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ABSTRACT OF THE THESIS

Effects of Flow Patterns on Tissue Development in 3D Culture

by

Russell Ray Nakasone

Master of Science in Biochemistry, Molecular and Structural Biology

University of California, Los Angeles, 2023

Professor Louis-Serge Bouchard, Chair

Objective: Three dimensional cell and tissue culture outcomes depend on mechanical forces

in their environment and sufficient delivery of nutrients and removal of waste. Flow and

shear influence parenchymal cell distribution and vascular morphogenesis. Herein a biore-

actor which can control fluid flow and shear patterns over large areas was developed as a

tool for tissue engineering. Methods: A 12-inlet perfusion bioreactor was constructed to be

compatible with multiple types of tissue engineering scaffolds including biopolymer hydrogels

and macroporous sponges and can support the growth and viability of thick tissue scaffolds.

Scaffolds containing mammalian cells cultured under flow were compared to static conditions

and other flow patterns. Results: Flow patterns in the scaffolds were obtained using MRI

flow maps. Hydrogels and commercial sponges were assessed for 3D culture compatibility

and Gel 2 (a specific ECM hydrogel mixture), Collagen, and Gelatin sponges were found to

be both optimal for cell growth and compatible with perfusion flow. Culture experiments

determined the feasibility of our bioreactor in supporting thick tissue growth and viabil-

ity and various flow patterns were shown to alter cell distribution, growth, and viability.

Conclusion: We demonstrated the ability of the bioreactor to implement macroscopic, tun-
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able flow patterns in a biocompatible environment suitable for cell and tissue culture and

found distinct differences in tissue development from different flow patterns. Significance:

The bioreactor will enable future studies on different flow patterns and their effects on cell

growth and viability for medically relevant tissues and could inform on culture conditions

that better mimic what occurs in vivo during tissue development.
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CHAPTER 1

Introduction

1.1 Tissue Engineering

Tissue engineering (TE) has seen an emergence in the past three decades due to its potential

of fabricating biological substitutes that mimic native tissue [6]. Such an approach could

prove to be valuable in the medical field where it could be used as a therapeutic to repair

tissue damage from diseases such as diabetic ulcers [7], trauma and burns [8], or it could be

utilized to address the organ shortage crisis by regenerating whole organs for use [9]. While

tissue engineering has demonstrated regeneration of single targeted tissues [10], the transla-

tion of these concepts is limited to only a few FDA-approved dermal and cartilage substitute

products [11]. The applicability of tissue engineering for whole organ regeneration is also lim-

ited due to the requirement for simultaneous regeneration of multiple cell lineages [10]. The

discrepancy between the vast number of engineered tissues from research and the availability

of products approved for the market is due to challenges in developing regulatory standards,

scaling up manufacturing, and consistently generating properly matured tissue constructs

for implantation [11, 12]. Proper maturation characteristically results in a well-distributed,

highly dense population of cells within the material as well as a pre-vascular network to anas-

tomose to host tissue if very thick constructs are desired [13]. To achieve this, the formal

definition of TE describes utilizing the interdisciplinary application of biological, chemical,

and engineering concepts with biomaterial scaffolds, cells, and factors alone or combined to

restore or generate tissue [14]. Providing the appropriate environment is essential to achieve

maturation for medical applications. As shown in Fig. 1.1, cells, scaffolds, and environment
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are the three main components which will be explored further [1].
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Figure 1.1: Tissue Engineering Overview. Graphic illustrates the tissue engineering

‘triad’ where the main components in a tissue model are cells, scaffold, and signaling

cues. © 2023 Abdelaziz et al. Adapted from [1] originally distributed under the Creative

Commons Attribution License.
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1.2 Cells

Cells are the essential, dynamic component for tissue regeneration in tissue engineering.

Successful engineered constructs for medical use are reliant on viable, highly populated

number of cells of the appropriate cell type within the construct. Because of this, proper

cell type selection is vital.

1.2.1 Cell Types

A wide variety of cell types can be selected when recapitulating a specific tissue of interest.

Traditionally, tissue engineering has relied on specific differentiated cells from cell lines or pri-

mary cells to mimic certain tissues. For example, fibroblasts, melanocytes, and keratinocytes

are often utilized for skin tissue culture while cardiomyocytes and human umbilical vein en-

dothelial cells (HUVECs) have been utilized for heart biomimetic cultures [15,16]. While cell

lines are convenient and inexpensive, they have failed to properly model human conditions as

they often drift genetically from their tissue of origin [17]. The use of primary cells, whether

derived autologously (host) or from donors, often better recapitulate human tissue due to

retained cellular phenotypic features from their tissue of origin. However, primary cells of-

ten also suffer from low proliferation rates and often change phenotypically under senescence

which can occur at an early passage. Reproducibility and donor-to-donor variation are also

common issues when using primary cells from a specific tissue [18].

As a result of the mixed success obtained from research with cell lines and primary cells,

a shift has occurred in the field towards stem cells due to their ability to maintain stemness

and differentiate towards one specialized cell type (potency). Previously, the only source of

stem cells were human embryonic stem cell (ESC) lines [19] but the discovery of induced

pluripotent stem cells (iPSCs) provided another stem cell source where stem cells can be

generated directly from differentiated cells by introducing a specific set of genes or chemical

reprogramming [20]. iPSCs have been used for tissue engineering, disease modeling, and cell
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therapy applications but face some limitations as iPSC-derived cell types can occasionally ex-

hibit immature phenotypes if not provided the appropriate microenvironment. Another type

of stem cell used as a cell source are mesenchymal stem cells (MSCs) which are multipotent

stem cells often isolated from bone marrow, blood, ligaments, and skeletal muscle [20]. They

have the same capabilities as iPSCs but can differentiate toward only osteogenic, chondro-

genic, and adipogenic cell types [20]. They have excellent homing capabilities which make

them strong candidates for tissue regeneration and wound healing and have become a useful

resource due to their ease of use in isolation and differentiation compared to iPSCs [20].

Overall, while stem cells provide greater capabilities in tissue regeneration and control, it

also demonstrates the need for a greater understanding on cell signaling cues and subsequent

behavior in the in vivo environment.

1.2.2 Signaling Cues and Cell Behavior and Development

Cell signals can be generally divided into two categories: 1) biochemical stimuli 2) biophysi-

cal stimuli. For biochemical stimuli in tissue, concentration gradients of various biochemical

components, nutrients, oxygen, and pH are essential in influencing various cellular pro-

cesses [21]. Various biomolecules commonly found in vivo have different effects on cellular

behavior and are integral in supporting cellular growth. Carbohydrates are the main source

of energy for cellular metabolism and growth [17]. Blood serum in vivo also contains a vari-

ety of amino acids or peptides that regulate proliferation and viability, serve as carriers, or

promote cell adhesion [17]. Growth factors are also present in blood serum and are involved

in cell signaling and communication that mediate processes such as proliferation, differen-

tiation, and tissue maturation [22]. One final common biomolecule in signaling networks is

cytokines which are produced by a variety of cells and are involved in differentiation and the

immune response [23]. In order to maintain the homeostasis of biochemical concentration

gradients by delivering sufficient nutrients and removing waste, it is essential that the proper

structures are present. Gradients are regulated by the proximity of vasculature, diffusion in
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the ECM, and the metabolic activity of the tissue [21]. Vascular structures are also needed in

order to support tissue through sufficient delivery of nutrients and waste removal from inter-

stitial flow [24–26]. Bone tissue in vivo for example, often form a complex lacunocanalicular

network which provides a circulation of interstitial fluid that transports nutrients and signals

and removes waste for osteocytes [27, 28].

Besides biochemical cues, tissues also experience a mechanical microenvironment from

both intrinsic and extrinsic mechanical cues involving interactions with neighboring cells, the

ECM, and blood flow. Fig. 1.2 illustrates both of these mechanical cues and demonstrates the

mechanotransduction path where physical forces and cytoskeleton alterations are transduced

into biochemical signals downstream that modify cellular behavior (proliferation, shape, and

migration) [2, 20]. Efforts are focused on understanding the effects of mechanical stimuli

on cells, particularly on the effects of fluid shear stresses that various tissues experience.

Endothelial cells which experience the highest pressures (1-5 Pa) have been shown to alter

cell morphology and orientation which regulates vessel function and remodeling [29]. Another

example is epithelial cells where fluid shear stress can affect structure and function and is

integral in the formation of microvilli for various tissues, from the intestines [30] to the

lungs [31]. Studies have also tried to explore the effects of physical cues on stimulating cells

to enhance their characteristics and function. A common strategy is mechanical stretching

which has been utilized to control cell growth, gene expression, and differentiation for various

functional tissues [32]. Such studies demonstrate the importance in mechanical cues for

cellular behavior and tissue maturation.

While the provision of physiological signals (both biochemical and biophysical) are im-

portant for tissue development, the spatiotemporal delivery and control of such signals has

also been shown to be critical. Both biomechanical and biochemical spatiotemporal signal

patterning have been critical in the development of dermal, vascular, cardiac, neural, and

craniofacial tissue [33–39], and timed micromechanical signaling has been used to control

intercellular interactions [40]. Overall, based on what has been discussed previously, it can
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Figure 1.2: Mechanical Cues and Mechanotransduction. (A) Graphic illustrates both

the intrinsic and extrinsic cues experienced by cells. Extrinsic cues on the right come from

shear forces generated from fluid and local (intrinsic) cues come from interactions with

cell density, shape, and the extracellular matrix (ECM). (B) Graphic illustrates the mechan-

otransduction pathway. Mechanical cues alter the cytoskeleton which activates signals down-

stream into the nucleus which influence cellular behavior. © 2023 Petzold and Gentleman.

Adapted from [2]; originally distributed under the Creative Commons Attribution License.
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be concluded that two major aspects of the environment are critical to the developmental

outcomes of tissue types: 1) the provision and spatiotemporal heterogeneity of physiological

signals 2) sufficient delivery of nutrients and removal of waste. Because of the significance of

biomechanical signaling and nutrient delivery in tissue engineering, efforts have been made

to map spatial variation in extracellular matrix stiffness and flow induced shear at the cel-

lular and tissue scales and to develop culture systems that can support engineered tissue

constructs [39, 41–43]. Because of the lack of a vascular network in engineered tissue con-

structs and the importance of providing nutrients and physiological signals and removing

waste, it is essential that the culture platform developed and selected best emulatesin vivo

conditions and provides the proper stimuli and nutrients throughout the whole construct for

tissue development.

1.3 Tissue Culture Methods

When it comes to tissue engineering, although culture media often includes biomolecules from

in vivo environments that stimulate cellular growth and behavior, biochemical stimuli from

media alone is insufficient to fully recapitulate what occurs in vivo during tissue development.

Therefore, the choice in culture platform must also be considered [19]. While replicating the

in vivo environment as close as possible would be ideal, practical limitations of current tissue

culture (TC) technology currently make it impossible to replicate all aspects of the in vivo

environment. Traditional 2D static culture methods (Petri dishes, flasks, etc.) are popular

due to their convenience and ability to efficiently support a monolayer of cells through

diffusion as the cells are in continuous contact with the medium [19,44]. 2D culture methods

have made contributions to an understanding on cellular biology. However, such methods fail

to translate to medical settings due to being a poor imitation of what occurs in vivo, where

cells grow in a complex 3D environment that has complex oxygen and nutrient gradients and

experience physical cues from blood flow and matrix architecture [19] for development. Cells
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under 2D culture conditions lack the complex in vivo environmental context which results

in cells being excluded from key cell-cell and cell-matrix interactions for cellular processes

and constrains them to a flat morphology as a monolayer that is not a natural form of

organization [45]. This can be seen in a basic graphic from Fig. 1.3 where cell morphology is

flattened as a monolayer in 2D culture while 3D culture allows for the natural morphology

of cells as well as distinct cell-cell and cell-matrix interactions not available in 2D.

2D 3D
Figure 1.3: Illustration of 2D vs 3D Culture. Simple graphic illustrates differences

between 2D and 3D culture. Cells are constrained to a flat morphology and limited in

cell-cell and cell-matrix interactions in 2D culture while 3D culture provides the ability for

expansion to native morphology and interactions.

.

Such differences are significant as gene expression and the cytoskeleton are altered which

can result in a loss of cell phenotype and subsequent behavior and function [46]. As a result,

there has been a shift to 3D culture methods in order to provide a tissue microenvironment

that enable cells to grow while maintaining their native morphology and function. Scaffold-

based tissue engineering is one area of focus for 3D culture where scaffolds are meticulously
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designed and utilized in order to replicate the ECM environment by providing signaling cues

and promoting key interactions for development. However, scaffolds alone are not sufficient

in replicating conditions in vivo as the distribution of nutrients, biochemical, and biophysical

signals spatiotemporally through flow are also needed for thick tissue construct development.

While static culture can potentially support thin 3D tissue scaffold constructs, it is unable

to fully support thick tissue constructs (>6 mm scaffolds) as passive diffusion is insufficient

in providing nutrients and removing waste of cells at the core of the construct [26, 44]. The

complex requirements to support thick viable constructs have driven the development of

bioreactors that better mimic the in vivo environment [47]. Therefore, it can be seen that

two main areas are being considered and focused on as the transition to 3D culture methods

occur in tissue engineering: 1) scaffold design 2) bioreactor culture. Both areas will be

discussed in detail below.

1.3.1 Scaffold Design

Scaffold-based approaches formally is described as utilizing natural or synthetic materials to

provide support in the form of a matrix that creates the desired tissue-specific microenvi-

ronment for optimal cell growth and natural ECM deposition, while preserving the native

tissue architecture [45]. The type of scaffold and their properties are important parameters

to consider during tissue development. There are two common types of natural material

scaffolds: biopolymer hydrogels and macroporous sponges. Biopolymer hydrogels referred to

in this study are water swollen matrices composed of a mixture of several types of randomly

oriented, physically crosslinked extracellular matrix (ECM) protein fibers and often have

pores smaller than cells [48]. Macroporous sponges refer to materials containing large (>10

µm) pores separated by thin walls, which are synthesized by lyophilizing hydrogels [49, 50].

The properties from scaffolds can have major effects during culture and should be considered.

Macro-scale topology, pore geometry, and fluid permeability can influence culture flow pat-

terns by allowing some quantity of interstitial flow [51–54]. Fluid permeability also depends
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on several scaffold properties including porosity (total void fraction), pore interconnectivity,

and size distribution [55–60]. The scaffold’s mechanical durability or resistance to shear in-

duced erosion and compression, which depends on the microarchitecture and stiffness of the

scaffold, are also important properties to consider [61–63]. While biopolymer hydrogels are

often soft and preferred for soft tissue models [19], subjecting certain biopolymer hydrogels

to perfusion or flow can result in scaffold deformation and degradation on time scales much

shorter than what is required for tissue development. Without channels to accommodate

flow, the low hydraulic conductivity of the gel causes a pressure differential to form across

the gel that results in gel compression. Even with channels present, erosion at the channel

wall occurs on a time scale of hours [43]. Such results demonstrate the importance of scaffold

type and composition used as some scaffolds cannot be supported with bioreactor culture.

Scaffold structural properties can also influence cell behavior depending on the cell type of

interest [64–68]. Pore size can have a significant impact on migration for interactions and is

dependent on ECM concentration and type and ratios of individual ECM proteins. Pore size

has also been shown to regulate mesenchymal stem cell fate where smaller pore sizes main-

tain stemness and larger pore sizes improves differentiation and osteogenesis for maturation

as seen in Fig. 1.4.

For hydrogels, Matrigel® at 50% concentration and hydrogels comprised of similar biopoly-

mer mixtures have an average pore size of 2-3 µm [64, 69]. Collagen hydrogels have mesh

size distributions in which most pores are close to a few microns [70]. The average pore size

in a 2 mg·mL−1 collagen gel is 7.4 µm whereas the average pore size in a 2 mg·mL−1 fibrin

gel is 0.6 µm [71]. These pore size distributions are optimal for cell migration through the

matrix [71]. Unlike the mesh features within biopolymer hydrogels, which are smaller than

the diameter of most cells, the pores from porous sponges are much larger than individual

cells, greatly altering how cells can move in 3D space. The pore walls from large pores

are only a few microns thick, which limits cells to movement along pore wall surfaces and

struts [72]. Despite the fact that the porous features within macroporous sponges are one
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Figure 1.4: Pore Size Effects on Mesenchymal Stem Cell Fate. Graphic illustrates how

different pore sizes can influence mesenchymal stem cells to either differentiate or maintain

stemness. Adapted from [3] with permission, © Elsevier Ltd. 2021

.

to two orders of magnitude larger than in biopolymer hydrogels, the pore size and scaffold

architecture of macroporous sponges impact cell migration to a similar degree as biopolymer

hydrogels [64,66,72]. Besides pore size, other properties can be adjusted with attachments or

remodeling to provide signaling molecules or growth factors or adjust shape and roughness in

order to further guide tissue maturation [73]. In conclusion, it can be seen that the scaffold

utilized is essential for tissue development as the scaffold serves as a synthetic ECM that

is meant to best provide cells the appropriate framework for appropriate cell behavior and

interactions through biophysical cues. However, scaffold choice and selection alone cannot

be the only factor for specific thick tissue development. The need for a better reproduction

of the in vivo microenvironment that overcomes the diffusion limit and couples delivery of

biochemical and mechanical cues with spatiotemporal control cannot be achieved with static
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culture alone which demonstrates the importance in considering sophisticated bioreactor

systems.

1.3.2 Bioreactor Culture Systems

As mentioned, static culture cannot sufficiently support thick tissue scaffold constructs as

diffusion is limited in providing nutrients and removing waste throughout the whole con-

struct [26, 44]. Inhomogeneous distribution of viable cells will result in changes in behavior

to cells in the middle of the scaffold compared to those closer to the tissue surface which

would result in non-uniform cell proliferation, viability, and matrix deposition and eventu-

ally, inhomogeneous tissue formation [74]. As a result, efforts have focused on developing

culture platforms that can better mimic the native spatiotemporal variation of signals and

maintain the homeostasis of nutrient delivery and waste removal for thick tissue development

which could help with obtaining a better understanding on in vivo conditions and eventually

provide better flexibility and control on cell function and fate for tissue development [75].

Bioreactors are designed to serve such a purpose. Formally, they are defined as devices that

are designed to mimic the appropriate native environment for cells using biochemical and

biomechanical signals as well as provide nutrients and remove waste beyond the rates of the

diffusion limit [47].

Many bioreactor designs have been developed, from spinner flasks [76] to rotational-

walled [77] and perfusion bioreactors [4]. While rotational or spinner flask bioreactors can

increase the convection of media along the external surface of the scaffold, this does not

guarantee sufficient chemotransportation within the core of the scaffold interior as most of

the media circumnavigates the scaffold [78]. As a result, perfusion bioreactors are often more

popular as they address the internal requirement for medium flow within the core of a thick

scaffold [26]. Such engineering parameters on mass transfer and shear stress are shown in

Fig. 1.5.

Perfusion maintains nutrient and waste homeostasis in vitro and mechanically conditions
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Figure 1.5: Engineering Parameters for Different Bioreactors. Figure illustrates

different engineering parameters for different, common bioreactor types. © 2013 Nasim

Salehi-Nik et al. Adapted from [4]; originally distributed under the Creative Commons

Attribution License.

artificial tissues to maturation with fluid-induced shear forces. Despite advancements with

bioreactor designs, there has been limited success in translatability with cell-based tissue

grafts which could be attributed to a lack of standardization, challenges with scaling up to

a manufacturing scale, and reproducibility issues [11, 12]. All of these challenges suggest a

lack of understanding of the effects of the complex flow culture environment on engineered

tissue development. This complex, spatiotemporal patterning of physiological signals must

be understood and controlled in order to guide engineered tissues through multistage devel-

opmental processes. To investigate the effects of a broad dynamic range of heterogeneous

fluid-induced shear patterns on three-dimensional (3D) cell culture and engineered tissue

development, we created a novel 12 channel perfusion bioreactor (4 channels in each direc-
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tion) that improves on the original 10 channel design [79]. The new design maintains micro

magnetic resonance imaging (MRI) compatibility and the ability to generate arbitrary flow

patterns from multiple inlets. The ability to monitor and control fluid-induced shear forces

noninvasively in thick, optically opaque media make this bioreactor design ideally suited

for studying the influence of varied spatiotemporal biomechanical signaling on engineered

tissue development. Therefore, the goal of this work is to first evaluate the ability of this

new bioreactor in maintaining long term culture for thick tissue construct development and

subsequently demonstrate its potential in determining the effects of arbitrary flow patterns

on tissue development. Chapter 2 will provide the design, operation, and maintenance pro-

tocol of the bioreactor as well as results on different scaffolds (hydrogels, sponges) that are

compatible or even optimal for long-term culture with our perfusion system. Chapter 3 will

present the results from thick tissue culture experiments under perfusion flow and static

conditions over a period of time. Results will show feasibility of our bioreactor in supporting

thick tissue constructs as well as present preliminary work on the effects of different flow

patterns on tissue development.
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CHAPTER 2

Design, Operation, and Maintenance of Custom

Twelve-Channel Bioreactor

Because of the importance of the spatiotemporal patterning of biomechanical signals in

guiding engineered tissue development, many bioreactors with unique, complex functional-

ities have been developed to better understand the in vivo environment for development.

However, due to limitations in technology in observing the complex flow environment in a

bioreactor, many studies have relied on computational fluid dynamics (CFD) simulations

or modeling [80, 81]. These models are able to predict approximate or rough estimates of

the mechanical environment over time, but high levels of variation introduced by biological

processes suggest that, for individual experiments, modeled predictions are not necessarily

sufficient. Therefore, real time measurements of complex flow patterns are required, but to

our knowledge, these have not been obtained in 3D thick, optically opaque environments,

which are typical properties of thick tissue constructs. A 10-channel bioreactor design was

developed at the time with the ability to monitor and control fluid-induced shear forces non-

invasively in thick, optically opaque media using MRI flow maps and multiple inlet flow rate

control capabilities [79]. As a result, this design was ideally suited for studying the influence

of varied spatiotemporal flow patterns in perfusion culture on engineered tissue development.

However, little had been done to investigate the compatibility of various tissue engineering

(TE) scaffolds with this type of bioreactor and its ability to finely control fluid induced shear

distributions within various scaffold types. Equally as important is that no work had been

done on determining whether such a bioreactor could support thick, viable tissue constructs.
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The custom-designed 12 inlet bioreactor proposed here is based on the original 10-channel

bioreactor design. The new design maintains micro magnetic resonance imaging (MRI) com-

patibility and the ability to generate arbitrary flow patterns. Two additional inlets in the

bioreactor provided 2 additional degrees of freedom over the 10-channels, allowing for finer

tuned control over flow patterns. MRI compatibility enabled mapping of flow patterns dur-

ing culture in real time. The design also features a modular, removable tissue culture (TC)

chamber to accommodate the use of a wider range of scaffold types including the macrop-

orous sponges and biopolymer hydrogels and allowed for the implementation of macro-scale

modifications to scaffolds (such as the inclusion of open flow channels within the scaffold)

prior to cell seeding which can further influence flow patterns [82]. In this chapter, the design,

operation, and maintenance of this novel bioreactor was presented. The new bioreactor de-

sign was also evaluated for its ability to maintain several types of tissue engineering scaffolds

in long term perfusion cell culture. Commercially available porous scaffolds were evaluated

for compatibility with continuous, patterned perfusion for periods of up to two weeks and

for their ability to promote desirable cell behaviors during culture such as migration and

proliferation. The commercially available Ultrafoam� collagen sponge used in this study

has a pore size range of 100-200 µm [83], whereas the gelatin based ® sponges (Gelfoam,

Surgifoam) have a pore size range of 30-700 µm [84]. An alginate-RGD macroporous scaffold

with an average pore size of 100 µm was also prepared according to protocols established

previously [85]. Additionally, biopolymer hydrogels with several unique ECM compositions

were similarly evaluated. Scaffolds that best balanced mechanical durability (resisted wear

for up to two weeks) and stiffness (supported channel architecture) with relevant levels of

cell migration and proliferation was also determined and utilized in subsequent cell culture

experiments in the next chapter.
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2.1 Materials and methods

2.1.1 Bioreactor Body Design

The bioreactor body was designed using Autodesk Inventor and was subsequently fabri-

cated and 3D printed using a United States Pharmacopeia (USP) Class VI biocompatible

stereolithographic resin (Formlabs, Dental SG Resin). Additive manufacturing allowed for

the fabrication of intricate geometries. Stereolithography allowed for the production of high-

resolution parts. The resin used was both biocompatible and autoclavable, making it suitable

for cell culture applications.

Renderings of the bioreactor body from multiple angles are shown in Fig. 2.1. The

bioreactor end was cylindrical, allowing the bioreactor to be vertically aligned within an

MRI probe. The middle of the bioreactor was a 0.3-inch-thick flat plate centered on the

cylindrical axis of the MRI probe. A tapered square hole where the Tissue Culture (TC)

chamber sits, is passed through the center of the flat plate. The design of the TC chamber will

also be discussed below. Four inlets surrounded each side of the TC chamber hole, allowing

perfusion flow from different directions of the scaffold. Grooves for o-rings surrounded the

hole on both faces of the plate. O-rings were utilized to seal removable polycarbonate on

both bioreactor faces to contain the internal flow path. The windows were mounted with

polyether ether ketone (PEEK) screws and nuts that threaded into holes built directly in the

body of the bioreactor. The windows provided high sample visibility overall. The top of the

bioreactor also had ¼-28 threaded holes manufactured directly in the bioreactor’s base which

allowed for twelve 0.125 inch outer diameter (OD) polytetrafluoroethylene (PTFE) tubes to

be attached to the bioreactor using flat bottom, nut and ferrule fittings. These tubes would

eventually feed culture media into the bioreactor as these holes directly fed into the twelve

inlet channels that directed flow from the cylindrical end of the bioreactor into three sides

of the TC chamber.
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TOP SIDE

Figure 2.1: Bioreactor Design. 3D models of the side and front of the bioreactor.

2.1.2 TC Chamber Design

Figure 2.2 provides renderings of the TC chamber. Rather than place a scaffold (sponge, gel)

in the bioreactor directly, a separate insert known as the TC chamber was developed to give

more control on scaffold preparation. Made with Dental SG Resin, the TC chamber was a 7
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mm tall retaining wall surrounding an empty 1.2 cm x 1.2 cm square shaped region in which

the tissue engineering scaffold was contained. Four holes were on each side of the chamber

and aligned with the bioreactor inlets. The outside of the TC chamber was angled to sit

within the tapered bioreactor hole. Four hooked prongs extended below the corners of the

TC chamber to seat a quartz window that served as a flat base for the scaffold. Four corner

prongs extended above the TC chamber where a larger quartz window was placed. The

windows created well defined geometric boundaries for the TC chamber and provided extra

mechanical support for gels cast in the chamber by serving as an additional rigid surface.

1
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5 6 7 8

9
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11
12

In
le
ts

In
lets

Inlets

Outlets

Figure 2.2: Bioreactor Design. 3D models of the top and side of the TC chamber. Inlet

and outlet directions are labeled.

In order to prevent liquid from circumventing the perfusion flow path through the scaf-

fold’s channels, a silicone gasket was created to seal between the walls of the TC chamber and

bioreactor. It was cast from food grade liquid silicone (Make Your Own Molds, CopyFlex®)

in a stereolithographic mold (Formlabs, Clear Resin). Fig. 2.3 demonstrates how casting was

done for the gasket. Stainless Steel tubes were positioned during casting to create channels

in the silicone gasket that aligned with the bioreactor inlets while a syringe and needle were

used to inject the liquid silicone into the mold. Silicone gaskets were cured for eight hours.

The cured gaskets were removed from the mold and soaked in deionized water for five days

at 50◦C to leach out toxins. Silicone molds used for static six well plate cultures were found

to have no influence on viability, morphology, or cell proliferation after leaching.
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Figure 2.3: Silicone Gasket Casting. Workflow diagram of the silicone mold assembly

and casting for sponges and biopolymer gels. A magnified view of the last step highlights

how metal tubing was aligned. Adapted from [5] with permission, © Brian Archer 2021

2.1.3 Bioreactor System Setup

2.1.3.1 System Assembly

Figure 2.4 provides a schematic of how the bioreactor with the TC chamber was assembled

as well as a photograph of the full assembly below the schematic. With the bottom polycar-

bonate window in place, the TC chamber was placed into the tapered hole in the center of

the bioreactor. The TC chamber has quartz windows at the top and bottom to encase the

scaffold that would be placed. A silicone gasket also surrounds the TC chamber to ensure

no bypass of flow around the scaffold which can be seen in the photograph. PEEK screws

and nuts are then utilized to place the top polycarbonate window which seals the chamber.

An o-ring ensures a proper seal occurs which is also indicated in the photograph.

Figure 2.5 provides a full view of the fully assembled bioreactor system using photographs.

The first half shown with the left photograph provides a view of the valve actuators, flow con-

trol valves, pulsation dampener, bubble trap, flowmeters, waste reservoir, peristaltic pump,

gas mixer, temperature control console, and pressure relief. The second half shown on the

right image has the flow control computer, bioreactor body, total flow flowmeter, Back Pres-
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Figure 2.4: Bioreactor Body Assembly. Top of the figure shows schematic of full assem-

bly of bioreactor with scaffold and TC chamber. Bottom figure shows photograph of fully

assembled bioreactor body.

sure (BP) regulator, humidifier, heating jacket, and media reservoir in view. The flow control

computer is where flow rates are inputted in MATLAB. The peristaltic pump pumps the

media throughout the whole system. The total flow flowmeter measures the total flow overall

towards the bioreactor. Individual flowmeters measure flow rates in each of the 12 tubes that

bring media towards the bioreactor body. These measurements communicate with the flow

control computer with an Arduino. If adjustments are needed to match individual flow rate

measurements with the inputted flow rates in the computer, valve actuators, flow control

valves, and the peristaltic pump are automatically controlled and adjusted electronically un-

til such parameters match. The pulsation dampener trapped a volume of air which cyclically

compressed to dampen pressure spikes from peristaltic pumps. The BP regulator maintains
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inlet pressure upstream. The pressure relief valve ensures pressures do not exceed 40 PSI

within the system. Bubble trap minimizes bubbles within the system. Finally, the gas mixer

ensures 5% CO2 is maintained during culture while the temperature control console ensures

37◦C is maintained. A closer view of both features is shown in Fig 2.6. The gas mixer in

Fig 2.6 (a) is the 2GF-mixer from Oko-labs which mixes air and CO2 flow rates to maintain

5% CO2. The temperature control system was engineered by Belilove Company-Engineers

and is shown in Fig 2.6 (b)-(c). The pipe heater is shown in (b) while the temperature con-

trol console is shown in (c). Media is kept warm through convection with the flow of heated

air. The temperature control console provides heat to the stainless-steel pipe heater which

heats up the air that flows through it. Temperature of the air flow and the environment are

measured using thermocouples and the console provides heat to heat the flow of air until

it matches the desired temperature, in this case 37◦C. A heating jacket made of styrofoam

covers the inlet tubes leading up to the bioreactor to ensure media is warmed before arrival.

Media Reservoir
Humidifier

Bioreactor

BP Regulator

Heating Jacket

Bubble Trap

Pressure Relief

Peristaltic Pump

Waste Reservoir

Pulsation Dampener

Flowmeters

Valve A
ctuators

Total Flow 

Flowmeter

Flow Control Computer

Flow Control Valves

Gas Mixer

Temperature 

Control Console

Figure 2.5: Bioreactor System Setup. Full view of the system setup. Each photo com-

prises a half of the system.

2.1.3.2 Bioreactor Flow Paths

A process flow diagram (PFD) detailing the bioreactor flow setup is presented in Fig. 2.7.
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(a)
(b)

(c)

Figure 2.6: Temperature and Gas Control Components. (a) Photograph of 2GF-mixer

from Oko-labs which was used to maintain 5% CO2. (b) Steel pipe heater design used to

heat the flow of air made from Belilove Company-Engineers. (c) Temperature control console

that measures and controls temperature which was also provided from Belilove Company-

Engineers.

Primary Flow Path: The primary flow path was a closed circuit where a peristaltic pump

circulated cell culture media through the twelve-channel bioreactor. The pump drew media

from a reservoir and sent it through two pressure reducing pressure regulators in series that

dampened pressure spikes. A digital pressure gauge monitored output from the pump. The

media then passed through a bubble trap and then a digital flowmeter measuring the total

volumetric flow rate. The path separated into twelve parallel tubes. Each of these tubes

included a computer actuated metering valve and digital flowmeter to independently control

all bioreactor inlet flow rates. Cell culture media passed through about 25 feet of tubing

before entering the bioreactor. The six feet of tubing immediately upstream of the bioreactor

were contained in a heating jacket maintained at 37◦C to bring cell culture media to body

temperature prior to entering the TC chamber. Downstream of the bioreactor the media

passed through a back pressure regulator before returning to the reservoir.

Secondary Flow Paths: The manifold through which cell culture media passed prior to

returning to the reservoir served as a convergence point for several secondary flow paths. The

manifold along with various stopcocks was used to redirect flow through these paths. In order
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Figure 2.7: Process Flow Diagram. Color Legend: Black - cell culture media, blue - gas

flow, yellow/purple lines - digital signals generated and received by computer, red - 37◦C air

flow. Abbreviations: BT - Bubble Trap, PR - Pressure Relief, BP - Back Pressure. Adapted

from [5] with permission, © Brian Archer 2021

to prolong the life of the pump tubing (GORE® STA-PURE®), the pressure downstream

of the pump head was prevented from exceeding 40 PSI with a pressure relief valve from a

secondary flow path. Media from this valve was returned back to the reservoir. A second flow

path involved a large inner diameter tubing called the pulsation dampener. The stopcock

was closed for this tube to trap a volume of air which experienced cyclical compressions
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that dampened peristaltic induced pressure spikes. One final secondary path involved the

bubble trap. The bubble trap was made with two overflow ports (Radnoti) and is part of

the primary flow path. The ports usually remain closed during normal operation but can be

opened briefly to divert flow and remove buildup of trapped air.

Other Flow Paths: The final flow path involved waste collection to the waste reservoir.

A flow line called the primary bypass connected the output of the peristaltic pump to the

flow downstream of the bioreactor.

2.1.4 Scaffold Preparation

Two classes of scaffold were prepared for use in the bioreactor: macroporous sponges and

hydrogels. In both cases scaffolds were comprised of natural extracellular matrix (ECM)

proteins.

2.1.4.1 ECM Hydrogel Mixtures

Hydrogels were cast with a mixture of fibrin, Matrigel® (Corning®), and rat tail derived

type I collagen (Corning®). Matrigel® is approximately 33% laminin, 60% collagen IV, and

5.4% heparan sulfate [63]. Several hydrogels (Gels 1-4) made from different combinations of

ECM proteins were evaluated for their mechanical stability and ability to promote endothelial

cell organization. Endothelial cells were used because of their well-established response to

flow and shear stress [81, 86–91]. The complete composition of each gel mixture for Gels

1-4 is seen in Table 2.1. Final concentrations of each structural ECM component present in

Gels 1-4 are seen in Table 2.2. Fibrinogen and thrombin powders were first sterile filtered

with a 0.22 µm pore size membrane. Fibrinogen was then dissolved in Dulbecco’s Modified

Eagle Medium (DMEM) and kept in a warm bath at 37◦C. Thrombin was dissolved at 100

units·mL−1 in 0.1% (w/v) bovine serum albumin (BSA) solution and kept at 4◦C.

When preparing gels, collagen solution and NaOH were combined first to neutralize pH
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Table 2.1: ECM Hydrogel Compositions.

All Components
Gel 1 Gel 2 Gel 3 Gel 4

Volumes (µL)

Collagen (9.66 mg·mL−1) 96.34 306 235 241

NaOH (1 M) 4.82 15.31 11.75 11.84

10X DMEM 28.9 28.3 28.5 22.2

FBS 3.85 3.77 3.80 2.96

Thrombin (100 units·mL−1) 28.9 28.3 40.0 44.4

Matrigel® 48.2 47.2 47.5 37.0

Fibrinogen (mg·mL−1) 289 (10) 70.7 (25) 133.5 (25) 141.1 (25)

Table 2.2: Final ECM Concentration

ECM Components Gel 1 Gel 2 Gel 3 Gel 4

Collagen (mg·mL−1) 1.9 5.9 4.5 4.7

Fibrinogen (mg·mL−1) 5.8 3.5 6.7 7.0

Matrigel® (%) 9.6 9.4 9.5 7.4

and kept on ice to prevent gelation. Fetal bovine serum (FBS), 10X DMEM, Thrombin,

and Matrigel® were added to the neutralized collagen solution and mixed on ice carefully

with a positive displacement pipette to prevent bubbles. While the chilled solution was

kept on ice, human aortic endothelial cells (HAECs) were trypsinized and counted. 9 ×

105 cells were placed in a tube and pelleted. After aspirating the neutralized trypsin, the

pellets were suspended in fibrinogen solution. Fibrinogen cell suspension containing 7.5×105

cells was added to the chilled solution and mixed quickly and thoroughly to generate a

final cell concentration of 1.5 × 106 cells·mL−1. Due to low hydraulic conductivity and

mechanical strength of natural ECM based hydrogels, open channels in the gel were required

to accommodate fluid velocities corresponding to physiologically relevant wall shear stresses

(5-20 dyn·cm−2) for endothelial cells [92]. The gel casting chamber was used for this purpose

and was designed to align channels with the inlets of the TC chamber using steel tubes. A

diagram is shown in Fig. 2.8 The gel was quickly cast with the TC chamber. The chamber was

placed in an incubator at 37◦C for 30 minutes to anneal. Following gelation, the wells were

filled will cell culture media in a 96 well plate to evaluate endothelial cell compatibility with
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the scaffold, or the TC chamber was loaded in the bioreactor for flow perfusion compatibility

experiments. Gels loaded in the bioreactor did not have cell suspensions and such gels were

made by skipping the steps related to cells.

Empty TC
Chamber

Assembling Gel
Casting Apparatus

Liquid ECM
Gel Mixture

Stainless Steel
Tubing Array

Casting Gel

Figure 2.8: Diagram of the Gel Casting Apparatus. Diagram demonstrates full assem-

bly and steps taken for gel casting.

2.1.4.2 Porous Sponges

Macroporous sponges evaluated in this study were either collagen (Ultrafoam�) or gelatin

(Gelfoam®, Surgifoam®) based. Sponges were cut into blocks with a scalpel blade and discs

with a circular biopsy punch. To cut sponges consistently with appropriate dimensions for

the TC chamber, scalpel blades were aligned with slits in parts made from Dental SG resin.

Dry sponge blocks were adhered to the inner walls of the TC chamber with a nitrocellulose

based adhesive film (New-Skin® liquid bandage) to prevent the sponge edges from retracting

from the walls of the TC chamber following wetting. Scaffolds not properly anchored to the

bioreactor chamber wall (due to initial placement or erosion) result in edge flows in which cell

culture media preferentially flows around the scaffold [43,51,93]. Edge flows increase nutrient

delivery to cells in the peripheral regions and reduce transport to the interior [51]. After

allowing the adhesive to dry for four hours, channels were cut through sponges by focusing

a 1500 mW laser tuned to 532 nm through the holes in the sides of the TC chamber. In

order to prevent damage to the TC chamber during laser cutting, a slightly smaller channel
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diameter of 1.4 mm was used to keep the beam a safe distance. Prior to laser cutting, the

TC chamber containing the adhered sponge was sealed in a steam sterilized laser cutting

box made from Dental SG. Microscopy coverslips adhered to the sides of the box with a high

temperature resistant epoxy allowed light to enter the sponge while preventing microbial

contamination during cutting. The box was secured on a stepper motor with a grub screw.

The motor was used to rotate the box in 90◦ increments to allow cutting through all sides of

the box. The motor was mounted on a three directional micrometer stage used to position

the box beneath the focused laser beam. Sterile filtered (0.22 µm pore size) airflow was

directed through the space between the sponge and coverslip to remove smoke particles from

the chamber that were generated during the cutting process. A diagram of the laser cutting

assembly can be seen in Fig. 2.9.
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Figure 2.9: Sponge Laser Cutting Apparatus. Diagram includes the components and

assembly of the apparatus used to contain and position the sponge during laser cutting.

Adapted from [5] with permission, © Brian Archer 2021

Following laser cutting, sponges were either placed into the bioreactor to determine their

compatibility to perfusion or were seeded by soaking them in cell suspension containing

1.5 × 106 endothelial cells·mL−1 for 2 hours. After seeding, the remaining cell suspension

was removed and sponges were placed in a six well plate for static tissue culture to determine
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their compatibility for cell growth. Collagen and gelatin sponges were eventually also utilized

for 3D cell culture experiments.

2.1.5 Reactor Operation

2.1.5.1 Sterilization

The entire system was sterilized with a specific protocol. First the system was drained of

existing cell culture media from a previous experiment. Next the system was primed with

deionized water to rinse out any residual cell culture media (proteins in FBS can potentially

precipitate out of solution and clog filters and valves). A liquid removal cycle was used to

drain the system of the water. Once emptied, the waste reservoir was emptied, all parts of

the setup were primed with sterilants (70% ethanol and 7.5% hydrogen peroxide), making

sure all surfaces of tubing were in contact with the sterilant for the necessary amount of

time as suggested by the CDC [94]. A sterilant used for priming was rinsed with copious

amounts of sterile deionized water to ensure any residual sterilant was flushed before priming

with another sterilant. Water with catalase was also used as a wash for hydrogen peroxide

to ensure elimination of residual hydrogen peroxide and a hydrogen peroxide indicator was

utilized to ensure a proper flush occurred [95]. In addition to priming the internal volume

of the system with sterilants, two external regions of the system outside of the sealed flow

path were flushed with sterilant due to the potential for them to experience brief contact

with cell culture media at specific points of operation. These two regions include the space

in between the top bioreactor window and the bioreactor body and the disconnect point.

After ensuring a proper flush of sterilants, the tubing was dried with pressurized air. Any

dry, sterilized tube fitting was covered with a sterile Polyvent filter cap on the open fitting

to prevent any microbes in the air from re-entering. Other parts were autoclaved if they

were compatible and UV sterilized with a UV-C chamber if they can be exposed directly to

the light. Chlorine dioxide, which is a potent but relatively safe disinfectant that is used for
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drinking water, was also utilized for sterilization at the media reservoir at a concentration

of 0.05 ppm which was found to be effective for antimicrobial activity yet still suitable for

mammalian cells [96].

2.1.5.2 Bioreactor Experiment Initialization

Tissue Culture Preparation: The system was primed with 500 mL of cell culture media using

a modified liquid priming cycle. Sample Loading: After preparing the bioreactor system for

tissue culture and seeding a scaffold, the bioreactor was clamped horizontally in a HEPA

filtered environment so that the inlets and outlets were at a level height. The top window

on the bioreactor was removed with sterile tools, and the TC chamber was inserted into

the empty bioreactor chamber. The top polycarbonate window was put back in place and

tightened with nuts and screws.

Bubble Removal: Once the TC chamber was in place, the bioreactor was oriented ver-

tically with the outlet above the inlets. All inlet flow rates were set to 0.3 mL·min−1 to

push air out of the bioreactor chamber. If bubbles were present in the bioreactor chamber,

attempts were done to dislodge them by mechanically agitating the bioreactor. Persistent

bubbles were removed by increasing the hydrostatic pressure in the bioreactor with the BP

regulator. The pressure increase reduced the size of the trapped bubbles and allowed them

to be dislodged. Inlet flow rates were then set to desired values for the experiment once all

the bubbles were removed.

2.1.5.3 Flow Controller

Desired individual flow rates for the 12 inlets were inputted and controlled automatically by a

MATLAB program that measured each channel’s volumetric flow, determined the difference

between the measured flow rates and the set points, and adjusted the degree to which the

metering valves were opened based on the difference. 12 flow inlets (4 from a particular
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direction) surrounding the scaffold provided the capability to generate a variety of arbitrary

flow patterns in the tissue culture chamber for perfusion culture by inputting flow rates from

different directions.

2.1.5.4 Flow and Shear Maps

A flow-weighted spin echo multi-slice (SEMS) pulse sequence was used to acquire fluid ve-

locity maps within the bioreactor. One image was acquired during perfusion, and another

image was acquired while flow was turned off. Each no-flow velocity map was subtracted

from its corresponding flow velocity map to account for errors. A map of the magnitude of

flow speed was generated from the velocity maps using the equation:

s̄ =
√

v̄2x + v̄2y + v̄2z (2.1)

where s̄ is the flow speed magnitude and v̄x, v̄y, and v̄z are the orthogonal components of the

velocity measured with MRI, which are measurements of the average velocity throughout

the entire slice thickness, Zthc. Shear maps were calculated using:

¯̇γ = (∂xv̄y + ∂yv̄x) /2 (2.2)

where ¯̇γ is the shear rate of a voxel (measured in s−1) and ∂xv̄y and ∂yv̄x are determined using

finite differences. Briefly: given an m× n matrix, v̄y, of y direction velocity measurements,

the matrix, ∂xv̄y, of size m × (n− 1) is generated by taking the differences between all y

velocity measurements adjacent to each other along the x direction and dividing them by

the width of the voxels in the x direction, dx. This can be expressed as:

∂xv̄y|i,j = (v̄y|i,j+1 − v̄y|i,j) /dx (2.3)

where i is an integer from 1 to m representing each row index and j is an integer from 1 to

n− 1 representing each column index. Similarly, ∂yv̄x can be expressed as:

∂yv̄x|i,j = (v̄x|i+1,j − v̄x|i,j) /dy (2.4)
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where v̄x is an (m− 1)×nmatrix comprised of discreet x velocity component measurements, i

is the row index from 1 to m−1, j is the column index from 1 to n, and dy is the y direction

length of the voxels. Since the two matrices had different dimensions from each other,

they were both resized to the original m × n size using MATLAB’s bicubic interpolation

function where an output pixel value is a weighted average of pixels in the nearest 4-by-4

neighborhood.

2.2 Results

2.2.1 General Bioreactor Performance

The bioreactor was found to be able to control all twelve flow inputs, reaching steady state

flow targets within 3 minutes of starting the program with all valves completely closed as

seen in Fig. 2.10. Once the correct valve inputs were found, only minor adjustments were

required to maintain steady flow rates over long periods. For temperature, the temperature

control console was able to maintain 37◦C for long culture periods (weeks). Therefore, our

system was capable of generating steady flow patterns and maintaining temperature over

the duration of a cell culture experiment.

2.2.2 Scaffold Results Determine Compatible Scaffolds for Culture and Perfu-

sion Flow

Representative confocal fluorescent micrographs of HAECs cultured in each of the four gel

compositions for five days can be seen in Fig. 2.11. Multi cellular structures formed in all four

gel compositions, but variations in the size, morphology, and abundance of the structures was

apparent. The ECM composition of Gel 1, which was based off of previous flow studies [43],

resulted in the formation of the largest, most developed structures [89, 91]. However, this

gel composition was too fragile to withstand continuous perfusion and was susceptible to
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(a) (b)

Figure 2.10: Flow Rate and Temperature Monitors. Figure shows measurements from

flow rate control computer and temperature control console. (a) Flow rate measurements

were generated by MATLAB while controlling bioreactor inlet flow rates. Digitally mea-

sured parameters related to the bioreactor are plotted over time. Upper plot shows flow

rates measured in each of the twelve inlets. Lower left plot shows pressure measured down-

stream of the peristaltic pump. Lower right plot displays the total flow rate through the

bioreactor. Channels 1-4 were set to 1 mL·min−1, channels 5-8 were set to 0.5 mL·min−1, and

channels 9-12 were set to 0 mL·min−1. (b) Temperature measurements shown with control

console during culture. The red number is the measured value while the green number is the

temperature setpoint. Flow rate monitor image and description is originally from [5] with

permission, © Brian Archer 2021

shear. Cells cultured in Gels 2 and 3 produced structures similar to each other in size

and density. The multicellular structures in Gels 2 and 3 were thinner in average diameter

and less interconnected than the structures in Gel 1. However, HAEC structures in Gel

2 appeared to be more similar to those in gel 1 in morphology. The degree of branching

and webbing between branches was higher in Gel 2 than in Gel 3. The structures in Gel
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3 appeared more linear with less bifurcations and webbing. The structures in Gel 4 were

much sparser and smaller in size than in the other three gels. Within the structures in Gel

4, the cell nuclei were more densely packed than in any of the structures seen in other gels.

Gel 4 was the most mechanically stiff gel, but its poor suitability for HAEC growth made it

unsuitable as a scaffold. Gels 2 and 3 were both able to withstand perfusion in the multi-

inlet bioreactor. When cast between quartz windows they were able to maintain distinct

channel geometry without collapsing. Despite the potential for further optimization of the

biopolymer mixture, Gel 2 seemed most optimal for additional experiments as it provided a

sufficient starting point to study neovascularization.

50 μm 50 μm

50 μm 50 μm

Gel 1 Gel 2

Gel 3 Gel 4

Figure 2.11: HAEC Static Culture in Biopolymer Gels 1-4. Confocal images of HAECs

cultured statically in each gel composition. Cell nuclei were stained with DAPI (shown in

blue) and actin was stained with Texas Red�-X Phalloidin (shown in red). Adapted from [5]

with permission, © Brian Archer 2021
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50 μm 50 μm 50 μm

Figure 2.12: HAEC Static Culture in Macroporous Sponges. Confocal stacks of

HAECs cultured statically in collagen, gelatin, and alginate-RGD sponges from left to right.

Cell nuclei were stained with DAPI (shown in blue), and actin was stained with Texas Red�-

X Phalloidin (shown in red). Adapted from [5] with permission, © Brian Archer 2021

Representative confocal fluorescent micrographs of HAECs cultured in macroporous sponges

are seen in Fig. 2.12. It can be seen that endothelial cells attach, proliferate, and migrate

toward each other to form large, multicellular structures blanketing the walls and struts in

collagen and gelatin sponges. Despite the fact that cells were able to attach to the alginate-

RGD sponge, they did not proliferate into larger numbers, and they maintained randomly

scattered positions, which indicated a lack of migration. The pattern of endothelial cell

growth in the gelatin sponge highlights the larger pores, which appear as dark regions.

Pores in the collagen sponge were smaller and did not dominate large portions of the imaged

region. Since the collagen and gelatin sponges promoted endothelial cell growth and were

best resistant to flow induced wear for up to two weeks in the bioreactor, they were both

considered for 3D cell culture under flow.

2.2.3 Flow Through Scaffolds

Flow maps were obtained using flow-weighted MRI in order to demonstrate not only the

capability of monitoring perfusion flow conditions in real time using an MRI-compatible

bioreactor, but also demonstrate the various scaffolds and corresponding complex flow pat-

terns that can be supported and measured within the bioreactor for tissue culture.
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2.2.3.1 Flow in a Biopolymer Matrix

Adjusting flow inputs into each channel lead to the formation of a wide range of achiev-

able flow patterns throughout the channel grid. Fluid velocity maps were obtained directly

from flow-weighted MRI. Velocity maps corresponding to 5 mL·min−1 flow rates in all input

channels are shown in Fig. 2.13. Total flow speed and shear rate maps calculated from the

velocity maps are shown in Fig. 2.14.
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Figure 2.13: Fluid Velocity Maps in Biopolymer Scaffold. (a) Diagram of gel scaffold

highlighting the pattern of open channels within the gel. Diagram is labelled with channel

inlet numbers and the Cartesian coordinate orientation corresponding to all other fluid ve-

locity maps presented. (b) Photograph of biopolymer scaffold mounted in bioreactor. The

region of interest (ROI) used when cropping and displaying flow-weighted MRIs is outlined

in green. (c) Fluid velocity maps within biopolymer scaffold corresponding to input flow

rates of 0.5 mL·min−1 in all inlet channels. Velocity maps were cropped to include only the

scaffold region of the MRI. Values in colorized scale bars are in mm·s−1. Adapted from [5]

with permission, © Brian Archer 2021
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The pattern of contrast between regions of high and low flow clearly resembles the geom-

etry of the channels in the gel with higher flow rates corresponding to channel and lower flow

rates corresponding to the interstitial space. The x velocity component shows a relatively

symmetrical pattern around x = 0 with flow rates exceeding 2 mm·s−1 in opposing direc-

tions. A negative z velocity component is visible at each intersection between the vertical

and horizontal channels due to the offset of the channels from each other in the z direc-

tion. The shear rate map shows that shear rates at the walls of channels with high luminal

flow (especially the vertically oriented channels) exceeding 6 s−1, whereas shear rates in the

center of these channels were close to 0 s−1. The Reynolds number, Re, at the entrance of

each channel where the flow rate was 0.5 mL·min−1 was Re=10, given a channel diameter of

1.5 mm, cell culture media density of 993.37 kg·m−3, and dynamic viscosity of 6.92 × 10−4

kg·m−1·s−1 [97, 98]. Assuming the total inlet flow was evenly split between the four outlet

channels giving them each a volumetric flow rate of 1.5 mL·min−1, the Reynolds number

increased to Re=30 at the exits. Therefore, all flow within the channels was well within the

laminar regime, even considering possible variations in the inlet flow distributions.
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Figure 2.14: Flow and Shear Maps. The left is a map of the total flow speed magnitude

calculated from the directional fluid velocity maps in Fig. 2.13. The middle plot is a flow

vector field determined from x and y fluid velocity maps. The right panel is a shear rate

map calculated from the x and y fluid velocity maps. Adapted from [5] with permission,

© Brian Archer 2021

To ensure the validity of the flow-weighted MRIs, a model of flow in a cross section of

the gel was generated. Given the repetitive geometry of the evenly spaced channels inside
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the gel, the model was generated for a unit cell of a cross section of the gel. The unit cell

was composed of a single channel and its surrounding matrix. The width of the cell was

equal to the distance between channels, 2.74 mm. The height of the cell was equal to the

thickness of the gel, 4.32 mm. Given a channel diameter of 1.50 mm, the cross-sectional area

of the channel was 1.76 mm2, and the cross-sectional area of the surrounding matrix was 10.1

mm2. The channel lumen and the interstitial space of the biopolymer matrix were considered

parallel flow paths through which liquid could pass. The pressure drop, ∆P , across parallel

paths is the same. According to Darcy’s law, the pressure drop across a length of matrix is:

∆P = −QsµL

kA
(2.5)

where Qs is the volumetric flow rate through the matrix, µ is the dynamic viscosity of the

liquid, L is the length of the porous medium over which the pressure drop takes place, k is

the permeability of the medium in m2, and A is the cross-sectional area of the matrix. In

the channel’s lumen, the pressure drop was determined by the Hagen-Poiseuille law:

∆P = −8µLQc

πR4
(2.6)

where R is the channel radius and Qc is the volumetric flow rate through the channel. Setting

the pressure drops of the lumen and interstitial space equal to each other and solving gives:

−QsµL

kA
= −8µLQc

πR4
(2.7)

Qs =
8kAs

πR4
Qc (2.8)

In order to estimate permeability of gel mixtures, the Happel method [99] modified

for porous media comprised of a mixture of rods of varying size was used [63]. Briefly, the

permeability, Kh, of a network of randomly distributed, identical rods of type h is determined

by the weighted average: Kh = 2
3
Kh,⊥+

1
3
Kh,∥, where K∥ is the fluid permeability derived for

flow through an array of unidirectional rods in which the flow is parallel to the rod cylinder

axis. K⊥ is the fluid permeability derived for flow through an array of unidirectional rods in
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which the flow is perpendicular to the rod cylinder axis. According to Happel:

Kh,⊥ =
b2h
4

[
ln

bh
ah

− 1

2

(
b4h − a4h
b4h + a4h

)]
(2.9)

Kh,∥ =
1

8b2h

(
4a2hb

2
h − a4h − 3b4h + 4b4h ln

bh
ah

)
(2.10)

where ah is the radius of rod of type h and bh is the radius of a larger, concentric cylinder

making up the unit cell of rod type h. bh is selected such that the difference, bh − ah = λ, is

constant for all fiber sizes and such that the average solid fraction summed over all unit cells

is equal to the total solid fraction of fibers in the porous medium. It is found from solving

λ2

[∑
h

ϕh

a2h

]
+ 2λ

[∑
h

ϕh

ah

]
+

[∑
h

ϕh

]
− 1 = 0 (2.11)

where ϕh is the volume fraction of each polymer. Once bh and ah are obtained, the overall

permeability of the porous medium was found from

K =
N∑

h=1

[
nh

Kh(bh, ah)

]−1

(2.12)

where nh is the fraction of fibers with radius ah in a random cross section found using:

nh =
ϕh/πa

2
h∑

h (ϕh/ (πa2h))
. (2.13)

Using this method, permeabilities were calculated for various gel mixtures that are shown

in Table 2.3. Matrigel® was assumed to be a mixture of 60% type IV collagen, 33% laminin,

and 5.4% haparan sulfate [63]. The fiber radii corresponding to type IV collagen, laminin,

heparan sulfate, and type I collagen were 0.7 nm [100], 0.6 nm [101], 0.5 nm [102], and 50

nm [103,104]. The volume fractions of each fiber type were determined from ϕh = vhCh where

vh is the partial specific volume of a specific biopolymer and Ch is its concentration. The

partial specific volumes of type IV collagen, laminin, and heparan sulfate used were 0.695

mL·g−1 [105–107], 0.73 mL·g−1 [108,109], 0.54 mL·g−1 [110,111]. The partial specific volume

of type I collagen was reported to be 0.70 mL·g−1 [112,113], but an effective specific volume
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Table 2.3: Gel Permeabilities

Gel Type Permeability, K (m2)

Type I Collagen (2 mg·mL−1) 8.56× 10−13

Type I Collagen (4 mg·mL−1) 3.68× 10−13

Type I Collagen (6 mg·mL−1) 2.21× 10−13

Fibrin (from 2 mg·mL−1 fibrinogen) 5.48× 10−15

Fibrin (from 4 mg·mL−1 fibrinogen) 2.41× 10−15

Matrigel (1:10 dilution) 4.29× 10−16

Gel 2 4.26× 10−16

Gel 1 4.09× 10−16

Matrigel, 100% 2.56× 10−17

of 1.89 cm3·g−1 was also reported, which takes into account intrafibrillar water content [104].

The effective specific volume of 1.89 cm3·g−1 did not produce accurate predictions for K in

the study in which it was reported. Instead, a more accurate effective specific volume of 1.17

was found from reported volume fractions and corresponding permeabilities reported more

recently [103, 114]. The volume fraction of fibrin was determined from the concentration of

fibrinogen used according to: ϕfibrin =
CFbg

ρFbgΦint
where ρFbg is the density of fibrinogen protein

(1.4 g·mL−1) and Φint is the internal solid fraction of a fiber found from the determined

relationship Φint = 0.015 ln (CFbg) + 0.13 [115]

Using the Gel 2 fluid permeability estimate of 426 nm2, the relationship between Qs and

Qc became Qs = 3.46× 10−8Qc, suggesting that the interstitial volumetric flow rate through

the scaffold was negligible compared to luminal flow through the channels. Since flow-

weighted MRIs directly measure fluid velocity, the average fluid velocity in the matrix was

compared to the average fluid velocity in the channel using the relationships Qc = vc,avgAc

and Qs = vs,avgAs to give:

vs,avgAs =
8kAs

πR4
vc,avgAc (2.14)
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vs,avg =
8kAc

πR4
vc,avg =

8kπR2

πR4
vc,avg =

8k

R2
vc,avg (2.15)

The relationship between average fluid velocity in the scaffold versus average fluid velocity

in the channel was vs,avg = 7.16 × 10−11vc,avg, demonstrating that any interstitial flow was

well below the range of the MRI when the imaging parameters were optimized to encompass

intraluminal flow velocities.

Despite the prediction that total flow through the matrix would be be significantly lower

than flow through the channels, a slip boundary condition and an elevated quantity of flow

penetrating the matrix immediately adjacent to the channel wall were expected [116, 117].

According to the Brinkman model, the penetration depth of fluid flow into the matrix was

estimated to be on the order of
√
k [116], or 20.6 nm in the case of gel 2. Since the Brinkman

model relies on Darcy’s law, which assumes a uniformly homogenous porous material (the

length scale of the material ≫ the length scale of the pores), James and Davis generated a

new model of flow close to the interface on the length scale of the pores. The James and

Davis model found that the slip boundary term can safely be ignored in the calculation of

wall shear when the solid volume fraction of the porous material is greater than 0.01, and it

found that the penetration depth of elevated fluid velocity is less than what was predicted

in the Brinkman model [117]. In the case of gel 2, the total solid fraction was estimated to

be 0.0246, suggesting that the permeability of the gel and subsurface flow at the channel

wall will have no discernable effect on endothelial cells versus an impermeable wall. In

comparison to the fluid penetration depth, the height of an endothelial cell nucleus hump

when cultured under flow is 1.77 µm [118]. The geometry of an endothelial cell monolayer

has a greater influence on local shear stress at the channel wall than the permeability of the

matrix [119,120], and even the influence of endothelial cells on shear will be undetectable by

MRI given its xy spatial resolution of roughly 100 µm.

Given the fact that bulk interstitial flow and flow penetration at the wall were negligible,

flow through the unit cell cross section of the gel was modelled by considering the channel and
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matrix as two distinct regions. In order to validate flow weighted MRIs, flow in the channel

was modelled as flow through a pipe, and the surrounding matrix was modelled as static

water. Flow in the channel was calculated using the paraboloidal function: vy (rz, rx) =

2vc,avg

(
1− r2z

R2 − r2x
R2

)
where vy is the y velocity component at a discreet point in 3D space

(not averaged over Zthc), rz is the radial position in the channel along the z axis, and rx is the

radial position in the channel along the x axis. This calculation is valid for fully developed

laminar flow. A map of vy modelled in the unit cell cross section as well as corresponding

velocity and shear rate profiles along a one dimensional axis intersecting the center of the

channel are displayed in Fig. 2.15 (a). The shear rate profile was determined using finite

differences in vy along the x direction. The shear rate at the wall of the channel in the model

determined using finite differences matched the expected wall shear (63 s−1) calculated using

γ̇ =
4Q

πr3
, (2.16)

which is valid for flow in a pipe. γ̇ is the shear rate at a point in space not averaged over

Zthc.

In order to directly compare the modelled flow profiles across a channel to the flow profiles

across channels generated by MRI, the z and x resolution of the MRI were taken into account

when generating a theoretical flow profile across a channel. The flow-weighted SEMS pulse

sequence had a minimum slice thickness (z resolution) of 0.75 mm. Since the channels were

1.5 mm in diameter, a 3D reconstruction of the channels was not feasible with a finely

segmented z stack. It was decided to take a single 4 mm thick slice that fully encompassed

both sets of channels and the surrounding matrix. The x resolution of the MRI in Fig. 2.12

was 203 µm. A map of vy modelled in the unit cell cross section with the same x resolution

as the MRI in Fig. 2.13 can be seen in Fig. 2.15 (b). Profiles of v̄y averaged over the entire 4

mm thick z section and ¯̇γ calculated from the slice-averaged v̄y values were plotted along the

x direction in the same panel. In order to make the shear rate profile directly comparable

to the MRI shear rate profile, the modelled shear rate was calculated using Eq. 2.2, which

averages ∂xv̄y and ∂yv̄x. Since the axis of the modelled channel was oriented perpendicularly
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to the xz plane, and since it was assumed that the flow was fully developed, ∂yv̄x = 0, and

therefore ¯̇γ = ∂xv̄y/2. v̄y and ¯̇γ profiles segmented with the corresponding MRI x resolution

were plotted in black. Continuous v̄y and ¯̇γ profiles along the x direction were plotted in

magenta for comparison. It can be seen that averaging in all liquid within the z slice thickness

reduces the apparent maximum flow rate in the center of the channel by approximately a

factor of 4. In addition, the parabolic velocity profile has rounded tails near the walls when

averaging the entire z slice thickness due to the fact that voxels at the edge of the channel

contain more static liquid trapped in the matrix than voxels in the center of the channel.

These tails cause the apparent shear rate profile to have two rounded humps rather than a

simple linear relationship between radial position and shear rate.

The apparent velocity and shear rate profiles determined via MRI was also analytically

solved. To find the average velocity over the entire slice thickness at any point along rx, the

function for v̄y was integrated with respect to z, keeping rx constant, and divided by the

total slice thickness since the contribution to flow in the matrix is negligible:

v̄y (rx) =
1

Zthc

∫ rz2

rz1

2vc,avg

(
1− r2z

R2
− r2x

R2

)
(2.17)

where the limits rz1 and rz2 are the rz values at which rx intersects the channel wall. Solving

gives:

v̄y(rx) =
1

Zthc

(−2vc,avg
3R2

r3z2 + 2vc,avg

(
1− r2x

R2

)
rz2+

2vc,avg
3R2

r3z1 − 2vc,avg

(
1− r2x

R2

)
rz1)

(2.18)

v̄y (rx) =
1

Zthc

(
2vc,avg
3R2

(
r3z1 − r3z2

)
+

2vc,avg

(
1− r2x

R2

)
(rz2 − rz1))

(2.19)

Substituting rz1 = −
√
R2 − r2x and rz2 =

√
R2 − r2x gives:

v̄y (rx) =
1

Zthc

(
2vc,avg
3R2

(
R2 − r2x

)(3/2)
+

2vc,avg

(
1− r2x

R2

)√
R2 − r2x)

(2.20)
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v̄y (rx) =
8vc,avg
3R2Zthc

((R− rx) (R + rx))
(3/2) (2.21)

When plotted this gives the same z slice thickness averaged velocity profile modelled in

Fig. 2.15 (b). The slice thickness averaged shear rate profile, ¯̇γ, is analytically solved by tak-

ing the derivative Eq. 2.21 and averaging with ∂yv̄x (in the form: ¯̇γ (rx) =
(

d
dx
v̄y (rx) + ∂yv̄x

)
/2)

to generate:

¯̇γ (rx) =
8vc,avgrx
3R2Zthc

√
(R− rx) (R + rx), (2.22)

which reflects the same z slice thickness averaged shear plot profile modelled in Fig. 2.15

(b).

In order to determine the shear rate cells experience at the wall of a channel from an MRI

slice of thickness, Zthc, in a channel of radius, R using Eq. 2.16, Qc needs to be determined

from Qc = vc,avgAc. The average velocity in the channel, vc,avg, can be determined from the

slice thickness averaged velocity at the center of the channel, v̄y(rx = 0), which is directly

measured by MRI by solving Eq. 2.21 for vc,avg:

vc,avg = v̄y
3R2Zthc

8
((R− 0) (R + 0))−(3/2) (2.23)

vc,avg =
3Zthc

8R
v̄y (rx = 0) (2.24)

Substituting this into Qc and substituting Qc into Eq. 2.16 gives:

γ̇ =
43Zthc

8R
v̄y (rx = 0)Ac

πR3
(2.25)

γ̇ =
3ZthcAc

2πR4
v̄y (rx = 0) , (2.26)

which simplifies to

γ̇ =
3Zthc

2R2
v̄y (rx = 0) (2.27)

when substituting Ac = πR2. This simple relationship enables the shear at the wall of

the lumen to be calculated from the maximum measured velocity in a channel, the known

channel geometry, and the MRI slice thickness.
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The slice thickness averaged velocity and shear rate profiles modelled across a channel

were compared to profiles generated by MRI. In order to generate flow and shear profiles

from an MRI, an ROI was drawn around a portion of the image that only included vertically

oriented channels and the interstitial gel space in between them. Total flow speed and

calculated shear rates in the ROI were averaged along the direction of flow to make one-

dimensional flow and shear rate profiles across the four channels. The ROI and corresponding

flow and shear rate profiles are displayed in Fig. 2.15. It was assumed that there was no vz

or vx contribution to the flow in this region, so s = vy.

A comparison of the modelled flow and shear rate profiles to those generated from the

MRI showed similar profile shapes. Slight differences between the shape of the modelled

profiles and the measured profiles could have resulted from the fact that there was not enough

linear channel distance to achieve a fully developed, laminar flow profile. The average flow

rate in these channels was determined to be 1.25 mL·min−1 per channel from the fact that

there were ten inlet channels upstream of the four channel bottleneck in the ROI, and each

of the inlets had a flow rate of 0.5 mL·min−1. Therefore, the length of channel required

to fully develop the flow profile was 2.28 mm. The length of channel in between channel

intersections was only 1.14 mm. However, this did not significantly change the shape of the

flow profile from what was expected according to Fig. 2.15. Instead, the biggest discrepancy

between the modelled flow and measured flow was the magnitude of the fluid velocity. From

Fig. 2.14, the maximum slice thickness averaged fluid velocity of the channels was measured

to be 9.0± 1.1 mm·s−1, whereas the model predicted a maximum 6.0 mm·s−1. The increase

in fluid velocity is likely due to an unaccounted for reduction in channel diameter. After

removing the needles used for casting channels, swelling of the biopolymer matrix [121] and

flow induced deformation of soft channels [122] are expected to induce changes to channel

geometry. Lastly, the x resolution of the MRI was only 14% of the channel diameter. Slight

changes in alignment of the voxels in the xy plane relative to the position of the channels

could also affect measurements through sampling error.
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2.2.3.2 Flow in Macroporous Sponge Scaffold

Total flow speed and shear rate maps of flow in a porous collagen sponge are shown in

Fig. 2.16. All channel inputs were set to 0.5 mL·min−1 during flow image acquisition. Since

all channel axes in the sponge were coplanar, a thinner MRI slice of 1.6 mm was used to

capture luminal flow in all channels.

Although some luminal flow was seen in the flow speed map, the channel geometry, as

indicated by regions of high flow, was much less distinct than in the biopolymer gel. The

shear map showed almost no features resembling channels, and the vector plot showed greater

flow in the interstitial regions with more stochastic behavior. Thicker MRI slices were not

used because averaging larger volumes of interstitial flow from above and below the channels

overpowered and obscured the signal from faster luminal flow. The fluid permeability of the

Ultrafoam� sponge was 2.54×10−12 m2, its pores ranged from 100 to 200 µm in diameter, and

its void volume was 90% [83]. Considering the unit cell of the scaffold and the relationship

in Eq. 2.15, the ratio of flow in the open channels to flow in the scaffold was calculated

to be vs,avg = 4.15 × 10−5vc,avg. This initially suggests that the flow through the matrix

is negligible compared to luminal flow, however, the scaffold pore diameters are not small

enough to consider the sponge as a homogenous material. Assuming an average pore size of

150 µm, these pore diameters are about a tenth of the size of the channels and are on the same

order of magnitude as the xy resolution of the MRI. Therefore it cannot be assumed that the

porous sponge will behave like a uniform material on the observed length scale. Instead, it

was assumed that the interconnected pores form a cylindrical pathway approximately twice

the length of the scaffold as has been done in previous work [83,123]. Considering all pores as

parallel flow paths to the channels and to each other, the pressure drop across each individual

pore is the same as the pressure drop across the channel. Therefore, flow in a single pore,

Qpi , was compared to flow in the channel using the relationship:

8µLQc

πR4
=

16µLQpi

πR4
pi

(2.28)

46



Qpi =
R4

pi

2R4
Qc (2.29)

where Rpi is the radius of an individual pore. The total flow rate through the pores, Qpt can

be found from the flow rate in a single pore using the relationship Qpi = Qpt/np where np is

the number of pores. The volume of an individual pore, Vpi is related to the void volume in

the scaffold, ϵ, and np by

Vpi =
ϵVs

np

, (2.30)

which can be solved for np to obtain

np =
ϵVs

Vpi

. (2.31)

Substituting this into Eq. 2.29 gives:

QptVpi

ϵVs

=
R4

pi

2R4
Qc (2.32)

Qpt =
ϵVsR

4
pi

2VpiR
4
Qc, (2.33)

which can be further simplified by substituting the volume of a single pore, Vpi = 2LπR2
pi
,

and the volume of the scaffold’s interstitial space, Vs = AsL, to obtain

Qpt =
ϵAsR

2
pi

4πR4
Qc. (2.34)

Evaluating the expression reveals that Qpt = 3.3 × 10−3Qc. This is not nearly as great a

difference as seen in the gel, and it suggests that flow in the pores cannot be neglected when

modelling flow in a collagen sponge. This is consistent with the flow speed map in Fig. 2.16,

which shows less flow concentrated in the channels and more diffuse flow throughout the

pores. The complex flow distribution makes MRI particularly useful for measuring local flow

in the macroporous environment of a sponge.

The potential to use flow weighted MRIs to approximate the average shear rate at the

walls of the pores on a voxel by voxel basis was evaluated. This was only considered for voxels

entirely encompassing sponge pores that had no volume overlap with the laser cut channels.
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First, the total volumetric flow rate in each voxel was calculated using: Qi,j = v̄i,jAv|i,j

where Qi,j is the volumetric flow rate through an individual voxel, v̄i,j is the average fluid

velocity measured in the voxel, and Av|i,j is the area of the voxel obtained by projecting the

voxel onto a plane perpendicular to the velocity vector. Since all channels were aligned in

one plane, the z direction velocity component was ignored. Therefore, the equation for flow

rate through a voxel became:

Qi,j =
√
v̄x|2i,j + v̄y|2i,jWi,jZthc (2.35)

where Wi,j is the width of the projected voxel cross section plane found from Wi,j =

dy cos (θ1|i,j) + dx cos (θ2|i,j). θ1|i,j and θ2|i,j are the angles between the velocity vector

and the x and y axes respectively. They are found using θ1|i,j = arctan (v̄y|i,j/v̄x|i,j) and

θ2|i,j = arctan (v̄x|i,j/v̄y|i,j). Knowing the volumetric flow rate in each voxel and assuming

the tortuosity of the pores doubles their length relative to the length of a voxel, the average

velocity in the individual pores within each voxel was estimated from:

vpi |i,j =
2Lv|i,jQi,j

ϵVv

(2.36)

where Lv|i,j is the length of a voxel projected in the direction of overall velocity, Lv|i,j =

dx cos (θ1|i,j) + dy cos (θ2|i,j) and Vv is the volume of the voxel. Applying Eq. 2.16 to wall

shear in an individual pore generates γ̇pi =
4Qpi

πR3
pi

. Substituting vpiπR
2
pi
for Qpi in this equation

and simplifying demonstrates that the average wall shear rate in the pores in a voxel can be

approximated by:

γ̇pi |i,j =
4vpi |i,j
Rpi

(2.37)

Using τw|i,j = µγ̇pi|i,j where τw|i,j is the approximate wall shear stress for the pores within

a voxel and µ is the dynamic viscosity of cell culture media, a map of wall shear stress was

plotted in Fig. 2.17.

48



2.2.4 Discussion

The results were able to show that our bioreactor was able to maintain perfusion flow and

temperature for periods that are sufficient for tissue culture. Various scaffolds tested were

also found to be compatible in our perfusion system. The various scaffold materials tested

in the bioreactor that were found to be compatible will allow for an assortment of future

tissue engineering experiments involving complex flow patterns in environments with very

different fluid permeabilities and pore sizes. Biopolymer hydrogels patterned with channels

provide an optimal environment to study the influence of flow on endothelial sprouting and

neovascularization. Endothelial cells range in length from 22-26 µm and in width from 5-13

µm. They cover areas ranging from 70 to 245 µm2 [124]. Compared to endothelial cells,

the pores in a biopolymer hydrogel are small than the cell’s dimensions. The combination

of dimensions possessed by the cells and pores allows endothelial cells to attach to and

migrate across the gel surface as a monolayer similar to the endothelial lining on vessel

walls in vivo. When this occurs, a single cell blankets many matrix pores and fibers at

the gel surface. The dimensions of the cells also allow cells to move through the hydrogel

matrix, making biopolymer gels optimal for studying endothelial sprouting which is similar

to angiogenesis [81,86–88,90] and the process of de novo neovascularization [89,91].

For macroporous sponges, it has been demonstrated that commercial and collagen sponges

were the best scaffolds to support endothelial cell culture and were mechanically compat-

ible with the perfused environment of the bioreactor. Therefore, based on these results,

we planned to use these sponge scaffolds for culture experiments that can demonstrate the

feasibility of our bioreactor in supporting thick tissue constructs to study the effects of flow

patterns or large-scale interstitial flow gradients on cell distribution, viability, and growth.

The work related to such experiments are shown in the next chapter.
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Figure 2.15: Analysis of Flow-weighted MRI. (a) Top: cross section view of vy modelled

in channel and surrounding matrix. Middle: plot of modelled vy along red line. Bottom:

plot of modelled γ̇ in matrix and channel along red line. (b) Top: cross section view of

vy in channel and surrounding matrix segmented with the same x resolution used in the

flow-weighted MRI from Fig. 2.13. Middle and Bottom: plot of modelled v̄y and ¯̇γ profiles

respectively. Black profile is segmented with same x resolution used in MRI. Magenta profile

is unsegmented. (c) Top: portion of flow speed map seen in Fig. 2.13 with ROI highlighted

in red. Middle: profile of average flow speed in ROI along x direction. Bottom: profile of

average shear rate in ROI along x direction. Adapted from [5] with permission, © Brian

Archer 2021
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Figure 2.16: Flow and Shear Maps in Collagen Sponge. The left panel is a map of the
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v̄y maps. The right panel is a map of ¯̇γ. Adapted from [5] with permission,© Brian Archer
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Figure 2.17: Wall Shear in Collagen Pores. Map of estimated shear stress at pore walls in

collagen sponge plotted in dynes·cm−2. Adapted from [5] with permission,© Brian Archer
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CHAPTER 3

Tissue Culture Experiments with Custom Bioreactor

Thick tissue constructs (>6 mm) are often required when being used for medical applica-

tions, whether that be cartilage or bone grafts or artificial skin tissue [26]. However, the

maturation of thick constructs cannot be achieved through static culture alone as passive

diffusion cannot sufficiently provide nutrients and remove waste throughout the whole con-

struct [26, 44] and it has been demonstrated that inhomogeneous distribution of functional

cells will result in non-uniform cell proliferation, viability, and matrix deposition and even-

tually, inhomogeneous tissue formation [74]. As result, bioreactors were developed to better

mimic the native environment by providing the spatiotemporal variation of signals and suf-

ficient delivery of nutrients and removal of waste [75]. However, there still has been limited

success in translatability of research with cell-based tissue constructs which is attributed to

a lack of standardization and reproducibility issues [11, 12]. All of these challenges demon-

strate a lack of understanding on the effects of the complex flow environment on engineered

tissue development. As mentioned, we had designed a 10-channel bioreactor with the ability

to deliver arbitrary flow patterns and noninvasively control and monitor fluid-induced shear

forces in optically opaque media with MRI to study the influence of varied spatiotemporal

biomechanical signaling on engineered tissue development [79]. However, no work had been

done on determining whether such a bioreactor can support thick, viable tissue constructs.

Little work had also been done on whether the bioreactor was compatible with different

scaffold types. With our current bioreactor that improves upon the previous model, we have

already demonstrated its ability to maintain flow and temperature over long culture periods

and its compatibility with multiple scaffold types in the previous chapter.
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As a result, tissue culture experiments were carried out in our bioreactor with two major

goals: 1) To determine the effects of perfusion flow on distribution of cell growth in a scaffold

construct 2) To demonstrate the feasibility of supporting the growth and viability of thick

tissue constructs with our novel bioreactor and determine how different flow patterns can

affect such parameters of growth and viability. Analysis to evaluate thick tissue culture

feasibility was performed similarly from a study done previously [26].

3.1 Materials and Methods

The cell lines chosen for such experiments are parenchymal HEK293 and B16-F10 cells due

to their convenience and low cost of culture as mammalian cell models. The scaffold utilized

are commercial collagen (Ultrafoam�) and gelatin (Gelfoam�, Surgifoam�) sponges as they

were determined from scaffold compatibility experiments to be the most suitable for the 3D

perfusion culture of cells. The media utilized was DMEM with 10% FBS, 1% L-Glutamine,

and 1% antimycotic-antibiotic solution.

To explore the effect of the perfusion of flow patterns on the distribution of parenchymal

cells in 3D tissue culture, human embryonic kidney cells (HEK293) were cultured for five

days in the bioreactor in a porous collagen sponge (Ultrafoam�) under a flow pattern where

all 12 inlets had a flow rate of 0.5 mL/min. A comparison of the cells cultured under flow

is done to cells cultured in static media for the same duration and to cells only two hours

following seeding. Cells were seeded by soaking them in cell suspension containing 1.5× 106

cells·mL−1 for 2 hours at 37◦C. After the allotted culture period, scaffolds were fixed, stained

with DAPI, and imaged with a 20× objective on a Leica SP-5 confocal microscope at selected

regions of the scaffold.

To demonstrate the capability of our novel bioreactor in supporting the growth and

viability of thick tissue constructs, B16-F10 cells were seeded on gelatin sponges by soaking

them in cell suspension at a 1.0×107 cells·mL−1 for 30 minutes at 37◦C. The gelatin sponges
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were cut to fit in the chamber with dimensions of 1.2 cm× 1.2 cm× 7 mm which is considered

a thick scaffold (>6 mm scaffolds) [26]. After seeding, scaffolds were either harvested right

away, or cultured under flow in the bioreactor for 3 or 5 days or in a 6-well plate under static

conditions for 3 or 5 days. Media was changed every 2 days for static conditions. The chosen

flow pattern for culture was an input of flow rates of 1 mL/min for channels 1-4 which would

generate a side profile in the tissue chamber. After culture for the allotted time, scaffolds were

harvested, stained with CMRA for all cell membranes, Image-IT�DEAD-Green�(denoted

as IIT in paper) which stains all dead cells and is compatible with fixation, and fixed with

2% PFA for an hour. Scaffolds were then rinsed with PBS and suspended in sucrose solution

in preparation for sample freezing. samples were then covered in OCT-glue in a cryomold,

frozen, and stored in a -80◦C freezer until further processing. Scaffolds were sectioned at 20

micrometers using a cryostat (2 sections from the periphery or top of the scaffold, 2 sections

from the core or center of the scaffold, and 2 sections from the bottom of the scaffold) and

mounted using ProLong® Gold Antifade Mountant with DAPI to prolong sample stability

and stain with DAPI. Scaffold sections were imaged with a 10× objective on a Zeiss LSM 880

confocal microscope to get a full view of the cells and the scaffold. A z-stack was also taken

to ensure the full scaffold section was imaged. Image processing and analysis was done using

Fiji software to determine the number of cells, adjust autofluorescence, and improve cell

visualization over the whole scaffold. Heatmaps to illustrate cell density distribution were

made using countNonZeroPixels2DSphere in CLIJ2 image processing library on Fiji [125].

To determine the effect of different flow patterns on cell growth and viability, many shorter

culture experiments (1 Day Culture) were carried out with different flow pattern culture

conditions. The same protocol is followed as mentioned previously with B16-F10 cells and

gelatin sponges with only the culture period being shortened and only 3 sections being taken

(one from top, middle, and bottom) from the scaffold instead of 6. The different flow patterns

in the bioreactor being compared are as follows: perfusion conditions with flow rates of either

0.2 mL/min, 0.5 mL/min, or 1 mL/min inputted in channels of either channels 1-4, 5-8, or
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9-12. A static condition group cultured for 1 day was also collected for comparison.
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Figure 3.1: Flow Pattern Influences Parenchymal Distribution. (a) Diagram high-

lighting imaged regions of scaffold. Numbered regions are indicated with respect to the flow

channels surrounding the TC chamber. Square regions highlighted in blue correspond to

actual size of confocal micrographs. (b) Confocal micrographs of HEK293 cells stained with

DAPI cultured on porous collagen scaffold for 5 days under the flow pattern with 0.5 mL/min

flow rates in all inlets. (c) Confocal micrographs of select regions of scaffold seeded with

HEK293 cells for 2 hours. (d) Confocal micrographs of HEK293 cells cultured on a porous

collagen scaffold for 5 days statically in an incubator. Adapted from [5] with permission,

© Brian Archer 2021
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3.2 Results

3.2.1 Effect of Flow on Cell Growth Distribution in 3D

Figure 3.1 provides representative micrographs of the distribution of parenchymal cells at

various regions of the collagen scaffold from different culture periods and conditions. It can

be seen from Fig. 3.1 (c) that immediately after seeding, cells clumps about 100-150 µm in

diameter attached to walls of the porous scaffold. These clumps were likely an artifact of

strong intercellular HEK293 interactions when cultured statically on a 2D surface. Although

large clumps and sheets of cells were mechanically disrupted with vigorous pipetting during

trypsinization, many cells remained attached to each other in smaller aggregates. In Fig. 3.1

(d) cells that were statically cultured in the porous scaffold for five days tended to dissociate

from the large clumps in which they were initially seeded and spread out as individual cells

in regions of the sponge with less nutrient access. The corners of the sponge appeared

to support growth of higher cell densities, likely due to increased nutrient access in those

regions. Only regions 1, 2, and 5 were shown due to the symmetry of nutrient distribution in

the statically cultured sponge (regions 1, 3, 7, and 9 are identical corners; regions 2, 4, 6, and

8 are in the middle of the flat edges; and region 5 is the center of the sponge). Representative

confocal micrographs of HEK293 cells cultured in a porous scaffold in the bioreactor under

the same flow pattern with flow in all inlets are shown in Fig. 3.1 (b). It can be seen that

there was an inhomogeneous distribution of cell density throughout the scaffold cultured in

the bioreactor, which differs from the distribution seen in static culture. Very few cells were

seen near the outlets of the TC chamber where flow was highest. Most cell growth occurred

in regions 4, 5, and 6. Cell density in regions 4 and 6 exceeded equivalent regions in statically

cultured sponges by a factor of 3.3. The cell density in the center of the sponge (region 5)

exceeded the equivalent region in static culture by 2.3 times. It is hypothesized that cell

density observed in regions 1, 2, and 3 was much lower than in other regions due to high

shear stress disrupting cell adhesion to the pore walls. HEK293s are known to have lower
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surface adhesion strength than other mammalian cells [126,127].

3.2.2 Feasibility of Growing Thick Tissue Constructs with Novel Bioreactor

To assess the feasibility of supporting thick tissue constructs in our novel perfusion bioreactor,

fluorescent micrographs were obtained from sections of various regions of a thick Gelatin

scaffold cultured with B16-F10 cells similar to analysis done previously [26]. Scaffolds were

cultured for either 3 or 5 days statically or under a side flow profile with flow rate inputs of 1

mL/min from channels 1-4. Figure 3.2 illustrates representative micrographs of the scaffold

that were obtained after five days of culture. While DAPI did show a slightly higher intensity

for nuclei, the autofluorescence from the gelatin scaffold was still difficult to filter out and

distinguish from DAPI nuclei as observed in Fig. 3.2(b). CMRA was much more selective for

cell membranes and allow for better distinction of fluorescent cells compared to background

autofluorescence as observed in Fig. 3.2(c). As a result, CMRA was subsequently utilized as

a measure of cell number for subsequent scaffold micrographs. IIT was also selective for dead

cells as only a selective few cells fluoresced green, suggesting they were dead. Separate to

the experiment, a positive test was done for confirmation of dead cell selectivity. Dead cells

(submerged in ethanol) were placed in a plate and adherent, live cells in another plate were

stained with IIT and imaged for fluorescence and it was found that only the dead cell plate

possessed green fluorescence (not shown). Therefore, green fluorescence puncta were also

used as a measure for raw dead cell counts. Figure 3.3 provides the cell density measurements

(CMRA counts divided by total scaffold volume imaged) of CMRA as a measure of cell

growth over time for the different culture conditions. As observed from the plot in Fig. 3.3,

CMRA density drastically increased for both culture groups after 5 days compared to initial

seeding density measurements (5 times higher for perfusion, 10 times higher for static). This

can also be observed from the micrographs in Fig. 3.4 where there were more orange puncta

at 3 and 5 days for both culture groups compared to the initial amount of puncta at 0

days. For distribution, it seemed that the number of CMRA-fluorescent cells started to shift
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along the edges of the scaffold section for static conditions while the cells in the scaffold for

perfusion culture maintained relatively similar distributions over time with cells still residing

in the center. This distinction was more pronounced after five days of culture based on the

micrographs from Fig 3.4 (d) and (f) which shows the central region of cells where static

culture had less puncta. Fig.3.5(b)-(c) shows micrographs of the edge of the scaffold with

more puncta being present for static culture. Cell clumping and intercellular interactions

were also observed over time for both groups. At 0 days, there was no clumping within the

scaffold until after 5 days where it became more visually significant for both groups. An

example of cell-cell interactions is shown in Fig. 3.6 both in the 20× image in Fig. 3.6 (a)

and 100× image in Fig. 3.6 (b) as multiple cells are clearly in contact with each other. The

100× image provides a clear distinction and visualization of subcellular staining with CMRA

staining the membrane (Orange) and DAPI staining the nuclei (Cyan).

To quantitatively visualize how the side perfusion profile affected cell distribution of

the tissue scaffolds comparative to static conditions, the image was grayscaled, cells were

segmented and labeled, cell pixels were converted to centroid-pixels, and a heat map was

generated where every nonzero pixel around every pixel-centroid with radius of around 30

microns was summed and plotted as a heat map on the scaffold where higher heatmap values

represent more CMRA pixel signals which correlates to more cells in that region. Heatmaps

from both static and perfusion culture scaffolds are shown in Figure 3.7. For static culture

scaffolds, it can be observed that there were more CMRA fluorescence signals from the

heatmap in Figure 3.7(a) on the outer edge of the scaffold compared to the central region

which correlates to micrographs in Fig 3.6 for CMRA cell fluorescence. For perfusion culture,

it can be seen that CMRA fluorescence signal, was lower on the left side of the scaffold, where

the flow rates entered the scaffold, and on the bottom of the scaffold, which is where the

outlets were located, suggesting lower cell counts at these regions of the scaffold. Both

sections from a perfusion culture scaffold showed this trend in Figure 3.7(b)-(c). Besides cell

growth, another parameter analyzed to assess the support of thick tissue in our bioreactor
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is viability. Image-IT� DEAD-Green� micrographs, which is a fluorescent dye for dead

cells, was analyzed. As observed by the plotted counts in Fig. 3.8 (a)-(c), higher counts

of cells stained with IIT were found for 3 day and 5 day static conditions compared to

perfusion conditions from the whole scaffold, the periphery, and the core of the scaffold

which suggests higher cell death for static conditions. The representative micrographs in

Fig. 3.8 (d)-(e) portray these differences as more cells were fluorescing green under static

conditions compared to micrographs from the perfusion culture group.

3.2.3 Effects of Different Flow Patterns on Cell Growth and Viability of Tissue

Constructs

In order to determine whether different flow patterns had an effect on cell growth and viability

in tissue development, Various 1-day culture experiments with different flow patterns were

carried out and the scaffolds were again stained with CMRA and IIT for comparison. Based

on the CMRA cell density plot from Fig. 3.9 (a), CMRA cell density was highest for the

0.5 mL/min flow rates in channels 1-4 and 9-12 but not for 5-8. For viability, static culture

again seemed to have the highest number of IIT-fluorescent cells which suggests a higher

number of dead cells compared to the other culture groups. Representative micrographs of

the different flow patterns with 0.5 mL/min flow rates inputted at each channel are shown in

Fig. 3.10. The images correlated with the comparisons found in Fig. 3.9 as there were more

CMRA puncta from channels 1-4 and 9-12 but not for 5-8 at 0.5 mL/min flow rate inputs.

The distribution of the orange puncta seemed to be relatively uniform. MRI flow maps from

the particular pattern are also shown in Fig. 3.9(b) which is above the micrograph images

and correlated to the expected flow profile from flow rate inputs.
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3.3 Discussion

In Fig. 3.1, it was demonstrated how flow patterns can alter the distribution of parenchymal

cells within a scaffold which could be a result of differential nutrient distribution from the

particular flow pattern. Shear forces may have also contributed to such a distribution as

cells may have detached from regions of higher shear stress. Such results demonstrate the

importance of flow patterns in perfusion culture as it can alter the distribution of cells in a

scaffold where uniform distribution of cells are desired in a functional scaffold [128]. Results

with B16-F10 cells in gelatin sponges also demonstrated the feasibility of our novel bioreactor

in culturing thick tissue scaffolds, in this case 7 mm scaffolds. Fig. 3.3 demonstrated an

increase of CMRA densities for both culture groups (static, perfusion) after 3 and 5 days

which suggests cell growth after seeding. Samples processed right after seeding (0 Day

Samples) had very low cell counts which could have been a result of 30 minute incubation

times being too short for all cells to adhere in time to the scaffold. However, low cell counts

may have had utility in demonstrating growth as the change in CMRA number over time was

more drastic for determining tissue growth. Another feature found from scaffolds over later

culture periods was greater clumping of cells compared to seeded scaffolds which suggests

both migration and proliferation occurring in the scaffold which are important cell behaviors

for cell-cell interactions in tissue engineering [40]. Cell-cell contact for potential interactions

can clearly be seen from both the 20× and 100× micrographs in 3.6 where multiple cells are

visually clumped adjacent to each other. Such images also ensured that subcellular staining

was accurately and specifically occurring as CMRA stained the cell membrane and DAPI

stained the cell nuclei as expected. Another result that was expected was the intensity

heatmap of CMRA for a static scaffold section. The scaffold had more cells populated along

the edges (especially upper left corner in the heatmap) than the central region of the scaffold

which possessed many zero pixels in the center (black regions). Micrographs from Fig. 3.4

and Fig. 3.5 parallels what was shown from the heatmaps. This confirms the limitations

with static culture where cells along the edges can consistently be supported through direct
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contact and diffusion of media while diffusion is insufficient to support the central region of

the scaffold [26]. One interesting result from the CMRA data was the lower cell densities of

scaffolds under perfusion compared to scaffolds under static culture in Fig. 3.3. This could

potentially be explained by analyzing the intensity profiles from sections of the scaffold under

perfusion in Fig. 3.7 (b)-(c). Intensity signals for CMRA seem to populate at regions to the

upper right and center of the scaffold with a relatively uniform distribution being present

in the center. Lowest signals were found for regions on the left and bottom of the scaffold.

Both of these regions are expected to experience the highest shear forces as the left of the

scaffold would directly experience flow from the inlets of channels 1-4 and the bottom of

the scaffold would experience perfusion flow to the outlets. Such forces may have caused

a ”washing-out” effect where cells with weaker adhesion strength were detached initially

from the scaffold, resulting in lower CMRA counts as a scaffold starting point. While there

were some intense signals in the first section heatmap at the region adjacent to the inlets,

this could be a result of cells who were able to resist and still adhere to the scaffold wall

under high shear forces. Such adhered then would be able to proliferate due to having direct

access of nutrients by being adjacent to the inlets with flow. Lower cell counts from lack of

nutrients seemed unlikely as the trend for cell growth was present based on the plot of CMRA

density over time for the 0.5 mL/min flow rates at channels 1-4 flow group. IIT analysis

from Fig. 3.8 also seems to confirm this as the number of dead cells was significantly lower

for all regions of the scaffold under perfusion flow compared to static conditions over time.

Such a difference could be a result of interstitial flow from perfusion which provided greater

access to oxygen and nutrients throughout the whole thick scaffold to maintain viable cells

while diffusion alone from static conditions could not support the viability of all the cells in

the scaffold. Therefore, such results demonstrate the ability of our bioreactor in supporting

thick scaffolds that could be clinically relevant. Such experiments and analysis are based on

a similar feasibility paper carried out previously and is in agreement with the finding that

static culture could not support viability throughout a thick scaffold [26].
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We now examine how different flow patterns can affect growth and viability in thick

scaffolds. Results from Fig. 3.9 suggests a distinct difference in both viability and growth

based on the flow pattern. 0.5 mL/min inputted at channels 1-4 and 9-12 yielded the

highest CMRA densities while static culture conditions had the highest number of dead cells

compared to perfusion flow patterns. Viability results again confirm the results previously

where static conditions cannot properly support all cells through passive diffusion alone.

CMRA results suggest some optimal condition could be present for tissue growth due to

differences present from different flow patterns. The flow patterns could potentially have been

optimal by having flow rates that were not too high to avoid inducing cellular detachment

of cells but not too low to hinder nutrient access required for cell growth. Interestingly, the

flow pattern generated from 0.5 mL/min at channels 5-8 was not much higher compared to

the other groups. This could potentially be a result of lower shear forces generated from flow

in channels 5-8 compared to side flow profiles of 1-4 or 9-12 as observed by the flow maps in

Fig. 3.9 (b) which suggests the possibility that a certain mechanical cue from a shear stress

cutoff value is needed to induce cell growth but more research is necessary to explain such a

result. Overall, such a culture experiment demonstrates the importance of flow patterns in

a bioreactor due to their effect on cell growth and viability in tissue scaffolds which stresses

the importance of the proposed perfusion bioreactor as it can generate a variety of different

flow patterns from its 12 channel inlets.

One drawback of the bioreactor system was its degree of operating complexity and in-

tensive use of resources for culture and sterilization. The large number of steps and flow

configurations required when preparing the system required extensive operator training and

careful execution. Sterilization and culture were also intensive as it required large volumes

of sterilant and media to cover the whole bioreactor system. One way to reduce the com-

plexity experienced by the operator would be to replace the manually toggled stopcocks with

digitally controlled solenoid valves. With these in place, most aspects of rinsing could be

programmed to run in an automated sequence. Components that required reorientation and
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mechanical agitation could be mounted on stepper motors, which could also be programmed

into the sequence. Additionally, a simpler system could be designed with less total com-

ponents to manage if one way gas pressure driven flow was implemented, since all of the

components for dampening peristaltic motion would not be required. However, the cost of

running a one-way flow system would be significantly higher.
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(a) (b)

(c) (d)

Figure 3.2: Representative Micrographs of a Whole Scaffold Sample. (a) Micrograph

of the scaffold with all fluorescent signals overlayed (cyan-DAPI, IIT-Green, Orange-CMRA).

A 8× zoomed inset image is shown on the upper right corner. (b) Micrograph of the scaffold

with DAPI only. A 8× zoomed inset image is shown on the upper right corner. (c) Micro-

graph of the scaffold with CMRA only at the region around the 8× zoomed inset image. (d)

Micrograph of the scaffold with IIT only at the region around the 8× zoomed inset image.

The brightness and contrast were adjusted for all images using Fiji for visualization.
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Figure 3.3: Plot for CMRA over the Designated Culture Period. CMRA Density

plot over time. Density was calculated as the number of raw CMRA cell counts divided by

the volume of the scaffold imaged. The red plot is for static culture sample densities while

the blue plot is for perfusion culture densities. Height of bar and error bars are a measure

of the mean and standard deviation.
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(a)

Figure 3.4: Representative CMRA Micrographs of Central Region of Scaffold

Sections from Various Culture Groups. (a) Graphic showing direction of flow in scaffold

under perfusion culture (channels 1-4 at 1 mL/min). Blue square represents central region

where micrographs were taken. (b) Representative micrograph at central region of scaffold

section after 0 Days of culture just after seeding. (c) Representative micrograph at central

region of scaffold section from 3 Day static culture. (d) Representative micrograph at central

region of scaffold section from 5 Day static culture. (e) Representative micrograph at central

region of scaffold section from 3 Day perfusion culture. (f) Representative micrograph at

central region of scaffold section from 5 Day perfusion culture. Contrast and brightness were

adjusted with Fiji to remove autofluorescence and enhance visualization.
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(a)

Figure 3.5: Representative CMRA Micrographs of Edge of Scaffold Sections After

5 Days from Static or Perfusion Culture. (a)Graphic showing direction of flow in

scaffold under perfusion culture (channels 1-4 at 1 mL/min). Blue square represents central

region where micrographs were taken. (b) Representative micrograph of an edge of a scaffold

section after 5 days of static culture. (c) Representative micrograph of an edge of a scaffold

section after 5 days of perfusion culture. Contrast and brightness were adjusted with Fiji to

remove autofluorescence and enhance visualization.

Figure 3.6: Higher Objective Micrographs of Cell-Cell Interactions in Tissue Scaf-

fold. (a) 20× image of a cell clump in tissue scaffold. (b) 100× image visualizing cell-cell

interactions in scaffold with expected subcellular staining visualized.
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(a) (b) (c)

Figure 3.7: Cell Distribution Analysis of Scaffolds From Different Culture Con-

ditions using Intensity Heatmaps. (a) Intensity heatmap for CMRA from a section of

a static culture scaffold. (b) Intensity heatmap for CMRA from a section of a perfusion

culture scaffold (1 mL/min flow rates at channels 1-4). (c) Intensity heatmap for CMRA

from another lower section of a perfusion culture scaffold (1 mL/min flow rates at channels

1-4).
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(e)

(d)

(c)(a) (b)

Figure 3.8: Dead Cell Analysis for Various Culture Groups. (a) Plot of Raw IIT

Counts from the whole scaffold of different culture groups. NF stands for No Flow or static

culture conditions and F stands for Flow or perfusion culture conditions. (b) Plot of Raw

IIT Counts from the core or center of the scaffold. NF stands for No flow or static culture

conditions and F stands for Flow or perfusion culture conditions. (c) Plot of Raw IIT

Counts from the periphery or top of the saffold. NF stands for No flow or static culture

conditions and F stands for Flow or perfusion culture conditions. (d)-(e) Representative

5-day culture IIT micrographs. Top two images are micrographs from center section of the

scaffold. Bottom two images are micrographs from sections specifically from the top of the

scaffold. Each row has the static condition micrograph on the left and the perfusion culture

condition on the right.
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(a)

(b)

Figure 3.9: Plots for CMRA and IIT of Different Culture Groups. (a) Plot of CMRA

cell density for different culture groups. Density was calculated as CMRA cell counts divided

by volume of the scaffold. (b) Plot of raw IIT cell counts.
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(a)

(b)

(c)

Figure 3.10: MRI Flow Maps and CMRA Micrographs for 0.5 mL/min Channel

Flow Rate Culture Groups. (a) Graphic illustrating the direction of flow rate within the

scaffold chamber. (b) Flow maps from flow-weighted MRI of flow patterns generated from

0.5 mL/min flow rates at the designated channels (1-4 for left map, 5-8 for middle map, 9-12

for right map). (c) CMRA micrographs for flow patterns generated from 0.5 mL/min flow

rates at channels 1-4 (left micrograph), channels 5-8 (middle micrograph), and channels 9-12

(right micrograph).
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CHAPTER 4

Conclusion

This thesis presents the design, construction, and evaluation of an MRI compatible, perfu-

sion bioreactor with multiple flow inlets capable of generating custom, steady flow patterns

throughout a 3D tissue culture scaffold. The study details the design of the bioreactor, the

layout of the flow system, and the protocols for sterilization and aseptic cell culture loading.

Multiple types of natural ECM scaffolds including macroporous sponges and biopolymer hy-

drogels were demonstrated to be both suitable for endothelial cell culture and mechanically

compatible with the perfused environment within the bioreactor. These scaffolds also allowed

for custom flow patterns to be generated throughout the TC chamber that were unique to

each type of scaffold. MRI flow maps were consistent with expected results, and they were

found to be useful for determining shear stresses felt by cells attached to surfaces in vari-

ous types of 3D environments. It was demonstrated that MRIs of flow through cylindrical

channels in a hydrogel with low interstitial fluid permeability could be used to calculate the

shear stress experienced at the wall of the channel. It was also shown that maps of wall

shear stress in pores of a sponge could be estimated from flow weighted MRIs.

Culture experiments also confirm the feasibility of our bioreactor in supporting thick

tissue constructs from robust cell lines over multiple days. Such studies could potentially in-

form future work as an optimal culture condition could be found that consistently maximizes

viability and density and maintains uniform distribution in a thick tissue scaffold.

Future work should look into supporting other tissue or cell types that are medically

relevant and mechanically sensitive such as bone tissue or endothelial cells and determine
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Figure 4.1: Example of ANN Control Loop Algorithms for Tissue Optimization.

Outer control loop is cell density control loop with target set to maximal density. Output

from density loop sets target for inner control loop which is flow pattern control loop. Each

iteration progressively gets closer to target due to automated adjustment. Inputs for both

cell density and flow pattern is measured via MRI.

potentially an optimal culture condition for such tissues [129]. Work can also be done to

develop a noninvasive, real-time cell culture monitoring platform with MRI by combining

both the flow-weighted MRI maps with viability-density maps developed previously by our

group [130]. Maps of viability and density can be obtained on the scaffold as well as the

flow gradient of the media. Areas where density and viability are low can be supported in

real time by adjusting the flow rate of inlets and monitoring the change in interstitial flow

to ensure greater nutrient and oxygen access is achieved in that region. Such work can also

eventually be automated with trained AI algorithms that maximize density and viability

of tissue scaffolds and alters flow patterns to achieve such parameters based on the inputs

generated from viability-density tissue maps at a particular time point. Fig 4.1 demonstrates
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an example of an algorithm that could someday be used where maximal density and viability

of a tissue are desired and adjustments to media flow are made in real time to attain such

desired outputs based off of noninvasive, real-time MRI map measurements.
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APPENDIX A

Supplemental Figures

A.1 Code for Density Heatmaps in Fiji

// To make t h i s s c r i p t run in F i j i , p l e a s e a c t i v a t e

// the c l i j and c l i j 2 update s i t e s in your F i j i

// i n s t a l l a t i o n . Read more : https : // c l i j . g i thub . i o

// Generator v e r s i on : 2 . 5 . 1 . 5

// f i l e to ana lyse

open (”C: / Users /haase /Downloads/Sec 9 20X ICC Merged ch02 . t i f ” ) ;

// rad iu s to count other c e l l s ( in p i x e l un i t s )

rad iu s = 100 ;

// as we cannot p roce s s RGB images

run(”8= b i t ” ) ;

// op t i ona l v i s u a l i z a t i o n
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run (”Enhance Contrast ” , ” sa turated =0.35”) ;

// I n i t GPU

run (”CLIJ2 Macro Extens ions ” , ” c l d e v i c e =”);

// Load image from d i s c

image 1 = ge tT i t l e ( ) ;

Ext . CLIJ2 pushCurrentZStack ( image 1 ) ;

// Threshold Otsu

Ext . CLIJ2 thresholdOtsu ( image 1 , image 3 ) ;

Ext . CLIJ2 re l ea se ( image 1 ) ;

// Connected Components Labe l ing Box

Ext . CLIJ2 connectedComponentsLabelingBox ( image 3 , image 4 ) ;

Ext . CLIJ2 re l ea se ( image 3 ) ;

// show segmentat ion r e s u l t

Ext . CLIJ2 pul l ( image 4 ) ;

// Reduce Labels To Centro ids

Ext . CLIJ2 reduceLabelsToCentroids ( image 4 , image 5 ) ;

Ext . CLIJ2 re l ea se ( image 4 ) ;

// count c en t r o i d s in sphere s around every p i x e l
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Ext . CLIJ2 countNonZeroPixels2DSphere ( image 5 , image 6 , radius , r ad iu s ) ;

Ext . CLIJ2 re l ea se ( image 5 ) ;

Ext . CLIJ2 pul l ( image 6 ) ;

run (” F i re ” ) ;

Ext . CLIJ2 re l ea se ( image 6 ) ;
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