the construct, and similar to ADC, can be a useful analytical tool for studying the impact of the 

local microenvironment on construct growth, proliferation, and metabolism. 

1-D NMR spectroscopy can monitor biomolecules such as amino acids and other cellular 

metabolites and provide vital quantitative spatial information about 3-D cellular constructs [66-

69].  NMR has been used to track the choline peak as well as glucose residues in proton 

spectroscopy to monitor the cell viability and to get an accurate cell count of TC3 cells in 3-D 

construct [70-73].  It has been shown to be a useful tool in tracking metabolism in an entire 

tissue construct, such as a cartilage, in vivo and in perfusion bioreactors [82-84].  In this project, 

a specific voxel inside the growth construct can be selected for spectroscopic analysis.  The 

spectroscopic analysis in turn allows for comparison of the metabolic activities of the construct 

at various locations, demonstrating a relatively uniform distribution of hMSCs within the 

construct along the axis of the growth construct.  The spectroscopic analysis can also detect the 

presence of a variety of metabolites within the construct.  While lactate, glutamate/glutamine, 

and sugar resonances exhibit the viability and metabolic activity of the construct over time, other 

present resonances may illuminate the fate of the hMSCs within the construct.  Presence of 

resonances commonly associated with fatty acids may hint that the construct (or part of the 

growth construct) is undergoing differentiation into adipocyte-like cells.  A precedent has been 

set for unstimulated differentiation of hMSCs, as MSCs can potentially differentiate in a 3-D 

culture without the use of standard differentiation factors. [134] With the above uses, NMR 

spectroscopy will prove to be a functional methodology for the analytical study of the cellular 

behavior of the hMSC construct. 

 

4.10.c Implications in Tissue Engineering 

The construct development from stem cells strongly depends on the local 

microenvironmental conditions.  The bioreactor system should have the capability to not only 

modulate and control the growth environment, but also sense and interrogate the 

microenvironment.  A bioreactor system supported with sensing capability can serve as a 

technological platform that provides insight into the mechanism governing the dynamic interplay 

between the environmental cues and cellular outcomes under a well-defined growth 

environment.  In this context, the NMR-based non-invasive methods are uniquely suited to 
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interrogate the developing stem cell 3-D microenvironment and have been applied to monitor a 

wide range of cellular, biochemical, and physiological parameters.  Previous work highlighted 

the development a hollow fiber bioreactors system (constructed from glass tube of inner diameter 

of 4 mm packed with 6 hollow fibers of I.D. 330 μm) that enabled monitoring cartilage 

development using NMR microscopy [82, 83].  The results demonstrated the monitoring of 

neocartilage formation and biochemical and biomechanical properties using information derived 

from MRI [135].  An NMR-compatible bioreactor using porous PET fibrous scaffolds was 

employed to validate NMR-based methods for optimizing the operating conditions for generating 

meniscal cartilage constructs [84].  While this study have demonstrated the unique capability to 

control and modulate microenvironments, its capability can be further enhanced by a suite of 

MRI and MRS methods that have been developed for assessing various cellular properties.   

An inherent limitation of the MR-based imaging modality is the resolution that can be 

achieved in the in situ measurement.  Innovations in cell labeling agents and novel molecular 

probes can be expected to partially address this limitation [136, 137].  The combination of the 

MR-compatible bioreactor system’s unique capability to modulate macroscopic growth 

environment with these novel molecular imaging methods will provide invaluable insight into 

the regulatory mechanisms that govern the 3-D construct development and help uncover the 

dynamic interplay between the stem cells in the developing constructs and their 

microenvironment. 

 

 

 

 

 

Figure 4.1: Current bioreactor design. Schematics of the current bioreactor system in use in 

Dr. Ma’s lab. The center box is the reactor chamber.  Grayed areas represent the placement of the 

3-D constructs.  Two constructs are placed in each well, separated by the dashed line. Arrows 

indicate direction of fluid flow.  
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Figure 4.2: NMR bioreactor plug design. Schematics of the bioreactor plug with support struts.  

The dashed line in the center represents the third support strut that is set back in the page.  

Curved lines represent the PET matrix wrapped around the support struts.  Shaded boxes at the 

top of the plug represent the inflow and outflow ports built into the plug.   

 

 

 

Figure 4.3: NMR growth chamber design. Close up schematics of the plug inside an NMR 

tube. (a) Schematic showing the movement of the plug inside the NMR tube. Dark arrows 

indicate media flow direction. Two way arrow indicates the motion of the plug within the tube.  

The darker shaded plug shows operational position.  The lighter shaded plug shows seeding 

position. (b) A top view of the plug.  Inflow and outflow ports are indicated.  The shaded ring 

shows the location of the PET matrix in relation to the flow ports. 
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Figure 4.4: Perfusion system schematics. A schematic of the entire perfusion bioreactor system 

during normal growth operation. Arrows indicate flow direction.  Dashed arrows represent the 

closed seeding loop.  Dashed lines separate the system components that are located inside the 

incubator, outside the incubator, and inside of a refrigerator.  

 

 

 

 

Figure 4.5: Induction of flow type. Schematic of the plug diagramming the media flow for the 

two different flow modes used, (a) transverse (seeding) and (b) parallel.  Dark arrows indicate 

media flow into and out of the growth chamber.  Dashed arrows indicate media flow around and 

through the construct. Shaded areas represent the plug and matrix.  
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Figure 4.6: Seeding efficiency and spatial distribution. Analysis of the seeding efficiency of 

the hMSCs within the NMR bioreactor.  (a) Histogram of all the seeding trials conducted. Bin 

values represent the maximum seeding percentage for the specific bin. (b) The spatial seeding 

distribution, by percentage, of hMSCs within the PET after seeding for the initial method and the 

corrected method.  The line represents 33%, or a perfectly equal distribution of cells. (**) 

denoted statistical significance to p<0.05.  
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Figure 4.7: Metabolic growth analysis. Representative glucose and lactate level measurements 

for (a) short-term (20 days) and (b) long-term (40 days) culture. Dark lines indicate the drop in 

glucose concentration and dashed lines indicate the rise in lactate concentration within the media. 

Media was changed every 7 days or when the glucose levels dropped below 0.5 g/L. The 

increasing absolute value of the slope indicates hMSC growth. 
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Figure 4.8: Long-term culture of the bioreactor. Long-term growth of hMSCs within the 

NMR bioreactor. (a) Cell distribution chart after 20 days for upright and sideways culture of the 

hMSC growth construct.  The line represents 33%, or a perfectly equal distribution of cells. (b) 

Graph of the slope glucose consumption rates from the bioreactor during long-term perfusion 

with a best-fit line for exponential growth.  Reactors are cultured for a maximum of about 40 

days. Media is sampled just prior to entering and directly after it is perfused out of the growth 

chamber. 
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Figure 4.9: 
31

P spectra collected from the static bioreactor. (a) Control spectrum acquired 

from the growth media without cells. The large resonance is due to inorganic phosphate in the 

media. (b) Short-term acquisition of a spectrum from the bioreactor growth construct. No 

detectable metabolic peaks are present. (c) Long-term spectral acquisition of the bioreactor 

growth construct. Resonances were tentatively identified as ATP metabolites.  Tentative spectral 

assignments are as followed: (i) inorganic phosphate, (ii) -ATP, (iii) α-ATP, (iv) -ATP. 
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Figure 4.10: 
31

P spectral acquisition of varying length. 
31

P spectra collected over various 

acquisition times from the same bioreactor. (a) 1 hour spectral acquisition with tentative 

metabolite resonance assignments. (b) 4 hour spectral acquisition with tentative metabolite 

resonance assignments. (c) 13 hour spectral acquisition. Metabolite resonances are no longer 

present at high levels. Tentative spectral assignments are as followed: (i) inorganic phosphate, 

(ii) -ATP, (iii) α-ATP, (iv) -ATP. 
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Figure 4.11: High resolution 
1
H MRS images of the bioreactor growth chamber. (a) 50 µm 

resolution 
1
H MRS image of the growth chamber, saggital slice orientation.  PET matrix can be 

seen as the dark gray “speckled” region.  The dark lines at the top center are the edges of the 

media inflow tube.  In all maps (*) denotes a suture used to assemble the growth chamber.  (#) 

denotes the polymer support that the growth construct is anchored to.  (b) Images slices of the 

bioreactor from all three directional axes. (1) Saggital slice, (2) Axial slice, (3) Coronal slice. (4) 

A 3-D assembly of the slices to show the spatial orientation of the reactor. (c) A 3-D 

reconstruction from the image data acquired, showing the support plug and the PET matrix. 

 

 

 



60 
 

 

 

 

Figure 4.12: 1-D 
1
H spectra collected from a static bioreactor.  (a) Spectrum acquired form a 

2x2x1 mm voxel within the growth construct.  (b) Spectrum acquired from the growth construct 

outside the cellular seeded region.  This spectrum serves as a control to (a).  (c) 3-D overlay of 

the series of spectra acquired along the axial length of the growth construct.  (d) Additional static 

spectra collected from subsequent bioreactor trials.  An unidentified, but potential stem cell 

specific resonance can be seen at 1.28ppm.  Spectral assignments are: (i) lactate, (ii) water, (iii) 

susceptibility artifacts from outside the growth construct, (iv) no lactate peaks present in the 

control spectra, (v) unidentified, potential stem cell specific resonance.  
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Figure 4.13: 
1
H spectroscopic and spiking acquisition. 1-D 

1
H spectroscopic data and 

metabolite spiking data collected from the perfused bioreactor over long-term acquisition. (a) 

Spectral acquisition from the actively perfused bioreactor, with identifiable metabolite 

resonances present. (b) 18 sequential spectral acquisitions from the growth construct after 24 

hours of perfusion, demonstrating no major metabolic changes occur. (c) Spectral acquisitions 

before (light blue, top) and after (black, bottom) spiking with 50 mM choline, verifying spectral 

assignments. (d) Spectral acquisitions before (light blue, top) and after (black, bottom) spiking 

with 50 mM lactic acid, verifying spectral assignments. Tentative spectral assignments are as 

follows: (i) H2O peak at 4.75ppm (ii) lactate, (iii) sugars, (iv) glutamate/glutamine, (v) 

hydroxybutarate, (vi) choline. 
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Figure 4.14: 1-D 
1
H spectroscopic data collected from the perfused bioreactor. (a) Short-

term acquisition (20 mins) of signal from the perfused bioreactor with tentative spectral 

assignments of a variety of metabolites. (b) Comparison spectra from a single bioreactor 

collected at different time points to show changes in metabolic data can be detected. Top 

spectrum (1) acquired after 2h perfusion inside the magnet, middle spectrum (2) acquired after 

40h perfusion inside the magnet, and bottom spectrum (3) acquired 24h after stopping perfusion.  

Tentative spectral assignments are as follows: (i) lactate, (ii) sugars, (iii) glutamate/glutamine, 

(iv) alanine, (v) hydroxybutarate, (vi) Coenzyme A or panothenate. 
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Figure 4.15: T2 relaxation time data from the bioreactor.  (a) Proton map of the NMR 

bioreactor used for T2 relaxation measurements.  Darker areas indicate a higher proton 

concentration.  (b) T2 image of the bioreactor growth chamber showing the regions of interest 

(ROIs) used in calculating the T2 relaxation time.  (c) T2 weighted map of the bioreactor growth 

chamber.  Darker regions within the image represent lower T2 relaxation times and lighter 

regions represent higher relaxation times.  The white colored “candle flame” shape at the top of 

the images is an artifact from the perfusion flow.  In all maps (*) denotes a suture used to 

assemble the growth chamber.  (#) denotes the polymer support that the growth construct is 

anchored to.  (d) T2 relaxation values calculated from the bioreactor.  Control T2 measurements 

were taken from outside the growth chamber. 
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Figure 4.16: Representative ADC weighted maps of the bioreactor.  (a) ADC weighted map 

of the center slice of the perfused bioreactor. The darker area is the growth construct with 

cellular material growing.  The white colored “candle flame” shape at the top of the image is an 

artifact from the perfusion flow. (b) ADC weighted map of the edge slice of the perfused 

bioreactor. Lower ADC values measured from within the growth construct are indicated by the 

darker regions.  High ADC value bulk media surrounding the construct is a lighter shade.  In 

both maps (a) and (b), (*) denotes a suture used to assemble the growth chamber.  (#) denotes the 

polymer support that the growth construct is anchored to.  (c) ADC values calculated from inside 

the static and control bioreactors.  ‡ denotes statistical significance to p < 0.05. Control ADC 

maps are not shown. 

 

 

  



65 
 

CHAPTER 5 – DIFFERENCES IN HYDRODYNAMIC MICROENVIRONMENT 

 

5.1 Hydrodynamic Microenvironment 

The newly designed bioreactor has shown the ability to monitor and analyze the local 

microenvironment within the construct.  To follow the overall goals of this project, it was desired 

to create the most in vivo like microenvironment for hMSC 3-D cell culture.  The local 

microenvironment is comprised of a complex set of local conditions that the cells experience 

(everything from ECM to mechanical stresses to presence of cytokines to chemical and 

biochemical gradients) and can have large effects on cellular behaviors. [124] Hydrodynamic 

forces that are generated by perfusion flow can significantly affect hMSC functionality in a 3-D 

construct.  The design of the reactor allows for the modulation of the local hydrodynamics 

experienced by the growth construct during the culture period.  Modulating the specific 

hydrodynamic microenvironment experienced by the cells is a vital method in the process of 

optimizing the growth environment for the hMSCs. 

 The two types of hydrodynamic microenvironments chosen for the focus of the research 

are based on the conditions created by the perfusion flow modes used extensively in Dr. Ma’s 

lab. [44, 48, 60, 124] Parallel flow mode involves the media flowing across the surface and 

around the construct, directly exerting a mechanical stress on only on the top few layers of the 

construct.  Cells throughout the depth of the construct do not experience the same amount of 

stress, and only feel the forces of fluid flow from signal transduction.  The primary mode of mass 

transport through perfusion is diffusive transport.  Transverse flow mode involves the media 

being forced across the plane of construct.  Theoretically, all cells throughout the construct 

experience some stress, and initially, all cells will experience the same amount of stress.  The 

primary mode of mass transport in transverse flow is convective transport.  The differing stresses 

experienced by the hMSCs during these two flow modes will have differing effects on the above 

mentioned cellular behaviors.   

 A variety of assays were used to analyze the behavioral differences of hMSCs between 

the flow modes, including MRS based apparent diffusion coefficient, T2 spin-spin relaxation 

time, NMR spectroscopy, western blotting for protein analysis, and gene analysis via RT-PCR.  

In the reactor, lower ADC values would occur in the PET construct where hMSCs are 
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proliferating and developing an extensive ECM.  Comparing and contrasting ADC values from 

differing flow modes within the reactor can gauge how differing flow patterns affect cellular 

development and proliferation.  T2 relaxation times will also be altered by differing metabolic 

states of the reactors.  Varying metabolic changes and proliferation based on differential flow 

mode alters the spin-spin relaxation times of the growth construct.  Metabolic differences 

between cell constructs of different flow modes were analyzed through spectroscopy as well.  

Differential production of ECM within the construct was visualized via western blotting.   

 

5.2 Apparent Diffusion Coefficient from the Perfused Bioreactor 

 Apparent diffusion coefficient measurements for the bioreactor had been established as 

outlined in the previous chapter.  To begin analysis of behavioral differences due to 

hydrodynamic flow, it was necessary to collect ADC data from the actively perfused bioreactor.  

The first set of perfusion ADC measurements were made with a parallel flow reactor, which was 

the “standard” flow mode that was used.  Image slices were taken from the center and edge of 

the bioreactor and used in ADC calculations and the generation of ADC weighted maps.  The 

bulk media ADC in the perfused reactor was calculated to be 2.86 μm
2
/ms.  This result was 

statistically similar to the bulk media ADC in the control 30°C reactor.  The ADC of the PET 

construct in the perfused reactor was calculated at 2.48 μm
2
/ms, which is statistically different 

than the bulk media, indicating restricted diffusion within the perfused construct.  The data gave 

a construct to bulk media ADC ratio of 0.866, much lower than the control ratio of 0.917.  The 

ratio was also close to the static reactor, which was 0.806, indicating a similar amount of 

restricted diffusion within the perfused reactor.  The higher construct/media ratio was due to the 

presence of perfusion flow within the system.  Perfusion flow was “seen” within the reactor 

growth chamber from the ADC map.  A false color map was generated to show the differences in 

local ADC throughout the entire edge and center slice of the construct. Additionally, the false 

color map allows for different diffusion rates to be represented by different colors. (Figure 5.1) 

The restricted diffusion within the construct shows that these results verify the presence of 

cellular material within the PET construct.  The data implied that there are viable and 

proliferating cells within the construct.  More importantly, these trials were a proof of concept 
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that the NMR-compatible bioreactor works and useful data can be collected while under 

perfusion flow within the magnet.   

 

5.3 Hydrodynamic Flow Environment Effect on ADC 

 The type of flow mode experienced by the hMSC growth construct was modulated to 

determine the effects on hMSC behavior and growth.  Apparent diffusion coefficient 

measurements were taken after long-term culture of the growth construct (40 days).  hMSCs 

were cultured under parallel perfusion flow or transverse flow mode.  Differences in ADC 

measurements or the construct/media ratio signify different developmental patterns in the 

hMSCs and their local cellular microenvironment (ECM secretion).    

 After 40 days of culture, ADC measurements were acquired from the parallel flow 

bioreactor.  The bulk media ADC measurement is 2.97 μm
2
/ms which was comparable to 

previous bulk media measurements.  Multiple sampling of multiple slices of the construct maps 

were used in the calculation of the construct ADC, which measured 2.80 μm
2
/ms.  The 

construct/media ratio under parallel flow was 0.943.  This ratio was higher than previous reactors 

and closer to the controls.  However, the difference may be attributable to the presence of 

stronger perfusion flow.   

As a proof of concept, the transverse flow bioreactor was sampled at both day 20 and day 

40 of growth.  This extra measurement had multiple uses, including exhibiting the ability of the 

same bioreactor to be sampled aseptically multiple times during growth and remain viable and 

sterile.  The extra sample also provided a set of data to analyze how continued growth in the 

reactor affects the variety of metabolic data collected from the reactor.  The 40 day sample was 

used as a comparison to the parallel flow reactor to determine the differences in ADC induced by 

differing flow mode.  In the first sample of the transverse bioreactor, the bulk media ADC 

measured 2.78 μm
2
/ms while the construct ADC was measured at 2.58 μm

2
/ms.  The bulk media 

ADC was slightly lower than usual; however it was not low enough to cause concern.  The 20 

day transverse flow construct media ratio was 0.930.  This ratio was higher than previous 

reactors.  After 40 days, a significant drop in ADC was seen.  The bulk media ADC was 

measured at 2.88 μm
2
/ms, while the construct ADC had fallen to 2.39 μm

2
/ms.  The construct to 
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media ratio had also fallen to 0.831.  The drop was indicative of a large amount of hMSC growth 

and expansion within the reactor from day 20 to day 40, and the formation of a large amount of 

diffusion restricting cellular material within the construct itself. (Table 5.1) 

There was a noticeable difference between ADC measurements in the parallel flow 

compared to transverse flow cultured bioreactor.  After 40 days, parallel flow mode had a 

construct to media ratio of 0.943 while transverse flow mode induced a much lower ratio of 

0.831. Transverse flow lead to the creation of more diffusion restricting cellular material than 

parallel flow, causing the lower construct to media ratio.  The differences were starkly seen in 

false color ADC weighted maps.  Transverse flow mode induced much darker regions within the 

growth construct than parallel flow mode. (Figure 5.2) The results from ADC analysis clearly 

show that after 40 days of culture, transverse flow induces much different hMSC growth and 

proliferation than parallel mode.   

 

5.4 Hydrodynamic Flow Environment Effect on T2 Relaxation Time 

 Along with apparent diffusion coefficient measurements, T2 relaxation time was also 

determined within the bioreactor growth construct under the two different culture hydrodynamic 

microenvironments.  Since the T2 experiments were run simultaneously with the ADC data 

collection, the same set of sample times was collected.  Parallel flow data from day 40 and 

transverse flow data from day 20 and day 40 of the same bioreactor were acquired. 

 After culture under parallel flow for 40 days, T2 weighted image maps were generated, 

and the T2 spin-spin relaxation times were measured.  As with ADC measurements, T2 relaxation 

was measured from the bulk media as well as from multiple sections from multiple constructs.  

The bulk media T2 measured 152.2 ms.  The construct T2 measured almost half of that, at 82.75 

ms.  The construct/media ratio was .544. This ratio was similar to what had been measured 

previously in the bioreactor.  The difference in relaxation times indicates viable cellular material 

within the construct undergoing metabolism.   

 The first sample from the transverse flow bioreactor at day 20 measured a bulk media T2 

relaxation of 92.77 ms, while the construct at 20 days measured 79.55 ms.  The 20 day construct 

to media ratio was .857.  Note that this ratio is much higher than previously measured ratios.  



69 
 

However, by day 40, both measurements had changed. The bulk media measurements were 

140.9 ms, more in line with previous data.  The construct T2 had dropped to 73.82 for a construct 

to media ratio of .524.  The T2 relaxation time ratio dropped significantly from day 20 to day 40.  

This change indicates that there was a significant change in the reactor growth and metabolism 

between day 20 and day 40 which caused the drop. (Table 5.2) 

 There was not a large difference between parallel flow culture T2 relaxation and 

transverse flow culture after 40 days of growth.  Transverse flow induced a slightly lower T2 

time with a .524 construct to media ratio, compared to a .544 ratio for parallel flow culture.  

(Figure 5.3) While transverse media flow did lead to slight lowering of the T2 relaxation time, 

the differences do not appear to be significant.  This would lead to the belief that both flow 

modes are capable of inducing similar amounts of ECM production from the hMSCs.  This data 

combined with the measured ADC data gives some insight into the differences between the 

hydrodynamic flow microenvironments.  

  

5.5 Hydrodynamic Flow Environment Effect on ECM Secretion 

 To continue analyzing how the behavior of hMSCs in a 3-D construct is altered by 

exposure to different fluid flow patterns, western blot samples of common ECM proteins were 

analyzed to determine if there were any changes in the expression of the ECM proteins.  

Reactors were cultured in the same method as previously described.  Reactors were cultured 

under both parallel and perfusion flow for lengths of 10 and 20 days.  At those times, western 

blot samples were collected from the bioreactor PET matrices.  GAPDH was used as the control 

protein.  GAPDH was expressed equally in the two flow conditions at day 10 and day 20, 

showing equivalent protein content in the samples and giving a basis for comparison for the 

remainder of the proteins.  The ECM proteins analyzed were a variety of collagens (I, III, and 

IV) and fibronectin.  At day 10, there was little protein expressed.  Expression was virtually 

undetectable for collagen I and III.  Collagen IV exhibited slightly more expression in parallel 

flow than under transverse flow.  Fibronectin had the opposite trend, where higher expression 

was induced by transverse as opposed to parallel.  It was difficult to draw any solid conclusions 

based on the day 10 data, as there were two different expression trends and two undetectable 

proteins.  Different flow patterns appeared to induce different expression of ECM proteins.  At 



70 
 

day 20 however, a stark contrast was seen in the expression patterns.  Across the board, ECM 

proteins were more highly expressed in the samples that had undergone transverse flow than 

parallel flow.  Transverse induced the higher expression of collagen I, III, and IV as well as 

fibronectin.  The results clearly demonstrate that transverse fluid flow stimulates ECM 

production and secretion more than parallel fluid flow. (Figure 5.4) Densitometry was performed 

on the day 20 samples to verify the visual western blot results. (Table 5.3)  Fibronectin had a 

density measurement of 195.3 under transverse flow compared to 113.7 under parallel flow.  

Collagen I had an expression density of 34.90 under transverse flow, compared to only 26.43 in 

the parallel flow samples.  The pattern was repeated in collagen III and collagen IV as well.  

Collagen III measured at 32.03 under transverse flow while only measuring 17.77 for parallel 

flow and collagen IV had a density measurement of 95.60 with transverse flow while only 

measuring 23.75 in parallel flow.  The densitometry measurement results verify that transverse 

flow does indeed induce a larger amount of expression than parallel flow. 

 Along with ECM protein secretion, cell cycle proteins were analyzed to determine the 

proliferative state of the hMSCs growing within the construct.  The proteins analyzed were 

cyclin B1, cyclin D1, and cyclin E.   At 10 days of growth, cyclin D1 had a small amount of total 

expression. Expression was equal in both the parallel and transverse samples.  At day 20, a 

change in expression pattern was noticed similar to the ECM proteins, and transverse flow 

induced slightly more expression of cyclin D1 than parallel flow did.  Cyclin B1 expression 

patterns on the other hand, were very definitive.  At both day 10 and day 20, there was 

distinctive expression of cyclin B1 in the transverse flow samples, but no expression in the 

parallel flow samples.  From day 10 to day 20, there was virtually no difference in transverse 

flow expression of cyclin B1.  These were a clear indication of transverse flow inducing the 

expression of cyclin B1 where parallel flow did not.  Cyclin E showed faint amount of 

expression but enough to make some comments on visible trends.  At day 10, there was no 

difference in expression between the parallel flow and transverse flow samples.  Both were 

expressed faintly, but in almost equal intensity.  At day 20, a difference appeared.  Expression in 

the parallel flow sample had dropped and no band was visible, while in the transverse flow 

samples, expression had increased slightly.  While there was not a significant amount of 

expression increase between day 10 and 20 of the transverse flow reactor, it is worth noting that 

there was a noticeable expression difference between parallel flow and transverse flow at day 20 
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that was not evident at day 10.  (Figure 5.5) Densitometry was performed on the day 20 cyclin 

western blots to confirm the above results.  Cyclin B1 densitometry confirmed the difference 

with parallel flow mode having a density measurement of 11.45, compared to transverse flow, 

where densitometry measured over 20x higher, at 249.4.  Cyclin D1 showed a slightly increased 

amount under transverse, measuring 47.37, compared to 31.58 under parallel flow. This verifies 

the results from the western blots, where cyclin D1 expressed a slightly higher visual amount 

under transverse flow.  Even though cyclin E had very faint bands expressed in the western blot, 

densitometry measurements were still taken. Parallel flow mode measured only slightly higher 

than the background, at 8.34, whereas transverse flow was more highly upregulated, measuring 

29.14. Cyclin densitometry results validate the western blot results and demonstrate that 

transverse flow upregulates the cyclins after 20 days, most notably cyclin B1.  

 

5.6 Discussion of Hydrodynamic Microenvironment 

 The ultimate goal of tissue engineering is to gain the ability to create a highly effective 

tissue graft that can be used for cell-based tissue repair or therapy.  One of the biggest obstacles 

to overcome in any tissue engineering research is producing the most in vivo like 

microenvironment for cell culture.  This requires the modulation of a variety of physiological 

conditions and the microenvironment itself within the tissue culture.  Creation of an in vivo like 

microenvironment allows for the most accurate analysis of cellular behavior.  One part of the 

microenvironment that affects a large number of cellular behaviors is the presence of physical 

stresses on the cells due to fluid flow.  These stresses can be attributed to the hydrodynamic 

microenvironment surrounding the cells.  Differing flow patterns within a perfusion culture will 

lead to differing behaviors from the cells within the culture.  Exploring these effects allows for 

identification of the most optimal hydrodynamic microenvironment to enhance certain cellular 

behaviors.   

 The research presented focused on the differences in cellular behavior induced by two 

different flow patterns; parallel fluid flow and transverse fluid flow.  In a parallel flow model, 

limited media penetration in the 3-D construct results in a growth environment where diffusion is 

the dominant mode of mass transport.  In the transverse flow model, however, the convective 

transport is the major means of transport with enhanced mass transport efficiency.  The 
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capability to regulate media flow in the same bioreactor system is advantageous in creating 

various hydrodynamic microenvironments to meet the requirements at different developmental 

stages. 

 

5.6.a Hydrodynamic Microenvironment and Apparent Diffusion Coefficient 

 Diffusivity, or apparent diffusion coefficient, is a very useful tool to study the local 

cellular microenvironment.  The changes in ADC can aid in determining the local 

hydrodynamics within a 3-D cell culture.  ADC analysis has long-term implications for this 

bioreactor system.  Monitoring and understanding the rate of diffusion among the construct and 

growth chamber during perfusion conditions can give vital data on the potential delivery rates of 

a variety of molecules to the cells growing within the construct.  These measurements would 

provide an insight and an ideal in vitro model to the study of therapeutic delivery inside the 

perfusion reactor.  More importantly, comparing and analyzing ADC values between differing 

flow modes can help to determine optimal flow mode for hydrodynamic microenvironment for 

cell growth, macromolecule delivery, and tissue construct development. 

 ADC is generated from diffusion maps of each slice from an MRS image of the sample.  

Movement of the water molecules causes a loss of signal within the diffusion map, resulting in a 

hyperintensity on the diffusion weighted images.  When translated to an ADC map, the 

hyperintensities appear as hypointensities, or darker regions.  The more restricted diffusion, the 

darker the hypointensity appears on the map.  From the maps, values for the local diffusion can 

be measured and calculated. [138, 139] Generating ADC maps has a wide variety of usage in 

basic and clinical research, mainly focused in the neurology and oncology fields.  An increase in 

ADC was observed in the brain of elderly patients compared to younger ones.  The drop was 

attributed to the loss of myelination of neurons in the white matter of the brain. [138, 140, 141] 

ADC can also be used to detect ischemic conditions within the brain, which normally occur after 

a stroke.  These conditions can be detected as early as a few hours after the ischemic events.  The 

drop in ADC is believed to be caused by changes in the energy conditions of the tissue.  The 

pattern and volume of the ischemic region as identified by diffusion imaging can also be used to 

assess the probability of future ischemic events in the brain occurring. [138, 142, 143]  ADC can 

be used to detect tumors, which tend to have a lower ADC that the surrounding tissues due to 
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increased tissue density, increased vascularity, and irregular growth patterns.   ADC can also 

function to monitor tumor treatment, as the values rise upon successful therapy due to the 

replacement of tumor tissue with healthy tissue.  The values tend to rise due to the decrease in 

tissue density and an increase in necrosis which causes a loss of cellular membranes.  This 

property of ADC allows for its use in monitoring the efficacy of new anti-cancer drugs.  A 

correlation between drug treatment and increase in ADC provides a simple non-invasive way to 

determine how well the anti-cancer drug is working to reduce the tumor size. [127, 144-147] 

Diffusion and ADC measurements also provide some distinct advantages over other imaging 

techniques.  Measuring ADC is a type of contrast imaging that does not require the presence of 

contrast agents which can be harmful to the tissue. This allows for repeated sample analysis 

without deleterious long-term effects.  [127] 

 The ADC measurements acquired from the perfusion bioreactors provide insight on what 

type of cellular growth is occurring within the reactor growth constructs.  Initial perfusion 

experiments supported the conclusion that ADC data could be collected from a perfused 

bioreactor.  The proof of concept serial measurements that were taken confirms that there is 

active cell proliferation within the construct.  A significant drop in ADC is seen between day 20 

and day 40 due to the increase total cellularity within the hMSC construct.  hMSCs grown in 3-D 

constructs usually have an initial growth lag phase, followed by exponential growth which is the 

most likely reason why higher ADC measurements were observed at day 20 and then a dramatic 

drop in ADC measurement was seen after 40 days.  Comparison of the parallel and transverse 

flow mode ADC values displayed differences in their ADC measurements, suggesting that there 

is growth differential between the flow modes.  Regarding construct development, ADC will 

mainly reflect the cellularity, or cell development.  After 40 days, transverse flow ADC and the 

construct to bulk media ratio was significantly lower that parallel flow ADC.  These results 

indicate that transverse flow induces much higher cellularity as opposed to perfusion flow.  The 

transverse flow mode construct is more densely packed with proliferating hMSCs.  Transverse 

flow mode induced a higher cell density after 40 days than parallel, indicating that transverse 

flow imparts a beneficial effect on hMSC construct development.    Parallel flow mode does not 

induce large amounts of restricted diffusion, suggesting that the hMSCs are not proliferating and 

the construct is not developing as extensively as in transverse flow mode.  The results implicate 

that the high stresses experienced by the hMSCs under transverse flow provide a more favorable 
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growth and development microenvironment than the lower stresses experienced under parallel 

flow.  It is also possible that under parallel flow, a more extensive chemical gradient is 

established.  This gradient would imply that the cells within the construct are not receiving the 

necessary amount of nutrients and may be starved.  This state of starvation would certainly 

reduce the amount of proliferation occurring within the parallel flow construct, compared to 

transverse flow where media penetrates the construct and reaches the innermost layer.    

Some in vivo ADC measurements of tissue were notably lower than the construct values 

measured in the reactor; 1.57 μm
2
/ms and 0.97 μm

2
/ms in benign and malignant breast tumors, 

[144] 2.35 μm
2
/ms and 1.72 μm

2
/ms in benign and malignant renal tumors, [147] and 1.08 

μm
2
/ms and 1.37 μm

2
/ms in tumors before and after a novel drug treatment [145]; where ADC 

was measured from 2.39 μm
2
/ms to 2.80 μm

2
/ms.  Bone tissue diffusion measured extremely 

low, at 0.0124 μm
2
/ms  to 0.0367 μm

2
/ms. [148] The reasoning behind the lower ADC is that 

these values were acquired from whole tissue samples, where the reactor is a simple cellular 

construct with much lower cell density and cellularity.   

It is worth noting that the perfusion flow within the reactor will impart some effects on 

the measured ADC.  Movement of the media throughout the growth chamber during perfusion 

will induce random motions into the diffusion measurement.  Laminar or turbulent flow induced 

by perfusion flow of the media can cause a distribution of velocities within the measured voxel. 

[149] The ADC values collected from the bioreactor are thus not an exact quantitative 

determination of the actual diffusion/restriction of water within the construct.  The varying flow 

conditions inside the reactor are going to induce varying flow effects on the ADC measurements, 

causing the measured construct ADCs to be artificially increased.  This increase is not related to 

the true Brownian motion of water, but rather the random motions of water molecules due to 

external forces, called intravoxel incoherent motion (IVIM).  This was developed as a method to 

measure the effect of perfusion or macroscopic flow on ADC. [150] The amount of IVIM in an 

ADC measurement is different for every experiment, as the effect on ADC is controlled by the 

diffusion weighting, fluid flow velocity, and the angle between the motion of the molecules and 

the field lines. [151] This will cause a variety of microscopic flow patterns that can differ in each 

voxel sampled. [149] It is believed that while the effects of perfusion flow on ADC in the 

bioreactor are going to vary between flow modes, the fluid flow rates within the bioreactor are 
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not high enough to significantly impact the measured ADC from within the construct.  The effect 

of fluid flow will be negligible on the overall ADC value measured from the growth construct. 

 The unique properties of MRI based ADC measurements make it an excellent tool for use 

in analysis of the bioreactor.  As stated previously, ADC provides a very good measurement of 

the cellularity within a tissue or sample.  It could play a large role in expanding the current 

course of research by exploring the ADC changes that occur when hMSCs are differentiated.  

MR imaging has been used to track changes in bone structure, when collagen (and collagen 

bound water) is mineralized into calcium during bone formation and development.  Collagen can 

contain 60% H2O during formation and deposition by osteoblasts, but that percentage drops to 

20% after mineralization occurs.  Measurement of the ADC of the total bone tissue was able to 

determine the rate of diffusion within the bone. [148] The hMSCs cultured in the reactor could 

be induced to differentiate into osteoblasts and eventually, a bone construct.  Bone formation and 

mineralization could be tracked within the construct by monitoring the overall ADC for 

significant drops.  The drop in ADC would be caused by increased cellularity and restricted 

diffusion within the mineralized bone as compared to simple collagens.  Using this methodology, 

the reactor would prove to be an invaluable tool for determining the optimal flow conditions for 

hMSC differentiation into osteoblasts, through the analysis of ADC changes during construct 

development.   

 

5.6.b Hydrodynamic Microenvironment and T2 Relaxation Time 

 T2 (spin-spin) relaxation time is largely affected by local microenvironment. Differences 

in the local microenvironment are the fundamental source of T2 contrast images.  The differences 

in microenvironment appear as hypointensities and hyperintensities on the T2 weighted map.  

The differing intensities are usually triggered by a variety of factors.  The most common use of 

T2 weighted maps is in contrast imaging, whereby cells are labeled with a paramagnetic material 

(such as iron oxide) and are tracked in tissue or as they travel in vivo via MRI. [100, 129, 152, 

153] The paramagnetic nanoparticles cause a reduction in T2 time or loss of signal, which 

appears as a hypointensity, or darkening of the map, allowing for the identification of the labeled 

cells from the surrounding tissue or environment.  T2 relaxation time within tissues can also be 

affected by various biological processes or factors.  A thicker or more dense tissue, such as scar 



76 
 

tissue, can cause hypointensities and blood in the brain from either vessels or bleeding can cause 

hypointensities due to presence of the iron within the blood supply. [154] Within actual human 

tissue itself, gray matter has a higher relaxation time when compared to white matter by a factor 

of about 1.5-2, creating a hypointensity.  Within the brain, the contrast between gray and white 

matter is created from the differences in myelination and neuron concentration. [155-157] T2 

weighted images can potentially be used to detect cancerous tumors in the prostate, using natural 

contrast between tumor density and healthy pelvic tissue. [158] T2 weighted MRI maps detected 

natural contrast in tissue density in the foot, where a normally asymptomatic rheumatoid nodule 

was detected in the foot.  The nodule was detected as a hyperintensity on the T2 weighted map 

and doctors were able to determine that the nodule did not contain any bone content. [159] 

Natural contrast can also be seen in fat content in and around muscle.  Protons in fat are normally 

bound to carbons, which causes a lower resonant frequency when compared to protons in water 

molecules.  The lower frequency causes differences in T2 relaxation times in the fatty portions of 

muscle tissue and thereby creates a natural contrast when imaging musculoskeletal system. [160] 

The ability of T2 weighted maps to detect differences in tissue construction (based on differing 

T2 relaxation times) without the use of contrast agents shows it to be a useful tool in the 

bioreactor to analyze the hMSC growth constructs.  Generating T2 weighted maps of the reactor 

will provide a platform to determine to what extent hydrodynamic flow affects hMSC 

microenvironment development and proliferation.  

 The T2 relaxation times observed from the bioreactors illuminate some information on 

hMSC growth.  The drop in both absolute T2 relaxation time as well as construct to bulk media 

ratio from day 20 to day 40 of culture indicates increased growth and proliferation has occurred.  

From day 20 to day 40 (after the initial lag phase in 3-D growth) it is expected that hMSCs are 

able to both proliferate more and develop an extensive ECM network within the 3-D construct.  

This hypothesis is confirmed in the T2 relaxation results as the drop in relaxation time and 

subsequent hyopintensities on the map are caused by a higher amount of and more dense cellular 

material within the construct.  The development of an extensive ECM network and increased 

proliferation of hMSCs over the final 20 days is the most likely cause of the decreased T2 

relaxation time.  When comparing T2 times between the parallel and transverse flow bioreactors, 

there was no significant difference in relaxation.  Both flow modes induced a similar T2 time and 

a similar construct to bulk media ratio that were not statistically different.  When measuring T2 
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within a developing construct, T2 is more likely to be affected by the cellular microenvironment 

or ECM secretion, and less affected by cellularity.  The presence of an ECM network and 

secreted signaling factors have the effect of reducing T2 times.  These results led to the 

conclusion that differing flow modes promoted similar levels of external ECM secretion and 

development from the hMSCs.  It is worth nothing that the T2 times acquired from the cellular 

growth construct, 82.75 ms for day 40 parallel flow, 79.55 for day 20 transverse flow, and 73.82 

for day 40 transverse all fall within previously reported physiological ranges for T2 relaxation 

times; brain gray matter was reported at 90-120 ms, white matter at 60-80 ms, muscle tissue at 

60 ms, and pelvic tissue at 75-90 ms. [155, 156, 158] 

 While there were no discernable differences in T2 relaxation time between the varying 

flow modes, combining T2 data with acquired ADC data gives information on the developmental 

state of the construct.  T2 can suggest at how differing flow modes affect the ECM development 

and growth factor secretion throughout construct growth.  Perfusion flow mode does have an 

effect on hMSCs behaviors, however by 40 days of culture, the differences appear to diminish in 

regards to ECM formation.  By manipulating other factors within the reactor, it may be possible 

to utilize T2 relaxation in a method where relevant results could be acquired.  Along with the 

previously mentioned work, T2 weighted maps have been used to detect inhomogeneities in both 

bone and cartilage, two lineages that hMSCs can differentiate into. [160, 161] The bioreactor 

system therefore has the potential to differentiate hMSCs into either osteoblasts or chondrocytes 

within the PET growth construct, under both parallel and transverse flow.  The properties of T2 

relaxation and the usage of T2 maps to detect contrast differences could be applied to the 

differentiating bioreactor under both types of flow, and T2 weighted maps could be used to 

analyze the extent of differentiation within the reactor.  Differentiation of hMSCs into bone or 

cartilage will cause changes in intensity and using MRI, the construct can be imaged to 

determine which flow type better stimulates differentiation.  

 

5.6.c Hydrodynamic Microenvironment and ECM Secretion 

 Analyzing how hydrodynamic flow affects the extracellular matrix content within the 

construct will go a long way toward providing the parameters in which the hMSCs in the 

construct experience the optimal growth and proliferation conditions.  At the single cell level, 
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mechanical signals received by the individual cell can have a large effect on cell behaviors, 

including growth, motility, metabolism, and ion channel inductance. [162] While there were no 

definitive ECM results from the western blots after 10 days of culture, the results clearly 

demonstrated that after 20 days of culture, transverse flow induces a much higher amount of 

ECM secretion and formation than parallel flow.  A characteristic of transverse flow and the 

stresses it generates is inducing higher production of ECM by the hMSCs.  Fibronectin is a 

glycoprotein that modulates a large number of cellular interactions with the ECM.  It plays large 

roles in cellular adhesion, cellular migration, and growth and differentiation.  Fibronectin also 

serves as a ligand for various integrins, which bind the cytoskeleton to the ECM.  Adhesion via 

fibronectin can be affected by various external stresses.  Differing stresses can induce a variety 

of behaviors where cells can adhere and maintain the cellular adhesion while under stress, 

whereas slight changes in external stresses can cause cells to adhere to collagens and 

subsequently disperse when under stress. [162] It is possible that the upregulation of fibronectin 

as seen under transverse flow is a direct result of the amount of shear stress experienced by the 

individual hMSCs.  The shear stress will stimulate the cells to anchor or strengthen current 

anchors to the ECM.  If the hMSCs do not express high amounts of fibronectin, anchor to other 

proteins, such as collagen, the cells could be “washed” away by the perfusion flow.  Compare to 

parallel flow, where interior cells in the construct will experience less stress and will not be 

induced to anchor as strongly.  In parallel conditions, the internal cells of the construct that do 

not anchor to fibronectin or express high amounts of fibronectin will remain in place, due to the 

lower local amounts of shear stress experienced by individual cells.   

 Collagen has a high overall abundance within the body and throughout the ECM.  A 

variety of collagens were explored because of their importance in the body and in forming ECM 

on a cellular level.  Collagens are the principal ECM protein in most connective tissue. [163] 

Collagen I is the most abundant collagen in the body and is found in many connective tissues.  

On a cellular level, collagen I is responsible for matrix integrity.  It is responsible in the ECM for 

structure and support of the cell.  Collagen I can bind integrin to aid in anchoring the cell.  

Collagen III has similar functions to collagen I, and is frequently found to be associated with 

collagen I throughout the ECM. [164] Collagen IV is found exclusively in basement membranes.  

When secreted by cells, collagen IV forms networks and provides a molecular scaffold for 

attachment as well as for interaction of other various ECM proteins (laminins, proteoglycans, 



79 
 

etc).  Collagen IV networks are also responsible for a number of interactions between the ECM 

and cell surface.  Collagen IV is critical for cellular adhesion, migration, proliferation, and 

differentiation, and also serves as a binding substrate for a variety of cell types through 

interaction with integrins. [165]  

The differences in collagen expression between the two flow systems were stark.  Across 

the board, collagen I, III, and IV showed a much higher expression under transverse flow 

compared to parallel flow.  There was little collagen expression overall under parallel flow.  

Similar to fibronectin, differing stresses experienced by cells can induce a change in behavior 

within cells.  Collagen can transmit tensile forces it experiences to many cell types. The ECM 

itself is designed to transmit and protect cells from exterior forces. [162] It would seem that in 

the bioreactor system, there is a complete and fundamental difference in the type of ECM 

network formed under the varying perfusion flow types.  The transverse flow condition is 

stimulating the hMSCs to locally modify their ECM by increasing the amount of secreted ECM 

proteins when compared to parallel flow.  Increased ECM content would allow the cells to 

anchor themselves more securely.  This could be a cellular response to attempt to protect 

themselves from the higher shear stress they are experiencing under transverse flow.  The matrix 

will bear the strain from the stress, relieving the cellular stress. [38] There would not be this need 

in the parallel flow, as only a few cells on the outside layer of the construct are feeling the stress 

forces.  Another reason for the high ECM levels in transverse flow is that the fluid flow across 

each cell affects the concentration of various signaling factors.  Large amounts of flow will affect 

the concentration, effectively encouraging the cells to increase production to maintain 

appropriate extracellular concentration of various signaling factors and ECM proteins.  The local 

stress experiences by cells when under transverse leads to an increase in ECM production.  This 

is a direct result from the fluid flow modifying the cellular behavior while in the construct.   

Cell cyclin expression was analyzed to determine the phase of cell cycle that the hMSCs 

were in under the two different types of perfusion flow.  Analysis of the cell phase state can 

reveal whether or not the cells are most likely proliferating, possibly undergoing differentiation, 

or can just reveal more information about the current metabolic state of the cell.  The cell cyclins 

analyzed were cyclin B1, cyclin D1, and cyclin E.  Cell cyclin B1 is a protein that complexes 

with cyclin dependent kinase 1 (CDK1) to form maturation-encoding factor (MPF). [166] Cyclin 

B1 is highly expressed at the G2 to M phase checkpoint of the cell cycle, while at other phases of 
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the cell cycle it is expressed in very low amounts. [167] The G2 and M phases of the cell cycle 

occur when the cell is finishing its growth phase and about to enter the mitosis phase.  Cyclin B1 

determines the length of the G2 phase by allowing the cell to enter the mitosis phase. [168] 

Expression of MPF along with the translocation of cyclin B1 into the nucleus, are triggers that 

advance a cell from G2 to M phase. [167, 169] Cyclin B1 can determine the size of a cell by 

altering the length of time the cell remains in the G2 phase.  When cyclin B1 is highly expressed, 

the cells are then progressing through mitosis at a high rate.  This infers that the cells are healthy, 

viable, and actively proliferating when cyclin B1 is highly expressed.   

The cyclin B1 results imply that there is a much higher level of proliferation occurring in 

the transverse flowing reactor than in the parallel flowing reactor.  The high expression of cyclin 

B1 in the transverse flow conditions suggests that many of the hMSCs within the reactor are 

entering and thus undergoing mitosis.  The parallel flow reactor results suggest that very few 

cells are proliferating.  Since the cells in the parallel flow reactor are healthy and viable, they 

seem to be in a slower growth phase.  The transverse flow microenvironment is triggering an 

extremely higher amount of mitosis in the hMSC construct than the parallel flow 

microenvironment.   

The cyclin D family is responsible for regulating the G1 to S phase of the cell cycle.  The 

G1 to S phase transition of the cell cycle occurs when the cell is preparing to replicate its DNA 

through the synthesis of new DNA.  Cyclin D1 can function as an activating and regulatory 

subunit of CDK4 and CDK6. When activated, these CDKs allow for the expression of genes 

which permit the cell to enter the S phase of the cell cycle and begin replication. [170] Cyclin D 

is normally highly expressed, allowing the cells to progress uninhibited through the cell cycle. 

[167] Cyclin D1 is highly sensitive to the microenvironment of a cell.  It receives signals from 

the ECM and soluble growth factors, which allows it to “sense” when the microenvironment is 

appropriate for cell division and proliferation. [171, 172] Cell proliferation and differentiation 

are directed through the stiffness of the ECM, via signaling from extracellular integrins.  The 

signals received from both fibronectin and integrin can upregulate cyclin D1 expression and 

translation, thereby affecting cellular growth and cell cycle progression. [171] The interaction 

between the ECM and cyclin D1 makes the cyclin a vital target of study within the reactor.  The 

differing flow modes induce variances in ECM secretion, which play a role in affecting the cell 

cycle progression of the hMSCs.  Analysis of the cyclin levels within the growth construct can 
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provide a better idea of how exactly the flow mode experienced by the hMSCs in the construct 

affects the hMSC proliferation and possible differentiation.   

 While expressed in lower amounts than cyclin B1, the cyclin D1 results still show an 

intriguing pattern.  At 20 days, the transverse flow reactor showed higher expression than the 

parallel flow reactor, which showed virtually none.  Densitometry results show that expression of 

cyclin D1 under transverse flow is almost double that of parallel flow (after normalization).  

Since cyclin D1 is extremely sensitive to microenvironment, these results would indicate that 

transverse flow provides a better ECM for cell proliferation when compared to parallel flow.  

The stiffness of the transverse ECM provides a more suitable microenvironment for cell growth 

and thus triggers the higher cyclin D1 expression within the hMSCs.  While the parallel flow 

induced ECM does induce some cyclin D1 expression, the microenvironment created by that 

flow mode is not optimal for cell growth and proliferation.   

 The cyclin E family also promotes cell cycle G1 to S phase transition.  Cyclin E is usually 

located in the cytoplasm, highly regulated and only appears in the mid G1 phase through the S 

phase of the cell cycle. [167] E cyclins bind and activate CDK2 and are believed to play a large 

role in DNA synthesis.  However, the function of cyclin E also overlaps that of cyclin D1. [173, 

174] Because of these properties, it is thought that cyclin E functions as the DNA replication 

cyclin and control.  It is quickly degraded when not needed upon completion of DNA synthesis 

and replication. In cancerous cells, cyclin E allows entry and exit of the S phase to proceed 

unchecked. [175]  

 The cyclin E levels in the hMSCs constructs were extremely low under both flow modes.  

While western blot protein bands were only slightly visible, densitometry revealed the relative 

amounts of cyclin E from the growth constructs.  Cyclin E was more highly expressed in cells 

cultured under transverse flow than in cells cultured under parallel flow.  This demonstrates that 

transverse flow induces the hMSCs to continue progressing through the cell cycle more so than 

parallel flow.  Since cyclin E shares some function with cyclin D1, it is not a surprise that cyclin 

E is upregulated in transverse flow mode when compared to parallel flow mode.  The cyclin E 

results do verify that transverse flow does stimulate more proliferation than parallel flow.   

Previous research from Dr. MA’s lab demonstrated that hMSCs grown in the perfusion 

reactor can sometimes undergo a long initial lag phase prior to exponential growth.  This lag 
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phase can last from 2-3 weeks. [44, 46] It is likely that the hMSCs in perfusion flow are still in 

this lag phase after 10 days in culture, causing the low expression of ECM and cyclin proteins.  It 

is entirely possible that the hMSCs are still in this lag phase after 20 days, causing the low 

expression of the cyclins.  However, the cyclin western blot and densitometry results point to the 

fact that the hMSCs within transverse flow reactor are experiencing earlier growth and 

proliferation.  The most poignant result to come from the cyclin analysis is that transverse flow 

appears to stimulate cell growth and proliferation.  All of the cyclins are at least somewhat 

upregulated under transverse flow compared to parallel flow, signifying that more of the cells are 

progressing through the cell cycle, and that the hMSCs are progressing through the cell cycle 

faster.  Since transverse flow induces the creation of a more established ECM, this is signaling 

cyclin D1 to progress the hMSCs through proliferation at a higher rate than parallel flow.  The 

ECM is causing the cell cycle to be more active at 20 days.  Parallel flow mode appears to 

restrict the proliferation or at least slow the process down within the reactor.  The lower amounts 

of ECM secreted under parallel flow mode are likely causing the lower amount of proliferation, 

as evidenced by less expression of the cyclins.  If the parallel flow reactor has established 

biochemical nutrient gradients within the construct, the innermost layer of hMSCs will be 

starved.  This starvation will lead to a lower growth and proliferation rate and thus the lowering 

of expression of the proliferation markers, cyclin B1, D1, and E.  One additional possibility to 

explain the lower ECM and cyclin levels in hMSCs cultured under parallel flow is that the 

hMSCs may be undergoing some type of differentiation.  Previously shown NMR data suggests 

that the cells may be undergoing adipogenic differentiation within the bioreactor when grown 

long-term.  The lack of significant expression from the parallel flow reactor could signify that the 

majority of these hMSCs are in fact following a differentiation pathway as opposed to a 

proliferation pathway.  Previous work has shown that changes in microenvironment can lead to 

changes in behavior of hMSCs (re: introduction), and differentiation is one of these behaviors 

that is affected.  There is a precedent for the hMSCs in the parallel flow reactor beginning to 

differentiate into adipocytes, which can explain the lack of the cyclin proliferation markers.   

The bioreactor has the capability to perform a complex analysis of local 

microenvironment of a 3-D cellular construct as well as determine how external forces affect the 

development of the cellular construct.  hMSC microenvironment was analyzed under varying 

hydrodynamic microenvironments, parallel perfusion flow and transverse perfusion flow, to 
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determine the effects of each flow mode on the behavior of the hMSCs, and how the hMSCs 

might alter their own local microenvironment in response to these stresses.  Transverse flow 

mode seems to impart a greater growth and development potential on the hMSCs as opposed to 

parallel mode.  Transverse flow induces higher ECM secretion at early time points, higher 

cellular growth and proliferation, and lower ADC values.  Parallel flow did not induce any of 

these behaviors to the extent that transverse flow was able.  Parallel flow induced very little 

ECM secretion by the hMSCs early in development and less construct cellularity and 

development overall.  As mentioned previously, the establishment of biochemical gradients 

within the construct itself could adversely affect the proliferation ability of the hMSCs within the 

construct.  It remains possible, due to the similar T2 measurements, that parallel flow mode 

induces the beginnings of differentiation within the hMSC construct.  Parallel flow may induce 

differentiation behaviors, which would explain the lack of construct development over the 

culture time.  NMR spectroscopic data also supports this possibility.  Further experimentation 

would need to be completed to confirm this hypothesis.  All of the hydrodynamic analysis results 

indicate that the hMSCs under transverse flow have grown, proliferated at a higher rate, and 

developed an extensive ECM network within the 3-D PET construct.  The mechanical stresses 

imparted on the hMSCs from transverse flow have a positive effect on 3-D construct 

development.   
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Figure 5.1: Perfused ADC weighted maps and values. Apparent diffusion coefficient 

weighted maps and measurements from the parallel flow perfused bioreactor.  (a) Edge slice 

false color ADC weighted map of a perfused bioreactor. (b) Center slice false color ADC 

weighted map of a perfused bioreactor. In both maps, darker color indicates more restricted 

diffusion and a lower diffusion rate. The scale on the side of the map correlates the absolute 

diffusion rate to the different colors in the map. (c) Measured diffusion rates for each slice, 

including the construct ADC to bulk H2O ADC ratio. Students T-test used for statistical analysis. 

† - p < 0.01. (*) denotes one set of sample measurements. Therefore statistical analysis was not 

performed.  
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Table 5.1: Sequential ADC measurements. Apparent diffusion coefficient measurements for 

multiple samplings taken from the same transverse reactor.  ADC was measured at Day 20 and 

Day 40 of a transverse flow perfused bioreactor. Students T-test used for statistical analysis. † - p 

< 0.02. 
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Figure 5.2: Parallel and transverse flow ADC weighted maps and values. Apparent diffusion 

coefficient weighted maps and measurements from perfused bioreactors showing the differences 

in ADC induced by varying flow conditions. (a) False color ADC weighted map of a parallel 

flow mode perfused bioreactor cultured for 40 days. (b) False color ADC weighted map of a 

transverse flow mode perfused bioreactor cultured for 40 days.  In both maps, darker color 

indicates more restricted diffusion and a lower diffusion rate. The scale on the side of the map 

correlates the absolute diffusion rate to the different colors in the map. (c) Measured diffusion 

rates from multiple slices for each flow mode, including the construct ADC to bulk H2O ADC 

ratio. Students T-test used for statistical analysis. † - p < 0.01. ‡ - p < 0.01. (**) - p < 0.01.  
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Table 5.2: Sequential T2 measurements. T2 spin-spin relaxation time measurements for 

multiple samplings taken from the same bioreactor.  T2 relaxation time was measured at Day 20 

and Day 40 of a transverse flow perfused bioreactor. Students T-test used for statistical analysis. 

† - p < 0.01. 
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Figure 5.3: Parallel and transverse flow T2 weighted maps and values. T2 spin-spin 

relaxation time weighted maps and measurements from perfused bioreactors, showing any 

potential differences in T2 relaxation time induced by varying flow conditions. (a) T2 relaxation 

time weighted map of a parallel flow mode perfused bioreactor cultured for 40 days. (b) T2 

relaxation time weighted map of a transverse flow mode perfused bioreactor cultured for 40 

days.  The dark spot in the center is a flow artifact.  In both maps, darker color indicates more 

restricted diffusion and a lower diffusion rate. (#) denotes the support structure used to anchor 

the PET matrix. (c) Measured T2 relaxation rates from multiple slices for each flow mode 

including the construct T2 relaxation time to bulk H2O T2 relaxation time ratio. Students T-test 

used for statistical analysis. † - p < 0.01. ‡ - p < 0.01. Ratio difference is not statistically 

significant.  
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Figure 5.4: Parallel and transverse flow ECM western blots. Western blot results for 

extracellular matrix protein secreted by the hMSCs when cultured under differing flow 

conditions.  Day indicates the number of days after culture the samples were take. (P) indicates 

samples collected from a bioreactor under parallel flow mode. (T) indicates samples collected 

from a bioreactor under transverse flow mode. 
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Table 5.3: ECM densitometry. Densitometry analysis of the Day 20 ECM western blots in 

figure 5.4. Densitometry measured using the Quantity One software (Bio-Rad, Hercules, CA).  

The entire protein band was measured to get an accurate densitometry reading.  Background 

reading was taken from each individual blot. Densitometry units are arbitrary.  

 

 

 

 

 

Figure 5.5: Parallel and transverse flow cyclin western blots. Western blot results for various 

intracellular cyclin levels produced by the hMSCs when cultured under differing flow 

conditions.  Day indicates the number of days after culture the samples were take. (P) indicates 

samples collected from a bioreactor under parallel flow mode. (T) indicates samples collected 

from a bioreactor under transverse flow mode. 
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Table 5.4: Cyclin densitometry. Densitometry analysis of the Day 20 cyclin western blots in 

figure 5.5. Densitometry measured using the Quantity One software (Bio-Rad, Hercules, CA).  

The entire protein band was measured to get an accurate densitometry reading.  Background 

reading was taken from each individual blot. Densitometry units are arbitrary. 
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CHAPTER 6 – hMSC CELLULAR ANALYSIS 

 

6.1 hMSC Cellular Experiments 

 A variety of biochemical cellular assays involving hMSCs were run concurrent with 

bioreactor operation.  The experimental direction was to lay the cellular groundwork for the 

bioreactor research and to collect some baseline two and three-dimensional culture cellular data 

regarding hMSC behavior.  These experiments were designed to take into account the current 

course of study within Dr. Ma’s laboratory, notably oxygen tension analysis along with an eye 

toward the future. Successes would dictate which experiments would be targeted for adaption 

into the 3-D NMR bioreactor.  Along with running full scale bioreactor experiments, a complete 

set of cellular data would allow for the correlation of cellular changes seen in hMSCs behavior to 

the changes observed by NMR spectroscopy.  Spectroscopy would provide the metabolic data 

and the cellular assays conducted would provide the behavioral changes seen in hMSCs.    

 

6.2 Cardiomyocyte Differentiation of hMSCs  

hMSCs have been shown to have strong therapeutic potential in combating numerous 

ailments.  There had been little analysis on the mechanisms behind hMSC therapeutic potential, 

and it was decided that the new 3-D NMR-compatible bioreactor would provide the perfect 

platform to explore the cellular mechanism behind the therapeutic abilities of hMSCs.  The main 

function of hMSC therapy was thought to be differentiation into a variety of lineages, including 

cardiomyocytes.  Cardiomyocyte differentiation held promise in that if hMSCs could be induced 

to differentiate, a cardiac cell construct could be created.  The tissue construct, created from 

hMSCs, could be used to combat heart ailments, one of the leading causes of death.  

The first step was to attempt to chemically differentiate hMSCs in vitro in a 2-D culture.  

If hMSCs could be differentiated in 2-D, then they could be differentiated within the 3-D NMR-

compatible bioreactor, thus creating a cardiac tissue construct.  Initial differentiation experiments 

involved exposing the hMSCs to 5-azacytidine supplemented differentiation media for 24 to 48 

hours and then culturing for up to five weeks, long enough for the hMSCs to show signs of 

successful differentiation.  After 5-azacytidine exposure, hMSCs were cultured in complete 
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media (MEM) or a supplemented cardiac growth media (CGM), a complete media supplemented 

with bFGF.  Samples were analyzed via immunocytochemistry and western blotting for a 

number of pro-cardiac proteins, including cardiac myosin heavy chain (cardiac MHC), troponin 

T, desmin, and connexin 43.   

Light microscope observation revealed minimal morphological change within the hMSCs 

cultured under differentiation media.  Undifferentiated control hMSCs stained positive for the 

control antibody, -actin, and also stained positive for troponin T, meaning troponin T could not 

be used as a solid marker of differentiation.  Control hMSCs were negative for the presence of 

cardiac MHC. (Figure 6.1) At one week post-differentiation, hMSCs cultured in MEM and CGM 

were negative for cardiac MHC.  The hMSCs appeared to be negative for Troponin T, with some 

minor background signal appearing in the staining. (Figure 6.2) At two (Figure 6.3), three 

(Figure 6.4), and four weeks (Figure 6.5), the hMSCs cultured under CGM appeared to have 

positively stained spots of interest that were tagged as potential cellular differentiation.  The 

MEM hMSCs also had some positively stained patches.  This may be a sign of initialized, but 

ultimately incomplete differentiation.  The results from the MEM group at four weeks show 

major differences.  A large section of the cells were positively stained for cardiac MHC. (Figure 

6.6) This section of cells showed a highly organized section of the pro-cardiomyocyte phenotype 

protein.  While the positive result was encouraging, the positively stained cells covered only 

about 3-5% of the entire sample.  Though it appeared that hMSCs had been successfully 

differentiated into cardiomyocytes, the extent of the differentiation was extremely limited.  A 

much higher differentiation percentage would be needed before any attempt at differentiation 

within the NMR bioreactor could be made.   

 Differentiation experiments were continued to verify if hMSC differentiation had 

occurred.  In an effort to achieve more successful differentiation, hMSCs were subjected to a 

hypoxic growth environment.  hMSCs were cultured under the 2 different growth media 

conditions.  Half of the plates were exposed to 2% oxygen (hypoxic) while the remainder were 

exposed to the traditional 20% oxygen (normoxic).  Immunocytochemistry samples were stained 

at two to five weeks post induction, since no differentiation occurred after only seven days.  

Additional hMSCs were cultured to further analyze the protein content of the differentiated 

hMSCs via western blotting.   
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As the cells were cultured longer, they seemed to become more aligned as a group when 

observed under a light microscope.  -actin was used as a control for all conditions. (Figure 6.7) 

The normoxic CGM cells never stained positive for cardiac MHC throughout the experiment.  

Background fluorescence was slightly higher in some of the samples, but nothing definitive was 

seen.  The MEM hMSCs cultured under normoxia did show some positively stained spots for 

cardiac MHC, similar to the previous experiments.  Positively stained regions were located at a 

few different regions, but no definitive staining pattern was seen.  Hypoxic-treated CGM 

cultured hMSCs showed some potential positive staining after 3 weeks, with a small patch of 

cells staining for cardiac MHC, but no positive results in any other time point.  Given the lack of 

positive results from previous experiments, it was difficult to classify this small patch as 

differentiating cells, and it is most likely a false positive.  Hypoxic MEM cultured hMSCs 

showed some promising results, with positive staining for cardiac MHC at weeks two, three, and 

four. However, the staining never became more organized and was limited to some isolated 

areas. Side by side analysis of the images provides the best comparison of temporal changes in 

the expression pattern. (Figure 6.8) As with the previous experiments, it appeared that some of 

the hMSCs may have started to potentially differentiate under the various conditions, but no 

definitive conclusions could be reached.  Staining for connexin 43 was largely negative.  Positive 

staining was seen only under normoxia, at two weeks under CGM and at three weeks under 

MEM.  Positive results were extremely isolated. (Figure 6.9)  

 

6.2.a Western Blot Analysis of Differentiation 

Western blot analysis of the differentiating cells was conducted to determine if there was 

a real difference in pro-cardiomyocyte protein expression.  Samples were collected at two weeks 

post induction under normoxic oxygen conditions and MEM culture medium for both 24 and 48 

hour induction.  Samples were not taken until at least three weeks post induction to ensure the 

hMSCs had enough time to differentiate.  Samples were collected at three and four weeks under 

both MEM and CGM growth conditions with normal 20% oxygen tension.  There were no 

visible protein bands for cardiac MHC.  Troponin T was more highly expressed in cells that had 

been cultured under CGM for three to four weeks. (Figure 6.10) Dark bands were present at both 
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three and four weeks post differentiation, with the stronger signal appearing at week three.  

hMSCs cultured in MEM had only a very weak signal of Troponin T at the same times.     

Western blots were used to determine if other cardiac proteins were present in the 

potentially differentiated hMSCs under varying oxygen tensions.  Samples were collected at 

three and four weeks post induction under previously used hypoxic and normoxic oxygen 

tensions and culture media.  Cardiac MHC analysis displayed a few positive results.  hMSCs 

cultured under normoxia and MEM had bands present at three and four weeks respectively.  The 

remaining culture conditions did not present any protein band for cardiac MHC.  Protein content 

appeared to be about equal at both time points, indicating that differentiation had occurred prior 

to three weeks post induction.  It appeared that hMSCs had been induced to take on a 

cardiomyocyte like phenotype.  However, there was no cardiac MHC present in any other 

samples. To complete the analysis, additional pro-cardiac proteins were assayed, including 

desmin and α-sarcomeric actin.  Desmin was present in all cells across both medium and oxygen 

conditions.  Band density was similar in all samples, suggesting that desmin may be present even 

when the hMSCs are not fully differentiated.  At three weeks post induction, the levels of α-

sarcomeric actin appeared very similar across all conditions.  At four weeks, there was a slightly 

higher amount of α-sarcomeric actin present under normoxia when compared to hypoxia.  

Differences between medium groups were negligible. (Figure 6.11)  These results suggest that 

differentiation of hMSCs into cardiomyocytes was achieved after three weeks for hMSCs 

cultured under normoxia and in MEM.  The remaining cells underwent at least partial 

differentiation as they expressed two pro-cardiac proteins.  Complete differentiation and 

phenotype shift cannot be verified as those cells failed to express the hallmark protein of 

cardiomyocyte differentiation, cardiac MHC.     

 

6.3 Angiogenic Potential of hMSCs via Akt/AMPK 

6.3.a 2-D hMSCs Expression of Akt/p-Akt under Varying Oxygen Tension 

 Since cardiomyocyte differentiation of hMSCs could not be achieved with any 

consistency, it was decided that the best course of action was to determine what type of 

angiogenic effects hMSCs could mediate.  To achieve the best results, angiogenic effects under 

low oxygen and low serum were explored.  hMSCs were cultured in low serum (2%) complete 
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medium for up to 96 hours under hypoxic (2%) or normoxic (20%) oxygen tension.  Low serum 

was used to reduce any angiogenic effects that may have been attributed to the serum proteins 

and thus not the hMSCs.  Western blot samples and immunocytochemistry samples were taken 

every 24 hours for 4 days.  The pro-angiogenic Akt, phosphorylated Akt, AMPK, and 

phosphorylated AMPK were probed to determine the effects oxygen tension on angiogenic 

potential, with -actin was used as a positive control. (Figure 6.12) 

 Akt staining revealed that Akt is a ubiquitous protein.  Nearly every hMSC in the samples 

stained positive for Akt, and Akt stained positive across all oxygen tensions for all time points. 

(Figure 6.13) All hMSCs expressed Akt equally, and there were no differences between oxygen 

tensions and time after induction.  Under normoxia, the hMSCs did not express any p-Akt 

initially at 24 hours.  The amount of positive expression did increase at 48 hours, and appeared to 

level off at 72 and 96 hours.  The hMSCs cultured under hypoxia appeared to express some 

positive p-Akt staining as early as 24 hours, sooner than normoxia.  The number of positively 

stained results increased at 48 hours, but not as much as the normoxic cultured hMSCs.  The 

number of positively stained p-Akt hMSCs under hypoxia seemed to drop and level off at 72 and 

96 hours. (Figure 6.14) It appears that a plateau in p-Akt expression was hit sometime around 48 

hours, as the levels of p-Akt in both hypoxic and normoxic samples stayed nearly constant after 

that point.  Overall, normoxic cells expressed p-Akt more so than their hypoxic counterparts. 

 

6.3.b 2-D and 3-D Expression of Akt/AMPK under Varying Oxygen Tension 

 Western blot samples were collected to acquire a more quantitative value of the amount 

of angiogenic proteins expressed by the hMSCs.  hMSCs were cultured on 2-D tissue culture 

plates and in 3-D PET matrices under hypoxic (5%) or normoxic (20%) oxygen tensions.  

Western blot samples were collected at 24, 48, 72, and 96 hours.  All samples were assayed for 

-actin as a control, Akt, p-Akt, AMPK, and phosphorylated AMPK (p-AMPK).  Initial 2-D 

results showed a consistent protein band for the -actin control across all conditions and times.  

Akt was present in large quantities in all samples.  This verifies that Akt is a ubiquitous protein.  

p-Akt was not detected in any of the hypoxia or normoxia samples at any time.  This correlates 

with the low signal intensity seen during the previous immunocytochemistry experiments.  When 

probing for AMPK, the normoxic samples showed a general increase from 24 hours out to 96 
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hours, while the hypoxic samples had a higher initial amount at 24 and 48 hours, but leveled off 

sooner as the 48, 72, and 96 hour samples were equal in intensity. The 96 hour hypoxia and 

normoxia samples were nearly equal in intensity, implying that hypoxia stimulates AMPK 

production faster than normoxia, but levels eventually even out.  When probing for p-AMPK a 

general increase was seen under normoxia, with expression levels dropping in intensity from 24 

to 48 hours, but then increasing out to 96 hours.  Hypoxic samples have this same initial 24 to 48 

hour decrease, but hypoxic samples recovered quickly to reach their maximum expression at 72 

hours.  Hypoxic samples then showed a slight decrease from 72 to 96 hours.  The expression was 

almost equal between the normoxic 96 hour samples and the hypoxic 72 hour samples.  This 

suggests that hypoxia causes the hMSCs to express p-AMPK at a higher level sooner than 

normoxia, but they ultimately even out. (Figure 6.15) 

 Three-dimensional samples were also collected under these same conditions at the same 

time points.  They were probed for the same antibodies to see if growth in a 3-D culture altered 

the angiogenic expression pattern of the hMSCs.  However, the results from this first set of 

experiments were largely unsuccessful. Figure 6.17 shows the western blot results.  All samples 

expressed relatively similar levels of Akt, which was expected.  The levels are roughly 

equivalent.  AMPK was expressed in varying levels in the 3-D PET matrix.  Under normoxia, 

there was little AMPK expression initially, and it slowly increased from 48 to 96 hours, with 96 

hours showing the maximum expression. Under hypoxia, the expression increased to 72 hours 

and then leveled off, with expression staying the same at 72 and 96 hours.  Oxygen tension did 

not appear to affect the expression of AMPK, as levels were similar.  Unfortunately, every 

sample for both hypoxia and normoxia were negative for p-Akt and p-AMPK.  These proteins 

were not present at high enough levels in the 3-D culture to detect. (Figure 6.16)  

 The same set of experiments (2-D versus 3-D, hypoxia versus normoxia) was repeated 

with a minor change in the protocol.  Low serum (2% FBS) complete medium was used to 

eliminate any angiogenic expression that might be caused by the growth serum in the media.  

Using low serum medium would demonstrate that pro-angiogenic behaviors observed are 

directly due to the characteristics of the hMSCs and not the culture medium.  P-Akt was not 

analyzed due to its low expression in immunocytochemistry and the lack of detectable presence 

of the protein in previous experiments.  When hMSCs were cultured in 2-D, Akt was expressed 

in cells from all of the experimental groups and time points.  When normalized to the control, 



98 
 

Akt levels were similar in every sample.  The AMPK expression in low serum medium was 

somewhat similar to that seen in normal complete medium.  The normoxic samples had 

equivalent protein expression for 24, 48, and 72 hours, with an increase at 96 hours.  As was seen 

previously, the hypoxic samples expressed more AMPK earlier than normoxia.  The expression 

at 24 hours was similar to normoxia, but increased by 48 hours.  The hypoxic samples then 

stayed relatively consistent at 72 and 96 hours.  The behavior seen here follows a pattern seen 

previously, where hypoxia induces earlier expression than normoxia before leveling off.  At the 

end of the experiment, AMPK levels appeared to be equivalent between the two oxygen tensions.  

P-AMPK expression was probed, but the protein bands were too faint to make any discernable 

conclusion from the results.  Low serum treatment led to a down regulation of p-AMPK 

expression. (Figure 6.17) 

 Three-dimensional constructs were also cultured under low serum and probed for pro-

angiogenic protein antibodies.  As was done with the 2-D samples, p-Akt was not probed due to 

the lack of a significant amount of protein seen in other experiments.  Akt levels, when 

normalized to the control, were similar in most of the samples.  AMPK expression in the 3-D 

culture was quite different that in the 2-D culture.  Hypoxic samples showed very low amounts 

of total AMPK expression, but still followed a similar pattern as the 2-D culture and the 

previous, full serum complete media samples.  Expression started off low at 24 hours and 

increased at 72 hours, where it leveled off.  3-D conditions with low serum seemed to delay the 

high expression of AMPK more so than 2-D cultures, and there was an overall lower amount of 

expression.  There was a noticeable difference in the normoxic samples.  Contrary to the 2-D 

experimental results, AMPK expression in the 3-D normoxic cultures increased from 24 hours to 

48 hours.  After this time, there was a drop off in AMPK expression out to 96 hours.  The 96 

hour time point expression was similar to the 24 hour expression.  This drop off may be due to 

the lag phase that is normally seen in 3-D hMSC growth, which was published previously in Dr. 

Ma’s lab.  As was the case with the 2-D low serum samples, p-AMPK was only slightly 

detectable at very low levels. The expression level was too low to make any accurate conclusions 

about the differences between oxygen tensions or the differences in 2-D versus 3-D culture. 

(Figure 6.17) This data supports the point that low serum causes an overall lowering of AMPK 

expression. 
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6.4 hMSC Secretion of Pro-Angiogenic Trophic Factors 

 In a set of related experiments, hMSCs were assayed to more fully determine angiogenic 

potential.  hMSCs have been shown to secrete trophic factors that can have therapeutic potential 

in repairing injured tissue.  A brief study was undertaken to determine what effects growth 

culture conditions (2-D versus 3-D) and oxygen tension (5% hypoxia versus 20% normoxia) had 

on stimulating hMSCs to release the pro-angiogenic trophic factor nitric oxide, a vasodilator 

(NO).  hMSCs were cultured on 2-D tissue culture plates and in 3-D PET matrices in complete 

media.  Both sets of hMSCs were cultured under hypoxic and normoxic oxygen tensions.  

Cellular viability data showed differing growth trends.  For the 2-D samples, both sets of cells 

declined in total number from day seven to day fourteen.  However, hypoxic 2-D cells were 

higher in number at both day seven and day fourteen than the normoxic 2-D cells.  The hypoxic 

samples lost about 14.5% of their cells on average while the normoxic samples only lost an 

average of 10.8% of their population.  In the 3-D samples, both sets of hMSCs increased in 

number from day seven to day fourteen.  As the case in 2-D, 3-D hypoxic samples contained 

more cells than the 3-D normoxic samples.  Hypoxic 3-D cultures also grew at three-fold higher 

rate, with a total growth increase of 43.8% on average, while normoxic 3-D cultures only 

increased by 16.1% on average.  

 Nitric oxide release was assayed on a per cell basis to normalize across all samples.  

Normoxic 2-D samples contained more nitric oxide per cell than the hypoxic samples at both day 

seven and day fourteen.  Normoxic 2-D hMSCs rose from a secretion level of 3.11 picograms of 

NO per cell to 3.83 between day seven and day fourteen.  Hypoxic 2-D hMSCs were lower as 

stated, but secreted levels rose as well from day seven to day fourteen.  At day seven, hypoxic 2-

D hMSCs secreted 2.55 picograms of NO per cell while at day fourteen, the levels were 

increased to 3.09 picograms NO per cell.  hMSCs cultured in 3-D culture were significantly 

lower in the NO secretions when compared to their 2-D counterparts.  Within 3-D cultures, 

normoxic hMSCs secreted the same levels of NO at day seven and day fourteen.  Normoxic 3-D 

hMSCs secreted 0.796 picograms NO per cell at day seven and 0.804 at day fourteen.  Hypoxic 

samples displayed some different behavior, as the level of secreted NO actually dropped from 

day seven to fourteen, even though the cells number dramatically increased.  Hypoxic 3-D 

hMSCs secreted a similar amount of NO at day seven when compared to the 3-D normoxic cells.  

They had levels at 0.799 picograms NO per cell at day seven.  However, the NO levels dropped 
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at day fourteen to 0.599 picograms NO per cell.  A drop in NO production wasn’t seen in any 

other sample, but no other sample had as much growth increase as the hypoxic 3-D hMSCs.   

 

6.5 Osteoblast Differentiation Induction 

 hMSCs were induced to differentiate into osteoblasts as per the described protocol.  This 

was done as proof that the stock of hMSCs used had appropriate differentiation potential.  When 

successful, the differentiation technique would be transferred to the 3-D NMR bioreactor.  NMR 

could then potentially be used to study the metabolic changes and differences in the hMSCs as 

they were terminally differentiated.   

 hMSCs were cultured in osteo-induction media for a total of fourteen days.  Later time 

points were wiped out due to contamination in the samples.  Samples were analyzed by Von 

Kossa staining for calcium at day seven and fourteen.  At seven days, there was little 

morphological change in the hMSCs.  Von Kossa staining revealed that a few clusters of cells 

had positively stained for calcium when compared to controls.  This suggested that as soon as 

seven days, some type of differentiation occurred.  At fourteen days post differentiation, there 

wasn’t much morphological difference between control and differentiated hMSCs.  Von Kossa 

staining revealed more positively stained calcium deposits in the culture, when compared to 

controls.  Similar to the day seven results, it appeared that differentiation occurred and the 

hMSCs differentiated into osteoblasts.  (Figure 6.18)  

 

6.6 Discussion of hMSC Cellular Analysis 

 A variety of cellular experiments were performed on hMSCs with a common theme, to 

see how altering the growth environment affected hMSC behavior.  Specifically, the aim was to 

determine how changing the growth environment affected the therapeutic properties of hMSCs, 

by exploring cardiomyocyte differentiation potential of hMSCs and by exploring the ability of 

hMSCs to secrete pro-angiogenic trophic factors. [176] This research was done with an eye 

towards integrating the results with the NMR-compatible bioreactor, by using metabolic studies 

as a predictor of hMSC angiogenic potential.   
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6.6.a MSC-mediated Heart Repair via Differentiation 

When the research project was started, the prevailing belief regarding mesenchymal stem 

cells was that they had a strong ability to differentiate into cardiomyocytes both in vitro or in 

vivo, and that these differentiated cardiomyocytes could be used to treat various heart ailments. 

By treating a heart infarction with hMSCs, it was thought that there was potential for the heart to 

regenerate healthy cardiomyocytes in the infarcted section and prevent any scarring and further 

infarction. [177-183] Numerous studies were done, concluding that the treatment of a heart 

infarct with MSCs led to improved heart function and increased post-infarct thickness of the 

ventricular wall.  The majority of the studies conducted were clinical and involved inducing an 

infarct into the heart, followed by treatment. Various treatments were studied, but the consensus 

treatment was direct injection of harvested MSCs into the heart at the infarct region. Most groups 

used cell suspensions, and one group used a MSC monolayer graft.  All of these treatments 

resulted in similar findings (improved thickness and improved heart function) at time points 2-4 

weeks post infarct.  Given this data, data that showed some expression of cardiac markers by 

MSCs, and knowledge that MSCs have the potential to differentiate into cardiomyocytes, it was 

determined that the MSCs were differentiating into cardiomyocytes.  It was thought that the 

differentiation was the driving process behind improved heart function and recovery from heart 

ischemia. [45, 184-189] Due to the overwhelming research at the time, the appropriate direction 

to take in the research project was to attempt to successfully differentiate hMSCs into 

cardiomyocytes in vitro. Once differentiation had been confirmed, the hMSCs were going to be 

differentiated within the NMR-compatible bioreactor, so NMR spectroscopy could be used to 

study the metabolic changes that the hMSCs underwent during the 3-4 week long differentiation 

process.    

While it was reported that differentiated hMSCs were seen to “beat” in culture, these 

behaviors were not observed. [187, 189] Ultimately, some level of differentiation of hMSCs into 

cardiomyocytes was observed, but not enough to truly confirm differentiation.  The amount of 

total differentiation never exceeded 3-5% of the total cells, and no group of hMSCs ever 

expressed a complete set of pro-cardiomyocyte proteins, which would have signified a cardiac 

phenotype.  The cells that expressed small amounts of differentiation were also highly 

unorganized and appeared in random areas throughout the sample.  The cells appeared to 

differentiate better when grown in MEM culture and under normoxia, as opposed to low oxygen 
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tension.  Yet, consistent complete differentiation was never reached.  The large positively stained 

cardiac MHC region in one trial was never replicated.  The results show that while differentiation 

might be induced in vivo, inducing a large number of cells to differentiate completely into 

cardiac tissue is extremely difficult to achieve in a standard culture. 

 To further increase the prospects of differentiation, it was decided to test the effects of 

hypoxia, or low oxygen tension on the differentiation ability.  Oxygen had already been shown in 

Dr. Ma’s lab and others to have a large effect on cellular behavior and differentiation, 

specifically hMSCs behavior. [48, 190, 191]  Under 1% hypoxic conditions, migration of MSCs 

to the damage site was induced, as well as angiogenesis (when compared to 20% oxygen 

“normoxic” conditions). [192]  Results show that culture under hypoxic conditions for 4 hours 

caused an increase in migration as well as an increase in capillary-like structure formation.  The 

hypoxic culture conditions resulted in an increase in MT1-MMP gene expression. MT1-MMP is 

a protease that is needed for tube formation during angiogenesis.  Its upregulation showed that 

hypoxic conditions pushed the MSCs on a path toward angiogenesis. Hypoxic conditions also 

increased the levels of other markers important to differentiation and angiogenesis. [192]  VEGF, 

which is expressed during differentiation, was secreted at a higher level under hypoxic 

conditions. There were also increases in the amount of cellular migration.  These results showed 

that in hMSCs, hypoxia produced changes in the pathways that regulate proliferation and 

angiogenesis. [192]  The aim was to determine if hypoxia treatment could help facilitate more 

complete differentiation of hMSCs into cardiomyocytes.   

 Hypoxic treatment led to the increase in potential differentiation spot number and size 

when visualizing cardiac MHC via immunocytochemistry at only one to two weeks post 

induction.  Treatment with hypoxia did not appear to significantly increase as time went on 

though, with staining samples taken at five weeks only showing nominal increases in size and 

number of the differentiation spot.  Hypoxia did appear to induce potential differentiation spots 

more so than normoxia, yet no significant conclusions could be drawn.  Western blot samples 

were analyzed to quantify the differentiation; trials did turn a positive band for cardiac MHC, at 

both three and four weeks post induction, from a set of cells cultured under normoxia and MEM 

media.  With no detectable protein present in the hypoxia or the CGM cultures, results were not 

definitive on whether or not hypoxia had a positive effect on hMSCs differentiation.  While the 

detection of a single cardiac MHC band was a sign of hope, enthusiasm was tempered because of 
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lack of evidence of differentiation elsewhere.  As a final effort, western blot analysis was used to 

monitor a broader spectrum of cardiac proteins.  The cardiac proteins desmin and α-sarcomeric 

actin were detected in all samples, hinting that differentiation may have been at least partially 

induced in the cardiac MHC positive sample.  However, there was not enough evidence from the 

experimental to fully verify that differentiation had taken place.    

Looking over all the evidence collected in the attempts to differentiate cardiomyocytes, 

the direction of the research was questioned.  While it appeared that there had been some 

successful differentiation in culture, the positive results were few and far between, and 

differentiation was never achieved with consistency.  Going back to the literature, it was evident 

that cardiomyocyte differentiation is both highly dependent on a lot of external factors (due to 

evidence of more successful in vivo differentiation than in vitro), and also highly inconsistent.  

The most highly efficient differentiation only occurred in about 30% of the hMSCs in a culture. 

[187] Even if differentiation could be induced consistently, this low percentage of differentiation 

would make NMR signal detection in reactor extremely difficult.  By 2006, it was questioned as 

to whether or not MSCs were actually differentiating in vivo or in vitro and whether or not this 

mechanism was the correct one. [193] 

 

6.6.b MSC and Trophic Factor Effects on Heart Repair/Angiogenesis 

A pair of studies came out later that year that completely changed the line of thinking on 

MSC-mediated heart tissue repair.  The new research illustrated that after a heart infarct was 

treated with MSCs, there was improved heart function and increased thickness of the ventricle 

wall after only 3 days. [30, 31]  This time course was much too short for complete differentiation 

of the MSCs into cardiomyocytes.  These studies did show that MSCs have some angiogenic 

capability that allows them to repair infarcted heart tissue without differentiating into new 

cardiomyocytes.  It is likely that this angiogenic potential is the main therapeutic mechanism for 

early repair after a heart infarction. [30, 31] In light of these new results the focus of the NMR 

bioreactor research was shifted from differentiation of hMSCs into cardiomyocytes to exploring 

the angiogenic properties of hMSCs on a much shorter time scale.   

 The new research demonstrated that when MSCs were modified to overexpress the 

protein Akt, they induced cardiac tissue repair.  The transduced MSCs were injected into the 
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hearts of rats one hour after an induced infarct.  Cardiac function was analyzed after 72 hours, 

instead of the typical two to four weeks as in previous experiments.  The results of the 

experiment showed that ventricle function had been restored after 72 hours.  The infarct size was 

also significantly lowered, and the inflammatory response was more controlled after treatment 

with Akt-MSCs.  This means that MSCs were able to repair the infarcted tissue within a few 

days after the infarct, pointing towards a mechanism besides differentiation.  To determine if the 

angiogenic effects of the MSCs were paracrine, the group studied the effects of treated media.  

Akt-MSCs were cultured under both hypoxia and normoxia (conditioned), and their growth 

media was harvested.  The hypoxia conditioned media was then injected into the infarcted rat 

hearts.  Results showed that infarct size was decreased, and ventricular function was restored to 

near control group (no infarct) levels (but not quite to the levels of direct MSC injection).  

Treated media was also fed to rat ventricular cardiomyocytes in vitro.  The hypoxia treated 

media significantly increased the viability and decreased the caspase-3 activity (apoptosis 

marker) versus normoxia treated media and controls.  Hypoxia treated media also showed an 

increase in mRNA transcript levels of a variety of pro-angiogenesis factors, such as VEGF, 

bFGF, HGF, IGF-1, and TMB4.  Hypoxia had a much larger effect on transcript expression than 

normoxia or Akt treatment.  Results from both experiments showed that myogenesis did not 

occur at the infarct site. [30, 31]  

 These results demonstrate that MSCs have a type of protective and regenerative quality 

on cardiomyocytes.  The results show that the acting mechanism is most likely a paracrine effect, 

due to the short time period between infarct and restoration of function.  The reduction of 

caspase-3 activity shows that hypoxia treatment leads to a reduced amount of apoptosis of 

ventricular cardiomyocytes.  mRNA sampled also showed an increase in expression of certain 

pro-angiogenesis transcripts, demonstrating the potential paracrine factors that may play a  role 

in protecting and regenerating heart function.  This role is also affected by low oxygen tension.     

 It is thought that Akt acts by first helping the existing myocardium to survive the anoxia 

period, and then aiding in repair. [194]  Akt is composed of 3 subunits, Akt1, Akt2, and Akt3.  

Akt is one of the main signaling pathways in the heart, and mediates the PI3K signaling pathway.  

It regulates numerous functions, such as survival, metabolism and growth.  It can also regulate 

contractile function and angiogenesis. [195] In neonatal mice, cardiac Akt activity is highly 

upregulated during growth, while downregulated Akt signaling causes the mice to have smaller 
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than normal sized hearts. [195] Aside PoI3K, Akt can also be regulated by IGF-1. Regarding 

angiogenesis, it has been shown that Akt1 knockout mice are deficient in VEGF induced 

angiogenesis, and have incomplete vessel formation after ischemia. [196, 197] Through the 

mTOR pathway, Akt specifically acts on HIF-1, VEGF, and Ang-2 angiogenesis factors.  All of 

these signs point to an extensive role played by Akt in angiogenesis.  Akt activates the 

angiogenesis pathway through mTOR, or mammalian target of rapamycin.  mTOR controls the 

angiogenic regulating factors mentioned above, HIF-1, VEGF, and Ang-2.  Akt acts on mTOR 

by inactivating the inhibition complex TSC1/2.  When Akt is activated in the short-term, 

vascular density is maintained in mice, and heart size in increased. Expression of angiogenic 

growth factors VEGF and ANG-2 is also upregulated during short-term Akt activation.  Both of 

these factors are more highly induced near blood vessels that are actively being remodeled.  

Therefore, Akt can lead to angiogenesis in the heart in a paracrine manner when activated in the 

short-term. Long-term activation of Akt can have deleterious effects on the heart, including 

causing pathological hypertrophy. [195] The serine/threonine protein kinase Akt plays an 

important role in short-term cardiac repair. Overexpressing Akt has been shown to improve heart 

function as well as lower apoptotic function within cells. [198] Contrary to some recently 

published results, the therapeutic potential of the MSCs and Akt acts on injured cardiomyocytes 

in the short-term in a paracrine fashion. 

 AMPK (AMP activated protein kinase) is also thought to be a major player in 

angiogenesis and cardiac repair.  AMPK is a signaling protein kinase, and controls many 

downstream cellular signaling pathways.  Its effects on the cell are numerous.  Generally, AMPK 

activates glucose uptake, glycolysis, and fatty acid oxidation in an effort to increase cellular ATP 

levels.  AMPK is affected by stresses on the cells, including hypoxia.  It is inhibited by high 

concentrations of ATP, typically at concentrations found during normal rest periods.  During 

hypoxia, ATP levels drop, and AMP levels increase, activating AMPK (thereby, it is affected by 

an increase in the AMP/ATP ratio). [199] Since a myocardial infarction involves a highly 

hypoxic, or sometimes anoxic environment, it seems apparent that AMPK plays a major role in 

an infarct, and the therapeutic effects of MSCs on an infarct. 

 Both AMPK and Akt lead to angiogenesis.  In the HUVECs, AMPK is required for 

VEGF stimulation of nitric oxide production, which means that it may play a role in 

angiogenesis by endothelial cells.  When treated with adiponectin, vascular formation was 
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accelerated. [200]  Adiponectin also stimulated the activation of both AMPK and Akt.  

Furthermore, the regulation of downstream targets, such as eNOS, was affected by both AMPK 

and Akt, but not the individual signaling molecules. While each individual molecule can 

stimulate angiogenesis, it is possible there is crosstalk between the two.  Final results 

demonstrated that stimulation by adiponectin led to angiogenesis under hypoxia.  Since 

adiponectin is an AMPK activator, then it follows that AMPK must play a role in angiogenesis. 

[200] It was also demonstrated that AMPK signaling affects VEGF mediated angiogenesis.  

When AMPK was activated by AICAR, mRNA stability of VEGF was increased.  Under 

hypoxia treatment, VEGF was also highly upregulated by AICAR treatment compared to 

controls, showing that hypoxia can play a large role in inducing AMPK mediated angiogenesis.  

Further research demonstrated that AMPK mediated angiogenesis was caused by the activation 

of the p38 MAPK pathway. [201] Low oxygen tension was shown to have further effects on 

AMPK when results demonstrated that AMPK was activated under hypoxia.  Western blotting 

showed an increase (time dependent) in AMPK activation due to hypoxia. [202]  AMPK was 

also shown to exert regulatory effects over NO production and HUVEC migration, both 

important factors in angiogenesis.  The regulation of migration by AMPK was also influenced by 

hypoxia.  Results showed that under hypoxia, tube formation was regulated by AMPK.  When 

AMPK was inhibited, there was a marked decrease in total formation after 18 hours. [202]  

AMPK has been shown to regulate nitric oxide, VEGF expression, cellular migration, and tube 

formation, all markers of angiogenesis.  Recent research shows that the most likely mechanism 

of AMPK mediated angiogenesis is separate from Akt, but both play extremely important roles 

in angiogenesis. 

 While the evidence for Akt and AMPK mediated angiogenesis in other cells was verified, 

there was limited information on the roles on both of those signaling pathway molecules in 

hMSCs.  The new research plan was targeted to study the effects of hypoxia and normoxia on the 

short-term expression and activation of Akt and AMPK in hMSCs.  The aim was to link 

metabolic changes in hMSCs under hypoxia and normoxia, studied via the NMR-compatible 

bioreactor, to the expression pattern changes in hMSCs.  The first major roadblock encountered 

was that Akt was found to be a ubiquitously expressed protein across all samples.  Bands were 

present in all western blots and almost all of the hMSCs were stained positively for Akt.  With 

Akt playing a large role in cellular activities and behavior outside of angiogenesis, the expression 
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pattern stays fairly constant.  It was difficult to elucidate any potential changes in Akt from the 

analysis because overall expression was too high to notice any minor changes induced by the 

oxygen treatment.  When probing for Akt activation through analyzing the expression pattern of 

phosphorylated Akt, p-Akt was not detectable in any 2-D western blot samples.  This is likely 

due to the overall low expression that was seen in the immunocytochemistry staining as well as 

the low half-life of p-Akt within the cell.  There is a realistic possibility that p-Akt gets 

dephosphorylated prior to completion of sample collection or fixation.  While the expression of 

p-Akt was low in the staining samples, some visible trends in the results were seen.  The likely 

reasoning behind these changes is that when hMSCs encounter a strongly hypoxic region, it 

increases the phosphorylation of Akt in an effort to increase cellular function.  As previous 

research in Dr. Ma’s lab has shown, hMSCs function and proliferate better under hypoxia than 

normoxia, due to their existence in a hypoxic microenvironment in the bone marrow. [190, 191] 

Experiencing hypoxia raises cellular function, as seen in the upregulation of p-Akt.  Normoxia 

would likely not trigger such an immediate response, as the hMSCs do not proliferate as well.   

This is why the increase in expression does not occur until a longer time period has passed.   

 hMSCs were then cultured in 3-D PET matrices and compared to another set of 2-D trials 

to determine if angiogenic potential was affected by culture condition.  As was expected, Akt 

proved to be ubiquitous and was present at nearly equal amounts in all samples.   p-Akt was not 

detected in any of the samples.  As mentioned earlier, the lack of p-Akt expression is due mainly 

to low half life and the low overall expression seen from the staining experiments.  AMPK was 

assayed under these same 2-D versus 3-D conditions as well.  General trends show that hypoxia 

stimulated quicker expression of AMPK whereas normoxia stimulated a gradual increase over 

time.  p-AMPK could not be detected in 2-D samples under low serum.  AMPK monitors and 

controls the intracellular energy levels.  In vitro, it follows that AMPK would be upregulated 

after hypoxic treatment.  As noted earlier, hypoxia promotes proliferation and development of 

hMSCs.  More active cells would need a higher energy amount to continue functioning.  

Upregulation of cellular function would thus require the upregulation of AMPK.  Since normoxia 

hMSCs do not proliferate as fast as hypoxic cells, the upregulation occurs quicker under hypoxia 

than normoxia, as reflected in the results.  Low serum treatment seemed to drop expression of p-

AMPK in both samples, and adversely affect hypoxic AMPK expression.  The drop in AMPK 
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levels under low serum hypoxic treatment may be attributed to the serum deprivation that 

occurred in the culture, indicating a less healthy cellular state.   

There was a difference seen between 2-D and 3-D AMPK expression.  3-D culturing 

seemed to lower the overall expression of AMPK within the hMSCs.  There was lower 

expression in the 3-D hypoxic samples, but a similar temporal expression pattern.  The cause for 

the lower expression is the lag phase that occurs during 3-D growth.  The hMSCs do not exhibit 

increased growth in 3-D culture until two to three weeks after seeding.  The slower growth in 3-

D implies that there is not a high need for intracellular energy, and thus the lower expression 

levels of AMPK are seen.  p-AMPK expression was extremely limited under 3-D cultures for 

both conditions.  While the protein was detectable, there was not enough expression to make any 

valid conclusions.     

The field of cellular repair has now firmly established the belief that hMSC-mediated 

repair occurs mainly through paracrine fashion via the release of numerous cytokines and trophic 

factors.  This shift in focus forced a change in the direction of the project away from 

differentiation.  Any potential research of differentiation of hMSCs into cardiomyocytes will be 

left to researchers that work in a more clinical setting.  While none of the data acquired from the 

cellular work on hMSCs is publishable, the work was not a loss.  Since one of the main areas of 

research in Dr. Ma’s lab involves the study of differing oxygen tensions and their effects on 

hMSC behavior, the work completed will go a long way to laying some groundwork and 

providing background data for future oxygen based research.  Akt and AMPK combined with the 

nitric oxide assays can be expanded upon to determine their roles in both angiogenesis and 

differentiation into different lineages (osteoblast or chondrocyte).  The results provide the basis 

for additional hypoxia and angiogenesis work with hMSCs. The Akt and AMPK expression data 

can be combined with additional research to uncover the mechanisms of how hypoxia affects 

cellular functions including the secretion of trophic factors.  Since Akt and AMPK play large 

roles in cellular maintenance and function, it should be possible to track how oxygen affects 

these signaling pathways and thus explore the downstream effects of the changes in expression.   

Nitric oxide is just one of the trophic factors released by hMSCs that can be researched and 

studied for differences that occur when hMSCs are cultured under varying microenvironments.  

hMSCs exhibit great plasticity in their behaviors and the results attained have just scratched the 

surface of their paracrine factor based therapeutic potential.   
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Figure 6.1: Undifferentiated hMSC control staining. Immunocytochemistry staining of 

undifferentiated hMSCs for overall control purposes.  hMSC nuclei are stained blue and 

associated selected protein is stained green.  Magnification is listed at the top of the figure. 
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Figure 6.2: One week post differentiation staining. Immunocytochemistry staining for 

differentiation of hMSCs into cardiomyocytes taken 1 week after induced differentiation.  -actin 

is used as a control.  hMSC nuclei are stained blue and selected proteins are stained green.  

Magnification is 100x.  Left column are cells cultured in minimum essential media (MEM) and 

right column are cells cultured in cardiomyocyte induction supplemented media (CGM).  
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Figure 6.3: Two week post differentiation staining. Immunocytochemistry staining for 

differentiation of hMSCs into cardiomyocytes taken 2 weeks after induced differentiation.  -

actin is used as a control with 200x magnification.  hMSC nuclei are stained blue and cardiac-

MHC protein is stained green.  Left column are cells cultured in minimum essential media 

(MEM) and right column are cells cultured in cardiomyocyte induction supplemented media 

(CGM).  Magnification of cardiac-MHC staining is indicated.   
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Figure 6.4: Three week post differentiation staining. Immunocytochemistry staining for 

differentiation of hMSCs into cardiomyocytes taken 3 weeks after induced differentiation.  -

actin is used as a control.  hMSC nuclei are stained blue and selected proteins are stained green.  

Magnification is 200x.  Left column are cells cultured in minimum essential media (MEM) and 

right column are cells cultured in cardiomyocyte induction supplemented media (CGM). 
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Figure 6.5: Four week post differentiation staining. Immunocytochemistry staining for 

differentiation of hMSCs into cardiomyocytes taken 4 weeks after induced differentiation.  -

actin is used as a control with 200x magnification.  hMSC nuclei are stained blue and cardiac-

MHC protein is stained green.  Left column are cells cultured in minimum essential media 

(MEM) and right column are cells cultured in cardiomyocyte induction supplemented media 

(CGM).  Magnification of cardiac-MHC staining is indicated.   
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Figure 6.6: Cardiac-MHC staining compilation. Compilation of cardiac-MHC 

immunocytochemistry staining results from 2-4 weeks post induction to show temporal changes 

in cardiac-MHC production by differentiating hMSCs.  Left column are cells cultured in 

minimum essential media (MEM) and right column are cells cultured in cardiomyocyte induction 

supplemented media (CGM).   Selected regions have varying magnifications to display positive 

staining results.  Week 2 - 200x. Week 3 - 100x. Week 4 - 100x (MEM), and 200x (CGM).   
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Figure 6.7: Normoxia/Hypoxia differentiation staining for β-actin. Time course of 

immunocytochemistry staining for differentiation of hMSCs into cardiomyocytes under varying 

oxygen tensions, -actin control staining results.  hMSC nuclei are stained blue and -actin is 

stained green.  Normoxia is 20% O2 while hypoxia is 5% O2.  MEM and CGM are two types of 

growth media as described previously.  Magnification is 200x.  
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Figure 6.8:  Normoxia/Hypoxia differentiation staining for Cardiac-MHC. Time course of 

immunocytochemistry staining for differentiation of hMSCs into cardiomyocytes under varying 

oxygen tensions, cardiac-MHC staining results.  hMSC nuclei are stained blue and cardiac-MHC 

protein is stained green. Normoxia is 20% O2 while hypoxia is 5% O2.  MEM and CGM are two 

types of growth media as described previously.  Magnification is 100x or 200x, to give the most 

easily viewed results. 
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Figure 6.9: Normoxia/Hypoxia differentiation staining for Connexin 43. Time course of 

immunocytochemistry staining for differentiation of hMSCs into cardiomyocytes under varying 

oxygen tensions, connexin 43 staining results.  hMSC nuclei are stained blue and connexin 43 

protein is stained green. Normoxia is 20% O2 while hypoxia is 5% O2.  MEM and CGM are two 

types of growth media as described previously.  Magnification is 100x or 200x, to give the most 

easily viewed results. 
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Figure 6.10: 2-D Cardiac-MHC and troponin T differentiation western blots. Western blot 

results for hMSC differentiation into cardiomyocytes.  -actin was used as a control and cardiac-

MHC and troponin T were used to detect differentiation.  (a) The negative results from the first 

attempt at differentiation.  No bands are present.  (b) Positive results from hMSCs differentiated 

in 2-D culture.  MEM and CGM are the media types used for culture and the time after 

differentiation is indicated.   
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Figure 6.11: Normoxia/Hypoxia 2-D cardiac-MHC differentiation western blots. Western 

blot results for hMSC differentiation into cardiomyocytes in 2-D culture under differing oxygen 

tensions.  -actin was used as a control and cardiac-MHC, Desmin, and α-sarcomeric actin were 

used to detect differentiation.  MEM and CGM are the media types used for culture.  N = 

normoxic oxygen (20%) and H = hypoxic oxygen (5%) tensions.  Time after differentiation is 

indicated. 
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Figure 6.12: Normoxia/Hypoxia angiogenesis staining for β-actin. Time course of 

immunocytochemistry staining of hMSCs for pro-angiogenic proteins under varying oxygen 

tensions, -actin control staining results. Times signify the amount of time hMSCs were cultured 

under the indicated oxygen tension.  For 24h and 48h samples, hMSC nuclei are stained blue and 

-actin protein stained green.  For the 72h and 96h samples, nuclei are stained red for Akt and -

actin protein stained green.  Magnification is 200x.  
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Figure 6.13: Normoxia/Hypoxia angiogenesis staining for Akt.  Time course of 

immunocytochemistry staining of hMSCs for pro-angiogenic proteins under varying oxygen 

tensions, Akt staining results. Times signify the amount of time hMSCs were cultured under the 

indicated oxygen tension.  hMSC nuclei are stained blue and Akt protein stained red.  

Magnification is 200x.  
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Figure 6.14: Normoxia/Hypoxia angiogenesis staining for p-Akt. Time course of 

immunocytochemistry staining of hMSCs for pro-angiogenic proteins under varying oxygen 

tensions, phosphorylated Akt (p-Akt) staining results. Times signify the amount of time hMSCs 

were cultured under the indicated oxygen tension.  hMSC nuclei are stained blue and p-Akt 

protein stained red.  Magnification is 400x. 
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Figure 6.15: Normoxia/Hypoxia 2-D angiogenesis western blots. Western blot results to assay 

for the angiogenic potential of hMSCs when cultured in 2-D under differing oxygen tensions.   

Pro-angiogenic proteins, Akt, AMPK, and their phosphorylated versions (p-Akt, p-AMPK) were 

assayed and -actin was used as a control.  Two repeats were performed and both are shown.  

Normoxic (20% O2) and hypoxic (5% O2) conditions were used. Time indicates the number of 

hours each set of samples was exposed to the oxygen conditions.   
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Figure 6.16: Normoxia/Hypoxia 3-D angiogenesis western blots. Western blot results to assay 

for the angiogenic potential of hMSCs when cultured in 3-D PET matrices under differing 

oxygen tensions.   Pro-angiogenic proteins, Akt, AMPK, and their phosphorylated versions (p-

Akt, p-AMPK) were assayed and -actin was used as a control.  Normoxic (20% O2) and 

hypoxic (5% O2) conditions were used. Time indicates the number of hours each set of samples 

was exposed to the oxygen conditions.   
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Figure 6.17: Normoxia/Hypoxia low serum angiogenesis western blots. Western blot results 

to assay for the angiogenic potential of hMSCs when cultured in low serum under differing 

oxygen tensions.   Pro-angiogenic proteins, Akt, AMPK, and their phosphorylated versions (p-

Akt, p-AMPK) were assayed and -actin was used as a control.  (a) hMSCs cultured on flat 2-D 

tissue culture plates. (b) hMSCs cultured in 3-D PET matrices.  Normoxic (20% O2) and hypoxic 

(5% O2) conditions were used. Time indicates the number of hours each set of samples was 

exposed to the oxygen conditions. 
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Figure 6.18: Osteoblast differentiation of hMSCs. Von Kossa staining results for osteoblast 

differentiation of hMSCs.  Day indicates the amount of time cells were cultured in osteoblast 

induction media.  “Control” groups were cultured in normal complete medium.  hMSC seeding 

density is indicated. (*) designates regions of positive calcium staining, indicating differentiation 

is occurring.   
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CHAPTER 7 - CONCLUSION 

 

 

 The research presented entailed the construction and implementation of a novel, NMR-

compatible 3-D perfusion bioreactor.  The reactor was designed to support high density seeding 

of a 3-D construct and to provide a method for non-invasive analysis of the construct.  The 

system was established to enable the analysis and interplay of the hMSC microenvironment and 

the effects on hMSC behaviors.  The perfusion system can alter the hydrodynamic 

microenvironment, exposing the growth construct to varying flow conditions inside the reactor 

growth chamber.  Non-invasive studying of the growth construct can analyze how the altered 

hydrodynamic microenvironment affects hMSC behaviors and metabolism in real time.   

The design process proved the functionality of the bioreactor/construct system, 

demonstrating it has the ability to support long-term cell culture of human mesenchymal stem 

cells for over 40 days.  It was demonstrated that the bioreactor can be utilized to collect useable 

NMR spectroscopic and MR imaging data.  A wide range of metabolic data was collected, 

including high resolution images of the bioreactor growth chamber and the seeded growth 

construct, 
1
H NMR spectral data from a voxel within the growth construct, T2 spin-spin 

relaxation time data from the construct, and the apparent diffusion coefficient conditions within 

the construct.  The acquired data from the bioreactor supports the claim that altering the 

hydrodynamic microenvironment does in fact alter hMSC behavior.  The ECM and cyclin 

expression profiles are altered under varying flow, and the apparent diffusion coefficient of the 

growth construct is also affected by the differing flow modes.  To complete the hydrodynamic 

data set, analysis of the gene expression within the hMSC constructs should be completed.  This 

would provide insight into the driving forces behind the differences in behavior seen under the 

varying hydrodynamic microenvironments.  mRNA samples should be collected under both flow 

conditions under multiple culture lengths, to correspond with the current data set. Some 

appropriate sets of genes to analyze would be; a full set of stem cell and osteoblast or adipocyte 

differentiation genes, to determine if the hMSCs are keeping their “stemness,” or are undergoing 

some type of differentiation in the reactor; a set of ECM protein genes, to determine if the 

differences in protein expression are due to changes in gene expression at the gene level or 

simply differences in absolute protein expression; and a set of signal transduction genes, to 
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determine whether or not the differences in flow are inducing behavioral differences through a 

variety of signaling pathways, or if there are only a select few signaling pathways that play the 

largest role. 

 

7.1 Future Work 

The reactor has demonstrated promise for use in a vide variety of future research as well.  

The next logical step in the research plan of the reactor would be to further explore how varying 

the hydrodynamic microenvironment alters hMSC behavior by analyzing hMSC differentiation. 

In accordance to the overall goals of Dr. Ma’s laboratory, the next potential set of bioreactor 

experiments would involve inducing osteoblast differentiation within the reactor.  The reactor 

system can be set up and filled with osteoblast differentiation media as opposed to standard 

culture medium.  hMSCs within the reactor can then be induced to differentiate into osteoblasts 

under the two varying flow modes.  A full metabolic analysis could then be performed using the 

full array of cellular and NMR/MRS spectroscopic assays that were used in this current research.  

The data achieved could prove invaluable in determining what the optimal microenvironmental 

conditions for osteoblast differentiation are and ultimately, what the optimal microenvironmental 

conditions for culturing a 3-D tissue engineered bone construct are.  

An additional use of the reactor in the future would be to use a different construct type in 

the reactor system.  The construct will support the growth of constructs of different types of 

materials.  Instead of using the PET matrix that was used in this research, a more biocompatible 

construct could be cultured within the bioreactor and thus be analyzed by the methods described.  

One such type of construct would be the biomimetic hydroxyapetite-chitosan constructs 

previously developed in Dr. Ma’s lab. [203] The creation of these constructs can be modified so 

the constructs fit around the polymer support and fit securely inside the NMR tube.  The reactor 

can then be operated as normal. 

The NMR-compatible perfusion bioreactor has demonstrated the flexibility to be 

extremely useful in the field of tissue engineering.  It has the capacity to support many necessary 

functions of a tissue engineering laboratory.  The reactor is a useful tool that can play a role in 

the forefront of the field of creating the most optimal biomimetic construct.  This technology, 

combined with the usage of human mesenchymal stem cells, has proven to be an invaluable 

instrument for high tech tissue engineering based research. 
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