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Several studies have established that dynamic stimulation by mixing media and 

dynamic compression enhances the production of extracellular matrix (ECM) and 

mechanical properties of tissue-engineered (TE) constructs seeded with articular 

chondrocytes. Very few studies have attempted to engineer a whole meniscus and 

none have attempted to dynamically stimulate this tissue in vitro.  

The overall objective of this dissertation was to investigate the effect of 

dynamic stimulation on the biochemical and mechanical properties of image-guided 

tissue engineered menisci. The central hypothesis of this dissertation is that 

mechanical stimulation will alter the ECM assembly and mechanical behavior of 

anatomically shaped constructs. The first specific aim developed a method of 

generating patient specific anatomically shaped menisci using an image guided 

approach and tested the feasibility of culturing these engineered constructs using 

bovine meniscal fibrochondrocytes. The second specific aim developed a method of 

quantitatively comparing the shape fidelity of anatomically shaped tissue engineered 

menisci using various imaging and fabrication techniques. The third specific aim 

tested the hypothesis that controlled media mixing will enhance tissue formation and 

mechanical properties of anatomically shaped constructs compared to static controls. 

The fourth specific aim tested the hypothesis that dynamic compressive loading would 

improve biochemical and mechanical properties of image-guided tissue engineered 



 

menisci. This work represents the first study to dynamically load an anatomically 

shaped engineered meniscus in vitro. 

 The studies presented in this dissertation are the first attempts to examine the 

effects of mechanical stimulation on large volume anatomically shaped TE menisci. 

The findings presented highlight 1) the effectiveness of image-guided fabrication 

techniques in generating patient specific TE implants and 2) the potential mechanical 

stimulation has to enhance tissue growth in engineered constructs. 
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CHAPTER 1 

INTRODUCTION 

1.1 Meniscus of the Knee: Structure, Function, and Pathology 

Interest in the meniscus of the knee has been increasing rapidly in recent years as 

its importance in the joint becomes more apparent. When I began my research five 

years ago, few people could have identified what a meniscus was, unless they or an 

immediate family member had a torn meniscus. However in 2010, many people are 

aware of the meniscus of the knee, in part because a meniscal tear is one of the most 

common results of traumatic injuries in the knee, second only to osteoarthritis (OA) 

[1]. Typically, symptoms of a torn meniscus include pain, swelling, catching, locking, 

and episodes of giving way [2]. There are over a million meniscal operations done 

annually in the United States [3] and the most common form of treatment is a total or 

partial menisectomy. However, removing part or the entire meniscus is known to 

greatly accelerate the onset of OA on the surrounding articluar cartilage. The meniscus 

is a fairly avascular tissue and as a result, has a notoriously slow healing ability. 

Common modes of failure include vertical tears, flap tears, horizontal tears and the 

most extreme bucket handle tears [4].  

There are two menisci in each knee, a medial and lateral, each having a semi-lunar 

shape located between the femoral condyles and tibial plateau in the knee. The key 

functions of the meniscus are to aid in joint load distribution, serve as a shock 

absorber, and act as a secondary joint stabilizer [5]. The meniscus also aids in joint 

lubrication. Upon the removal of the meniscus, the coefficient of friction in the knee 

can increase by 20% [6]. 

 A skeletally mature meniscus is a fibrocartilagenous tissue with anisotropic 

properties that vary by location. These complex mechanical properties are due to the 

extracellular matrix (ECM) that is primarily composed of type I and II collagen, 
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glycosaminaglycans (GAG), and water [6]. GAG provides the equilibrium 

compressive modulus and the collagen provides the tensile strength. The meniscus has 

a complex geometry, which plays a critical role in joint load distribution. Small 

changes in the radius of curvature in the femur can greatly change stress distributions 

in a cross section of the meniscus, highlighting the importance of shape congruity 

between the articulating surfaces [5]. Not only is meniscal shape critical for proper 

joint mechanics, but if damaged could greatly increase the probability of osteoarthritis 

(OA). 

 

1.2 Biochemical and Mechanical Properties 

The composition of the ECM of the meniscus is represented by type I collagen 

(65% dry weight), type II collagen (5% dry weight), GAG (2% of dry weight), and 

water (74% by wet weight)[6]. The equilibrium compressive modulus for a human 

meniscus can range from 0.150 – 0.220 MPa [7] while the tensile strength along the 

fiber direction can be as high as 300 MPa, but drops to 10% of this value (30 MPa) 

when perpendicular to the fiber direction [8]. The wide range in tensile properties can 

largely be explained by the orientation of collagen fibers, which varies with location 

along the meniscus and also spatially (Fig. 1.1). 
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Figure 1.1: Regional tensile properties (MPa) for human medial and lateral menisci 

[8]. 

The large variation in tensile properties between different regions of the 

meniscus is not unique to human. In fact, similar trends in region and depth dependent 

properties are found in the menisci of multiple species (Table 1.1). Interestingly, there 

is a large amount of overlap in the range of meniscal tensile and compressive 

properties across these various species despite the differences in loading conditions as 

a result of weight, gait cycle, and whether the animal is a biped or quadruped (Table 

1.1). 
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  Table 1.1: The range of compressive and tensile properties for human [8, 9], bovine 

[9, 10], canine [9, 11], lapine [7, 9], and ovine menisci [12, 13].  

 

The geometry and highly organized fibers of the meniscus are believed to be a 

result of the physical environment that cells experience in utero. However little is 

known about how this fibrocatilagenous tissue matures embryologically. Research 

suggests an approximate time table of when the medial and lateral menisci begin to 

form in the knee: the meniscus begins as a single layer of mesenchymal cells that grow 

into a bundle at week 9 of gestation [14]. At weeks 10 and 11 of development 

cavitation occurs.  This cavitation allows the formation of articular surfaces and a 

cavity between the bottom of the femur and top of the tibia and fibula. This cavity 

allows for mesenchymal cells to separate and form a visible meniscus.  

Exactly when the horns of the menisci become attached is unclear, though it 

has been claimed that the horns attach as early as 10 weeks of development [14] and 

as late as 16 weeks for both lateral and medial meniscal attachment to the tibia and 

fibula [15]. At week 14, cells appear spindle shaped and parallel to the direction of the 

lateral meniscus, but are randomly oriented in the medial meniscus. Collagen bundles 

do not appear until week 17, but become thickly oriented fibers by week 25 [16]. 
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 A meniscus that is skeletally mature has a very distinct collagen fiber 

orientation/infrastructure. This collagen fiber architecture varies with location 

(anteriorly to posteriorly), and also varies throughout the depth of the tissue [17]. 

Estimates suggest there are 5 distinct zones of collagen fiber orientation throughout 

the depth of the meniscus [17]. While the complex collagen network is thought to be 

anisotropic, there is no consensus on an appropriate constitutive model. Currently, an 

orthotropic model would be the best estimation of mechanical behavior,  since 

properties have been reported for compression, tension in the fiber direction (FD), 

tension perpendicular to the fiber direction (PFD), and the respective shear moduli and 

Poisson ratios [5, 7, 8, 18, 19]. 

Prior work has modeled the meniscus using simple geometries and linear 

elastic isotropic properties [5, 18, 19]. By using simple geometries and a transversely 

orthotropic model it was shown that altering the radius of curvature of the femur can 

greatly change the stress distributions in a cross section of the meniscus [5]. Pena and 

coworkers applied MRI imaging data with a spatial resolution of 1.5mm between 

image slices to give rough anatomical geometries of the femur, tibial, meniscus, and 

key ligaments in the knee. The MRI model applied linear elastic isotropic properties 

for the meniscus, demonstrating that an intact lateral meniscus under static load 

resulted in a peak stress of 1.45 MPa and 3.02 MPa for a torn meniscus [18]. The peak 

stress calculated by Pena et al. for an intact meniscus was an estimated compressive 

strain of 6.6 – 9.7%.  

Vadher and coworkers also used a simple cross sectional geometry to model 

the effects of increasing the percentage of meniscal tissue that is removed during a 

partial menisectomy.  They reviewed how this removal changed contact pressures on 

the surrounding articular cartilage, finding—similarly to Pena et al.—that there was a 
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positive correlation between contact pressures on cartilage surfaces and the percentage 

of meniscal tissue removed. 

 As of Spring 2010, there have been no attempts to model the meniscus as a 

region specific, orthotropic tissue. Furthermore, there are very few studies that 

observed in vivo deformations of the meniscus. The few in vivo studies that have 

measured meniscal displacements have found that the meniscal volume after running 5 

km, 10 km and 20 km resulted in a 5.2%, 7.5%, and 10.1% decreases respectively 

[20]. Mastrokalos et al. assessed the mean height of the posterior horns of the lateral 

and medial meniscus under no load and load, equal to 100% body weight. Full body 

weight resulted in a decrease of posterior horn height by 0.8 mm for the medial 

meniscus and 0.7 mm for the lateral meniscus [21] which is estimated to be 11.8% and 

10.1% compressive strain, respectively. Measured in vivo meniscus displacements can 

prove to be useful to validate current FE models or in designing a loading protocol for 

tissue engineering purposes as will be seen later in this dissertation (Chapter 6).  

 

1.3 Current Methods of Treatment and Tissue Engineering Efforts 

Suture techniques and newly developed repair devices for focal defects have 

recently garnered much attention.  Evaluations have been conducted to assess how 

these devices and techniques perform in repairing torn menisci. Though repair devices 

simplify surgical techniques and decrease the risks associated with surgery, they 

perform poorly on initial fixation strength when compared to vertical sutures [22]. The 

future success of developing repair devices depends on improving initial fixation 

strength, increasing their ability to withstand clinical stresses, and optimizing the 

device hydrolysis (i.e. degradation rate as tissue regenerates). 

 There have been great advances to repair meniscal tears, but in some cases, the 

entire meniscus still needs to be replaced. Ideally, the recipient could receive a 
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cadaveric transplant.  But the possibility and utility of receiving a meniscal transplant 

is mitigated due to the scarcity of donor tissue, risk of disease, and lack of a 

standardized method of fixation [23]. Further complicating cadaveric meniscal 

transplantation, size matching is necessary to restore proper joint mechanics. If the 

replacement tissue deviates by more than ±10% for some key dimensions, increased 

normal stresses result on the tibial plateau that will subsequently damage the 

surrounding articular cartilage (for oversized tissue) or cause higher meniscal hoop 

stresses (for undersized tissue) [24]. These higher hoop stresses increase the chance of 

a tear in the newly transplanted meniscus [24]. As a result of these challenges, other 

solutions for meniscal replacement are being actively explored in the field of tissue 

engineering.  

To generate functional artificial living tissues to replace damaged tissues, 

specifically the meniscus, three major concerns need to be addressed. First, the 

engineered construct must be anatomically accurate to provide proper mechanical 

function [5]. Second, engineered menisci must be able to withstand anatomical 

compressive and tensile loading prior to implantation. Third, tissue engineered 

structures need to achieve the region specific mechanical and biochemical properties 

found in the native meniscus. 

 Of the over 40 studies that have focused on meniscal tissue engineering, only 

11 have attempted to generate anatomically shaped constructs. These anatomically 

shaped tissue engineered (TE) studies have used a variety of culturing environments 

and scaffolding materials, including: polyurethane with poly(ε – caprolactone) (PCL) 

cultured in a dog model [25], polyvinyl alcohol-hydrogel (PVA-H) cultured in a rabbit 

model [26], polyglycolic acid (PGA) mixed with poly-(lactic-co-glycolic acid) 

(PLGA) cultured in a rabbit model [27], a scaffoldless meniscus cultured in vitro [28], 

and an alginate scaffold cultured in vitro [29]. None of the studies which generated 
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anatomically shaped constructs attempted to quantify the shape fidelity of their 

constructs. Furthermore, a comparison of in vitro cultures which analyzes mechanical 

properties and matrix production is difficult since very few studies evaluate proteins 

produced by cells and instead study gene expression. All of the studies that have 

seeded cells on or into scaffolds and used in vitro culturing conditions have resulted in 

menisci (or whatever it is) with areas of strength and weakness.  However, these 

studies have yet to replicate native tissue properties in experimental conditions (Table 

1.2). While the work done with these different scaffolding materials is promising, 

most has been with simple geometry constructs in static free swell culture. Very little 

research has been conducted on the effect mechanical stimulation might have on 

meniscal fibrochondrocytes.  Moreover, virtually no studies have attempted to apply a 

dynamic loading regime on an anatomically-shaped tissue engineered meniscus. 

 

Table 1.2: Meniscal tissue engineering efforts done with alginate [29], PCL [30], 

PGA [28], and agarose [31] compared to native meniscus [7, 8, 28, 32] with total 

volume, GAG normalized to dry weight (DW), collagen normalized to DW, 

compressive equilibrium modulus, and tensile modulus. 
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1.4 Use of Dynamic Stimulation In Vitro  
 

In an effort to increase ECM synthesis by cells in tissue engineered constructs, 

many researchers have turned to dynamic stimulation. Because dynamic loads such as 

compression, shear, and hydrostatic forces are all present in the native loading 

environment of the knee, a variety of dynamic stimulatory devices have been designed 

to institute these forces individually or in combination on cell seeded scaffolds. 

Although bioreactors applying in vivo mechanical forces are being studied, most of the 

tissue engineering research has been with simple geometry scaffolds using articular 

chondrocytes. Though a few studies examining the effects of dynamic stimulation on 

meniscal fibrochondrocytes do exist, they have focused on simple geometry plugs or 

small tissue explants. 

Controlled media mixing has been widely used to stimulate TE constructs seeded 

with articular chondrocytes (AC) [33-36] and has been used with meniscal 

fibrochondrocytes [37, 38]. Media mixing stimulation is relatively simple to 

implement when compared to direct compressive or tensile stimulation, and is easily 

controlled by altering the rotation speeds of the stir bar mixing the media. As such, 

several studies have demonstrated over a wide range of mixing intensities that mixing 

bioreactors increases the amount of extracellular matrix (ECM) 3 to 9 fold and the 

mechanical properties 3 to 4 fold for TE cartilage [31, 34-37]. It has also been found 

that high turbulent mixing intensities can greatly increase ECM production in tissue 

engineered constructs containing articular chondrocytes [34] or meniscal 

fibrochondrocytes [37]. High turbulent mixing greatly increases collagen fibril 

formation in small engineered plugs, which forms a fibrous capsule around the outer 

surface of the engineered tissue [34].  

Another widely researched form of stimulation is dynamic compression. Similarly 

to controlled media mixing, the majority of the research which reviews the effects of 
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dynamic compression on tissue engineered constructs has employed articular 

chondrocytes. Dynamic compression studies have typically measured gene expression 

for GAG and collagen type II of articular condrocytes [39-41]. Most compression 

studies are short term cultures, of less than 2 weeks, where simple geometric 

constructs are exposed to compressive strains ranging from 3 – 20% at frequencies of 

0.33 – 3 Hz [39-45]. The duty cycles typically 30 – 120 minutes with 1 – 6 hours of 

rest done daily.  

Tissue engineering dynamic compression studies with articular chondrocytes 

present evidence that compression increases gene expression for GAG and collagen 

type II [39, 40, 43] and also improves the compressive properties which correlate with 

increased GAG accumulation in cultured constructs [42, 44]. Of the studies that have 

performed biochemical analysis on engineered samples, it has been observed that cells 

do produce more GAG under dynamic compression at a frequency of 1 Hz and that 

continuous loading increases GAG loss and DNA loss from constructs [39, 40].  

However, research has found that alternate day loading can greatly improve cell 

retention in longer time point cultures [39]. 

It is clear that most of the research and literature has focused on the cellular 

response of tissue explants to dynamic compression.  The evidence suggests that a 

large range of gene expression responses are initiated by this dynamic compression, 

particularly (or including) increased GAG, collagen type I synthesis, MMP1, MMP3, 

and production of other cell mediators such as nitric oxide and prostaglandin [41, 46-

50]. Of the published meniscal tissue engineering studies produced by other labs, only 

6 articles measure the amount of GAG and collagen that are accumulated in 

engineered tissue [27, 30, 51-55], and of these only 5 measure mechanical properties.  

Only 3 articles expose these constructs to dynamic stimuli [27, 51, 53].  
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Mechanical and biochemical data are rarely reported because few dynamic 

compression studies stimulate engineered tissues long enough to observe if an increase 

in GAG or collagen gene expression will translate into protein production for the 

respective gene. While gene expression is a good indicator or protein production 

potential, it does not always correlate well. In this dissertation, data is presented on the 

accumulation of GAG and collagen produced by meniscal fibrochondrocytes in 

anatomically engineered constructs. Moreover, this research measures mechanical 

properties to evaluate how these matrix constituents contribute to the mechanical 

behavior of a TE meniscus. 

 

1.5 Research Objectives 

As a science, tissue engineering attempts to generate living tissues that mimic the 

functions of healthy tissues in the body to replace damaged or nonfunctioning 

tissues/organs. To achieve this goal, the field has focused on 1) creating innovative 

fabrication methods to correspond with the development of novel biomaterials and 2) 

analyzing the cellular behavior of these biomaterials and studying how it can be 

altered based on the culture environment.  

However, there has been little work done developing image-guided approaches to 

generate geometrical complex tissues such as the meniscus. Very little is known about 

meniscal fibrochondrocytes and how best to stimulate this cell type to produce 

functional engineered tissues. 

The research presented in this dissertation makes significant steps towards 

establishing feasible methods for recreating the complex geometry of the meniscus via 

image-guided techniques that utilize injection molding and 3D tissue printing. 

Continuing research for patient specific implants will rely on image-guided tissue 

engineering as a foundation.  The review article, which is featured in Chapter 2, offers 
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more information on image guided tissue engineering. The overall objective of this 

dissertation was to investigate the effect of mechanical stimulation on the biochemical 

and mechanical properties of image-guided tissue engineered menisci. The central 

hypothesis of this dissertation is that mechanical stimulation will alter the ECM 

assembly and mechanical behavior of anatomically shaped constructs compared to 

statically cultured controls. 

Before research can be conducted on the effects of mechanical simulation on 

anatomically shaped TE constructs, a method for fabricating such tissues developed.  

Chapter 3 presents an image guided approach to generating anatomically shaped TE 

menisci via injection molding utilizing MRI and micro-CT (µCT) data.  Before the 

work presented in Chapter 3, no method existed to generate such tissues or a method 

to evaluate the accuracy of a TE construct to ensure the proper geometry to restore 

proper joint function. Chapter 4 presents a method to compare shape fidelity of 

engineered tissues quantitatively. 

After establishing these methods of fabrication and shape fidelity verification, 

research on the effects of mechanical simulation on anatomically shaped TE menisci 

can begin.  The first approach to studying the effects of mechanical simulation on 

anatomically shaped TE menisci was to increase the matrix production via a chemical 

engineering approach.  This approach improved nutrient transport throughout large 

volume constructs through media mixing (Chapter 5).  The second approach leveraged 

mechanical engineering to apply dynamic compression on the complex shaped 

engineered tissues to elicit an increase in ECM production (Chapter 6).  Utilizing the 

fabrication and shape evaluation techniques presented in Chapters 3 and 4, over 146 

TE menisci were generated, cultured, and analyzed to complete this thorough 

examination of two contrasting forms of mechanical stimulation. 
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Specific Aims 

Specific Aim 1 (Chapter 3) 

To develop a method of generating patient specific anatomically shaped menisci using 

an image-guided approach and test the feasibility of culturing these engineered 

constructs using bovine meniscal fibrochondrocytes. 

 
Widely used medical imaging modalities such as computed tomography (CT) and 

magnetic resonance imaging (MRI) were used to obtain geometrical data of meniscal 

tissue. Computer-aided design (CAD) utilized geometrical data to design injection 

molds that were subsequently printed out of acrylonitril butadiene styrene (ABS) 

plastic. Anatomically shaped engineered tissues were obtained by injection molding a 

2:1 ratio combination of 2% weight per volume (w/v) alginate with 2% w/v CaSO4. 

Tissue engineered menisci were then cultured for 8 weeks under static free swell 

conditions in vitro. Constructs maintained shape throughout culture and also had 

progressive tissue formation as indicated by increases in ECM content and mechanical 

properties. 

 

Specific Aim 2 (Chapter 4) 

Develop a method of quantitatively comparing the shape fidelity of anatomically 

shaped tissue engineered menisci using various imaging and fabrication techniques. 

 

Four ovine menisci were scanned via MRI and µCT imaging technique. These 

menisci served as templates for injection mold design and 3D tissue printing. Tissue 

engineered menisci were produced by impression molds, ABS plastic molds or 3D 

tissue printing. Impression molds were fabricated using ovine menisci and a silastic 

rubber, while ABS plastic molds were 3D printed directly on a Stratasys FDM 3000. 

Printed tissues were made on a custom open-architecture solid freeform fabrication 
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platform. Hydrogel constructs were scanned via laser triangulation distance sensor. 

The point cloud images were analyzed to acquire computational measurements for key 

points of interest (e.g., height, width, and volume) and to examine deviation from 

native tissue. Both imaging modalities and fabrication techniques produced 

anatomically shaped constructs of high geometric fidelity. Injection molded samples 

were more accurate and reproducible than 3D printed samples. Constructs based on 

µCT images were more accurate than MRI-based samples, likely due to the difference 

in image resolution. However, MRI molds did yield samples with a significant fraction 

of key dimensions within ±10% error with respect to the native tissue. 

 

Specific Aim 3 (Chapter 5) 

To test the hypothesis that controlled media mixing will enhance tissue formation and 

mechanical properties of anatomically shaped constructs compared to static controls. 

 

 A mixing media bioreactor was designed to ensure proper mixing of culture 

medium while protecting the constructs from the spinning impeller. Mixing intensity 

was controlled by altering impeller size and speed to produce Reynolds numbers (Re) 

of 0.5, 2.9, 5.8, 10.2, and 21.8. Engineered menisci were cultured for up to 6 weeks. 

Matrix accumulation in engineered tissues and ECM loss to the media was compared 

and analyzed across varied mixing intensities and culture time. Plugs taken from 

various locations of engineered constructs were tested under confined compression 

and tension to determine the equilibrium and tensile modulus, respectively. Constructs 

maintained their overall shape fidelity throughout culture for all mixing intensities. 

Media stimulation resulted in increased mechanical properties and ECM accumulation 

in constructs over 6 weeks of culture.  However media mixing was not beneficial for 
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all mixing intensities. The benefits of improved matrix accumulation and mechanical 

properties peaked near Re 2.9, and then decreased with increased mixing intensity. 

 

Specific Aim 4 (Chapter 6) 

To test the hypothesis that dynamic compressive loading would improve biochemical 

and mechanical properties of image-guided tissue engineered menisci. This work 

represents the first study to dynamically load an anatomically shaped engineered 

meniscus in vitro. 

 

Tissue engineered menisci were loaded via a custom bioreactor with loading 

platens specifically designed to load these complex shaped tissues in unconfined 

compression. Loading platens and a loading tray, used to restrict tissue movement 

under mechanical loading, were designed using µCT imaging data. The design process 

for the loading platen and loading tray was similar to that of the injection molds, all of 

which were 3D printed out ABS plastic. Finite element simulations were generated to 

guide the loading of engineered tissues and yield physiological strain levels under the 

imposed sinusoidal displacements. Constructs were loaded 3 times a week for 2 hours 

with 1 hour of intervening rest for up to 6 weeks of culture. There was a high loading 

condition with maximum compressive displacement of 704 µm and a low loading 

condition with maximum displacement of 342 µm. After 2 weeks of culture, both 

loading groups experienced increases in ECM accumulation and mechanical 

properties. Improved tissue growth was not maintained with prolonged loading as 

indicated by decreased matrix and mechanical properties from week 2 to week 6, 

which could be indicative of an altered rate of alginate scaffold degradation or an 

initiated catabolic cellular response. 
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CHAPTER 2 

IMAGE-GUIDED TISSUE ENGINEERING: A REVIEW 

Published in the Journal of Cellular and Molecular Medicine 1 [32]  

2.1 Abstract 

 Replication of anatomic shape is a significant challenge in developing implants 

for regenerative medicine. This has lead to significant interest in using medical 

imaging techniques such as magnetic resonance imaging (MRI) and computed 

tomography (CT) to design tissue engineered (TE) constructs. Implementation of 

medical imaging and computer aided design (CAD) in combination with technologies 

for rapid prototyping of living implants enables the generation of highly reproducible 

constructs with spatial resolution up to 25µm. In this paper, we review the medical 

imaging modalities available and a paradigm for choosing a particular imaging 

technique. We also present fabrication techniques and methodologies for producing 

cellular engineered constructs. Finally, we comment on future challenges involved 

with image guided tissue engineering and efforts to generate engineered constructs 

ready for implantation. 

 

2.2 Introduction 

 Tissue engineering attempts to generate new living tissues through the use of 

engineering principles and biological sciences [56]. There are many different 

techniques and methodologies used to generate these new tissues (Fig. 2.1), which 

have progressed beyond contemporary structural design. Traditionally, when 

constructing a building, the process begins with the designer using a protractor, 

straight edge, and compass to produce a sketch that will be translated to CAD software 

                                                 
1 Ballyns JJ, Bonassar LJ. Image-Guided Tissue Engineering. Journal of cellular and molecular 
medicine 2009;13:1428-1436. 
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for blueprint production. However, in nature, one rarely sees right angles and straight 

edges. In the human body the curved surfaces on the exterior of the body result in 

one’s identity (e.g. facial mapping and finger prints). Internally, geometric features 

result in proper joint load distributions in the hip, knee, and ankle. Blood flow in a 

beating heart is properly restricted by the size and behavior of leaflet valves. Larger 

organs, such as the liver, have highly organized circulating systems necessary to 

deliver oxygenated blood through the larger structure. Replicating the complex 

geometries in naturally occurring structures in the body will require more than 

protractor and compass. To this end, the development of high resolution imaging 

techniques combined with biomaterials processing technology has given rise to the 

field of image-guided tissue engineering. 

 

Figure 2.1: Image guided tissue engineering process tree. 
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 Typically, imaging modalities such as magnetic resonance imaging (MRI) and 

computed tomography (CT) have been used as diagnostic tools to visualize the body 

and develop treatment strategies. Treatment strategies include choosing the type of 

implant, designing a patient specific implant/prosthetic, or perhaps using medical 

imaging data to guide implantation of a device. Medical imaging can be used not only 

for prosthetic designs, but can serve as templates for organ scaffold construction. 

Medically, there exists a large need to provide alternatives for cadaveric allografts, 

autografts, and prosthetic implantations. For example in orthopaedic surgery, the 

number of patients receiving total hip and knee replacements in 1995 totaled 457,000 

in the US alone and is expected to double by the year 2025 [57]. Although the number 

of patients affected is smaller, those awaiting liver transplant had a death rate of 8.3% 

in 1999 [58]. Similarly, patients awaiting a heart transplant have a 6 month mortality 

rate of 24 – 70% [59]. Facial reconstruction, though less life threatening, represents a 

cornerstone that interfaces cosmetic and reconstructive surgery to restore both 

functionality and aesthetic properties important to one’s quality of life [60].  

 Regardless of applications, control of the geometry of transplanted tissue is 

important. Internally transplanted tissues need to fit into the desired space and 

conform to the surrounding tissues. As a result, surgeons are often required to 

manually alter the organs/tissues to “fit” the recipient whether it is a liver, heart, 

meniscus, or flap of skin. In addition to function, external tissue transplants require 

appearance to be taken into consideration as well. However, aesthetic appearance 

becomes a secondary objective to functionality and restoration of health, because no 

established treatment exists that meets all other primary criteria to prevent rejection, 

chronic pain and decrease mortality. Indeed some of the most exciting applications of 

TE technology have involved replication of anatomic geometry. 
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 Some early examples in the field of tissue engineering have been successful in 

forming cartilage in the shape of a human ear [61], producing a bone-cartilage 

composite shaped as a mandibular joint [62], generation of a distal phalanx for thumb 

reconstruction [63], and anatomically shaped menisci for the knee [29]. In these cases, 

geometry was generated from molds taken from the intended tissue. These initial 

studies, while very important, are unlikely to be implemented on a wide scale for 

generating patient specific geometry on a case by case basis. An obvious solution 

would be using medical imaging to obtain the necessary information on the patient’s 

specific anatomical needs. This article will present a brief review of the current 

methods used to replicate the complex tissues in the body. 

 

2.3 Imaging Techniques 

Anatomical geometries can be extracted from any medical imaging modality 

capable of rendering a 3D image, such as angiography, fluoroscopy, mammography, 

MRI, CT, µCT, stereophotogrammetry (3D photogrammy), and ultrasound. While 

there exists a large selection of imaging modalities from which to choose, MRI and 

CT are the most widely used to visualize cardiovascular, musculoskeletal, neural, and 

dental tissues. However, each imaging technique may present distinct advantages for a 

specific application of tissue replacement. 

MRI can readily register bone and soft tissues and has scan volumes that can 

range from as large as the human body to small precision scans that image the wrist 

and knee (Table 2.1). Scan times for an MRI range from 5 to 40 minutes with 

resolutions that increase with both scan time and magnetic coil strength. Resolutions 

for a 3T MRI have been reported as high as 250µm X 250µm X 0.5mm. Scan time can 

be reduced with the use of higher powered magnetic fields, but human subjects are 

rarely exposed to fields greater than 3 Tesla (T). Exposure to a 7T MR coil can cause 
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higher incidence of discomfort and sensations of vertigo than lower strength MR coils 

[64]. While MRI scans are preferred over CT because there is no radiation exposure, it 

is important to note that there is a sizable percentage of the population that 

experiences uncomfortable anxiety and claustrophobia when having a full body MRI 

(Table 1).  

 

Table 2.1: Image modality characteristics. * = other tissues can be imaged with the 

aid of contrast agents. Specifications for MRI, CT, and µCT provided by Siemens 

Medical Solutions USA, Inc. Malvern, PA and GE Healthcare, formerly EVS 

Corporation, Ontario, Canada. 3D digital photogrammy specifications provided by 

3dMD, Atlanta, GA and ultrasound specifications provided by Elliott and Thrush [65]. 

 

CT scans can generate higher resolution images than MRI (0.24 – 0.3mm), but 

can only image bone without the use of contrast agents (Table 2.1). 3D models are 

more readily generated from CT scans with little to no manual editing, where as MRI 

requires many manual techniques to acquire the geometry [66]. Scan times are much 

shorter for CT than for MRI, but this imaging technique requires the use of ionizing 

radiation. This presents a minimal but finite risk to individual patients, but collectively 

a much bigger risk to larger patient population. 

µCT has ultra high resolution (1-200µm), but is limited by the volume in 

which it can scan (Table 2.1). Due to the volume limitation of µCT, it cannot be 
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considered non-invasive for animals larger than mice. Also, µCT, like CT, will not 

readily register soft tissues in the absence of contrast agents, which may alter tissue 

structure or geometry.  

Ultrasound can readily image most tissue and does not use ionizing radiation 

or require a person to be in an enclosed area. While scan times for ultrasound are 

short, it is limited in the resolution quality it can provide (1mm X 1.5mm X 0.2mm) 

[65]. Typical volumes that are scanned via ultrasound include small structures such as 

blood vessels to large ones such as neonatal infants (Table 2.1). 

3D digital photogrammy can obtain high resolution images (150µm) in less 

than a minute (Table 2.1). 3D photogrammy is primarily used for external structures it 

is done in an open area so patients do not have to worry about the claustrophobia that 

is common to MRI. Further, there is no ionizing radiation associated with 3D digital 

photogrammy, unlike CT or µCT. 

 The process for selecting the most appropriate imaging method is tightly 

coupled to the target tissue. For example, if the desire is to obtain medical imaging 

data from a patient to generate a femoral head, meniscus, or heart leaflet valve, three 

very different approaches would be used. In the case of the femoral head, while CT 

would provide the highest resolution image of the boney structure, it does not image 

cartilage or soft tissues readily. µCT would not be used because the femoral head is 

too large to fit into current scanning devices. An MRI scan, on the other hand, could 

be used to obtain both the articular surface and boney structure without contrast 

agents.  

In the case of the meniscus, the most medically relevant choice is MRI. High 

resolution images of the meniscus can be obtained via MRI by increasing the scan 

time. However, increased scan time increases cost and becomes a compliancy issue for 

the patient. The longer the patient is required to remain still during the scan the higher 
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the probability of geometry artifact due to movement. The alternative would be to 

excise the tissue from the joint, soak it in a contrast agent to allow for µCT scanning. 

It is important to note that MRI can acquire geometries under loaded conditions 

whereas µCT may have altered geometry due to being soaked in a contrast agent. 

In the case of the heart valve, MRI and CT both require contrast agents to visualize the 

inner workings of the heart and have similar image resolutions. Due to the high 

radiation exposure needed to perform a CT scan of the heart and the high expense 

associated with MRI usage, echocardiography (cardiac ultrasound) is becoming a 

more widely used noninvasive method to obtain 3D geometric models of mitral valves 

[67, 68]. However, to maximize resolution, the valve can still be excised, soaked in a 

contrast agent and scanned via µCT. 

 

2.4 Fabrication Techniques 

Generating anatomically shaped engineered tissues does not require medical 

images. As mentioned earlier, many early TE efforts to generate anatomically shaped 

constructs used impression molds [61, 62, 69-72] to serve as negative templates. The 

paradigm shift to using medical images for CAD design has only very recently been 

established [29]. There are multiple methods to replicate anatomical shape through 

injection molding or different rapid prototyping techniques and for each method there 

exists an even larger choice of biomaterials to use as a scaffold. Choice of scaffold 

will dictate the design and fabrication process of the engineered tissue, which is driven 

by the application and tissue one is trying to generate. Here we will briefly take a look 

at some promising results across a number of different engineered tissues. 
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Injection Molding 

As stated above, scaffold choice has a major role in guiding the fabrication 

process of generating TE constructs. Many traditional scaffold materials (e.g. 

polyglycolic acid fibers (PGA), polylactic acid (PLA), polycaprolattone (PCL)) 

require processing at high temperatures or in organic solvents to control shape. As 

such cells cannot be introduced until the scaffold has cooled and solvents have been 

removed. In contrast, materials such as hydrogels undergo phase transitions that 

enable maintenance of cell viability during gel formation. As such, cells can be 

introduced to these materials prior to molding.  

Initial efforts in cartilage tissue engineering used acellular scaffolds and began 

with the simple geometries in the shape of triangles, rectangles and cylinders [71]. 

More complicated geometries were also achieved, such as a human ear using a 

synthetic nonwoven mesh composed of PGA [61]. The PGA mesh was molded into 

desired geometries through the use of plaster prosthetic mold, cells were then later 

seeded onto PGA scaffolds and allowed to culture subcutaneously in nude mice [61, 

71]. 

Similarly, bone TE requires scaffolds with a high rigidity that emulates the 

physical properties of native bone. The processes involved in bone scaffold formation 

are often unfavorable for cell viability and therefore seeding of these constructs 

occurred after they were constructed. One such study successfully tissue engineered 

phalanges and small joints through the use of PGA and PLA [70].  

The seeding of acellular scaffolds has also been applied to engineered 

cardiovascular tissue such as blood vessels and heart valves. In one promising study, 

PCL was electro-spun into the shape of a trileaflet valve using a custom designed 

aluminum template modeled after native tissue before being seeded with cardiac cells 

for in vitro culture [73]. 
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While seeding cells after scaffold generation has produced promising results, 

this methodology is very time consuming and does not ensure equal cell distribution 

throughout the scaffold. A more efficient approach would be to seed scaffolds before 

they are formed, though this would require biomaterials with a non-toxic liquid phase 

that maintaing viability during the solidification or gelation process.  Biomaterials that 

allow this approach include, but are not limited to, alginate, agarose, chitosan, 

collagen gel, fibrin glue, and poly(lactide-co-glycolide) (PLG). Some of the first such 

studies involved seeding chondrocytes into alginate [69]. The alginate-cell solution 

was crossed-linked with CaSO4 and injected into silastic impression molds of chin and 

nose implants for facial reconstruction. Using various cell seeding densities they were 

able to culture these implants in the back of nude mice for 30 weeks and maintain both 

shape and cell viability [69]. 

Uniform cell distribution becomes more critical when generating injection 

molds of larger constructs, such as the mandible for craniofacial reconstruction [69, 

72] or the meniscus of the knee [29]. Seeding the scaffold while it is liquid enhances 

homogeneity of cell distribution upon initial construct formation. CAD-based injection 

molds have been used to design a wide array of geometries from very small volume 

structures such as tympanic membrane patches (3 µL) [74], and engineered heart 

valves (~1 mL) [75], to larger sized tissues such as the meniscus (2-5 mL) [29]. The 

resolution for injection molding has been reported to be 600 µm [76]. 

Injection molding techniques, while not optimal for multi-material constructs, 

can be altered to generate more complex tissues. A prime example is the production of 

an anatomically shaped osteochondral construct based on stereophotogrammetry data 

via injection molding [77]. Patellar shaped composites were made possible through 

computer numerical control (CNC) milling of demarrowed bone blocks that fit into a 

mold allowing for injection of cell seeded agarose resulting in partially integrated 
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bone plugs [77]. Another composite injection moulding study by Mizuno et al. 

produced both a multi-material and multi-cellular TE intervertebral disc [78, 79]. The 

IVD was composed of an annulus fibrosus (AF) made from PLA/PGA scaffold and a 

nucleus pulposus (NP) made from calcium cross-linked alginate that was injected into 

the center void of the PLA/PGA scaffold. Each region was composed of its respective 

cell type and exhibited both biochemical and mechanical properties similar to that of 

native tissue [78, 79]. 

One of the most recent advances in generating patient specific implants via 

injection molding were achieved using alginate and meniscal fibrochondrocytes from 

bovine knees [29]. The geometry was obtained using both MRI and mCT scans of 

sheep knees and used to produce CAD moulds that were 3D printed out of 

Acrylonitrile Butadiene Styrene (ABS) plastic. Alginate-cell solution was cross-linked 

with CaSO4 and cultured for up to 8 weeks in vitro. Anatomical shape was retained 

and constructs had both mechanical and biochemical properties similar to that of 

native tissues [29] (Fig. 2.2A). Future efforts are now focusing on stimulating 

extracellular matrix (ECM) production as well as evaluation of geometric fidelity 

based on imaging type and time in culture. 
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Figure 2.2: (A) An injection molded meniscus derived from a µCT scan and 

fibrochondrocyte seeded alginate after 8 weeks of in vitro culture [29]. (B) Medical 

grade PCL composite formed via fused deposition modeling (Image provided by Dr. 

Dietmar Hutmacher, Queensland University of Technology, AU). (C) Chondrocyte 

seeded alginate micro-channel network with 50 x 50 µm channels spaced 100 µm 

apart [80]. (D) Cartilagenous disc 1 cm in diameter composed of PLG micro-beads 

seeded with chondrocytes after 8 weeks of in vitro culture [81]. 

 

Rapid Prototyping 

Rapid prototyping has many different variations (Table 2.2). The basis for this 

technique is to produce usable scaffolds in a short time scale (i.e. hours to days). Solid 
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freeform fabrication (SFF) and 3D printing are two of the more popular rapid 

prototyping techniques that are capable of generating multi-material and multi-cellular 

anatomical constructs. Hutmacher and Cool have nicely reviewed applications of SFF 

on bone tissue engineering in this journal [82] (Fig 2.2B).  

Most bone TE methods involve seeding of acellular constructs or insertion of 

acellular implants with the expectation of cellular ingrowth in vivo. Some successful 

studies include the use of porous coral in the shape of a distal phalanx seeded with 

periosteal cells for thumb reconstruction [63], 3D printing brushite implants [83] and a 

cranial segment [84] using tricalcium phosphate (TCP) and tetracalcium phosphate 

respectively. Shek et al. used localized gene therapy to increase and localize cellular 

and tissue ingrowth using a SFF polypropylene fumarate/TCP composite that provided 

a stable matrix that could be matched to specific patient defect geometry [85]. Work 

by Sherwood et al. in conjunction with Therics, Inc. produced osteochondral 

composites using TCP combined with either PLG or PLA for the chondral surface 

[86]. The composite structure exhibited region specific mechanical properties and 

integration between the two biomaterials making it suitable for implantation [86]. 

Therics, Inc. also has a number of other TCP based therapeutic products that are 

currently undergoing clinical studies. SFF techniques are able to produce patient 

specific scaffolds that can be modified to increase and guide cellular in growth 

through variation of  surface roughness, chemically bonded growth factors, and altered 

scaffold porosity [82]. 
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Table 2.2: Fabrication techniques and the various biomaterials used for cell seeded 

scaffolds and acellular scaffolds as well as multi-cell/material capability and current 

resolution capabilities. 

 

For more heterogeneous tissues, such as the meniscus, heart valve and liver, 

control over spatial and temporal differences in cell type/morphology and mechanical 

properties is necessary. Achieving structures that have the necessary cell distributions 

and biomechanical properties is a major challenge. Cytoscribing, as termed by Klebe 

involved alternating deposition of layers of cells and materials to generate 2 and 3D 

tissues [87]. Klebe established this technique using a variety of different cell types 

from different species and bound them to substrates using fibronectin that was 

deposited via Hewlett Packard graphics plotter of ink jet printer [87]. More recently 

several groups have demonstrated simultaneous co-deposition of cells and materials. 

An excellent example of this is by Cohen et al. via SFF using alginate and 

chondrocytes [88]. The work established the ability to print cell seeded alginate using 

different materials (i.e. two different grades of alginate) and in different structurally 

sound shapes including a disc, crescent, and meniscus based on µCT data with 
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printing resolution of 720 µm [88] (Table 2.2). Rapid prototyping has also been used 

in the fabrication of 3D hepatic tissues with complex internal microstructure. 

Constructs  were generated using both multi-cell and multi-material as means to 

improve nutrient transport [89]. Cell printing efforts by Chang et al. have evaluated 

cell viability of HepG2 cells based on dispensing pressure and nozzle diameter with 

calcium cross-linked alginate [90] and combined these SFF techniques with 

lithography methods to generate 3D microorgans [91]. The microorgans had vascular 

networks serving as pharmacokinetic models and were able to replicate consistent 

prints with 250 µm resolution [91] (Table 2.2). 

 

Lithography 

The transport of solutes and removal of waste products is a large concern in 

TE, especially when trying to engineer large volume tissues or engineering organs like 

the liver. In the body this solute transport is accomplished primarily by the vascular 

system, which is effectively a network of perfused micro channels. Traditionally, 

engineered scaffolds have relied on the host to provide vascularization [92]. 

Lithography techniques have been applied to tissue engineering to produce predefined 

vasculature. Preliminary studies using a PDMS substrate established the efficacy of 

this technique using both hepatocytes and endothelial cells [92]. Other biomaterials 

used in lithography TE efforts include polyvinyl alcohol (PVA) with fibroblasts [93], 

PCL and PLG with vascular smooth muscle cells [94], PEG with osteoblasts [95] and 

embryonic stem cells [96], matrigel with epithelial [97] cells and fibroblasts [98], as 

well as collagen and agarose with fibroblasts [98]. Other work done by 

Khademhosseini et al. generated 3D micropatterned substrates consisting of 
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hyaluronic acid and fibronectin seeded with cardiomyocytes which aligned along the 

interface between the scaffold and glass substrate [99].  

Recent innovative studies using chondrocytes seeded in alginate have shown 

great promise in their ability to generate various micro-fluidic patterns via laminated 

sheets with sealed channels as small as 25 µm X 25 µm [80, 100] (Table 2.2). After 4 

weeks in culture laminated sheets integrated well with no visible interface [101] (Fig 

2.2C). This work by Choi and coworkers really demonstrates the resolution of image 

based TE and can be implemented to produce larger volume constructs that not only 

have a custom circulation network, but a network that can be controlled spatially with 

gradients of nutrients, growth factors, and region-specific flow rates [80, 100, 101]. 

 

Sintering 

The deposition of micro-particles or micro-beads to alter surface properties or 

to build up structures is known as sintering. Sintering has become a valuable 

fabrication technique that allows designation of specific localized properties that 

control for porosity, surface chemistry, and mechanical properties. Most sintering 

efforts have focused on its application to bone TE through the use of PVA [102], 

hydroxyapatite (HA) [102], TCP [103], and PLG [104]. Studies have shown improved 

osteoblast cell growth throughout the sintered matrix [104]. 

Other works done with PLG and its application to cartilage tissue engineering 

have shown its ability to be used as a moldable scaffold [81] capable of cellular 

proliferation and infiltration in vivo [105] (Fig 2.2D). The use of sintering cell seeded 

PLG micro-beads in combination with free chondrocytes can be used to address focal 

defects in vivo. Furthermore, integrating the use of image guided tissue engineering 

bead-cell mixtures can be deposited to repair articular surfaces to their original 
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geometry before injury. The repair resolution of this technique is only limited by the 

consistency and size of the micro particles/bead which can range from 40 – 600 µm 

[81, 102-105] (Table 2.2). 

 

2.5 Conclusions 

Image guided tissue engineering shows great promise for the generation of 

patient specific engineered tissues. CT and MRI can provide adequate templates for 

custom, patient-specific implants. Other imaging modalities do hold promise but have 

yet to be established. While most image based efforts have focused on musculoskeletal 

tissues, image-based templates are starting to be used for cardiovascular models and 

small scale micro-vascular channels for hepatic tissues via CAD. The methods for 

generating these constructs vary greatly depending on the scale, tissue type and 

biomaterial. There exists the possibility to not only generate constructs that mimic the 

gross anatomy, but also generate proper substructure and networks of the desired 

tissue. 

 Both injection molding and SFF techniques can generate anatomically shaped 

tissue engineered constructs that appear to have high geometric fidelity. A major 

challenge to all who work on image-guided tissue engineering lies in the lack of 

methods to quantify shape fidelity of fabricated implants. Similarly, there is essentially 

no data describing how shape fidelity is maintained throughout culture whether in vivo 

or in vitro. These issues are complicated by the fact that there is still no established 

technique for evaluating shape fidelity of anatomically shaped TE constructs. The 

topic of shape fidelity is still in dire need of further investigation, because for many of 

these complex shaped tissues such as the meniscus [24, 106, 107] or heart halve [108, 

109] critical dimensions and tolerance levels for implantation are still being debated. 
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 It is clear that medical imaging is an excellent tool to quantitatively define the 

geometry of structures especially in situ, such as the meniscus or heart valve. Now 

with new advances in medical imaging techniques, location specific microstructure 

can be extracted as well. 3D printing can provide the ability to create tissue-specific 

properties that vary with location within the tissue/organ (i.e. cell type, mechanical 

properties, porosity, etc.) which would otherwise not be possible with injection 

molding. Spatial properties can be gathered from medical images to aid in the 

construction of engineered tissues. MRI [110] and µCT [111] have been used to look 

at GAG concentration in cartilage, CT to look at bone density and trabecular 

architecture [112], second harmonic generation microscopy to look at collagen fiber 

orientation [113] and density [114]. Combining imaging data techniques with rapid 

prototyping could allow generation of anatomical structures in situ with region 

specific microstructure similar to that of native tissues. 

 Imaging tools and fabrication techniques have enhanced fabrication of 

engineered constructs, but on the list of tissue engineering goals this seems to be only 

the tip of the iceberg. How exactly does one go from a newly fabricated construct and 

produce engineered tissues ready for implantation? Even without considering shape 

fidelity, quality control for TE implants involves confirming that these tissues have the 

appropriate biochemical composition and mechanical function. For dynamically 

loaded tissues such as the heart valve or meniscus, complicated geometry often results 

in complicated mechanics. For years, medical imaging has been used to extract 

geometries of bones, muscles, and cartilage to develop constitutive models to better 

describe the inner workings of joints in the body through finite element modeling 

(FEM). Medical imaging combined with FEM will continue to play a major role in 

assessing the functionality and durability of engineered tissues. As new knowledge is 
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acquired about in vivo behavior through FEM simulations, engineered tissues can be 

specifically conditioned in vitro to withstand these stresses.  

The idea of in vitro conditioning is becoming more and more popular not only 

for engineered tissues such as tendon [115], heart valve [116], bone [117] and 

cartilage [118], but for cadaveric explants as well [48, 118]. Exposure to limited in 

vivo like stimuli in a reduced or gradual manner has shown to be beneficial to cells 

and resulted in increased ECM formation as well as corresponding improvements in 

mechanical behavior. Optimal in vitro conditioning settings have yet to be elucidated, 

but as it stands now the time scale for generating functional tissues is lengthy. 

 Nonetheless image-guided tissue engineering is still likely a very valuable tool 

for generating patient specific tissues and organs. Challenges still lie in the ability to 

integrate these techniques to engineer large volume tissues with micro-vasculature and 

generate proper ECM organization and alignment. These techniques in combination 

with in vitro conditioning will enable the generation of spatially complex and more 

functional tissues.
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CHAPTER 3 

IMAGE-GUIDED TISSUE ENGINEERING OF ANATOMICALLY SHAPED 

IMPLANTS VIA MRI AND MICRO-CT USING INJECTION MOLDING 

Published in Tissue Engineering 2 [29]  

3.1 Abstract 

This study demonstrates for the first time the development of engineered 

tissues based on anatomic geometries derived from widely used medical imaging 

modalities such as computed tomography (CT) and magnetic resonance imaging 

(MRI). Computer-aided design and tissue injection molding techniques have 

demonstrated the ability to generate living implants of complex geometry. Due to its 

complex geometry, the meniscus of the knee was used as an example of this 

technique’s capabilities. MRI and microcomputed tomography (µCT) were used to 

design custom-printed molds that enabled the generation of anatomically shaped 

constructs that retained shape throughout 8 weeks of culture. Engineered constructs 

showed progressive tissue formation indicated by increases in extracellular matrix 

content and mechanical properties. The paradigm of interfacing tissue injection 

molding technology can be applied to other medical imaging techniques that render 

3D models of anatomy, demonstrating the potential to apply the current technique to 

engineering of many tissues and organs. 

 

3.2 Introduction 

A major advantage to tissue engineering technologies is that they enable the 

generation of tissue in specific shapes. Shape generation is critical for craniofacial 

                                                 
2 Ballyns JJ, Gleghorn JP, Niebrzydowski V, Rawlinson JJ, Potter HG, Maher SA, Wright TM, and 
Bonassar LJ. Image-guided tissue engineering of anatomically shaped implants via MRI and micro-CT 
using injection molding. Tissue Eng Part A 2008;14:1195-1202. 
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[119] and plastic surgery [120] applications as well as orthopaedic applications [23, 

121] where joint conformity is required. Efforts to engineer tissue in anatomic shapes 

have shown promise, including forming cartilage into the shape of a human ear [61], 

injecting periosteal cells into porous coral in the shape of a distal phalanx for thumb 

reconstruction [63], generating a bone-cartilage composite shaped as a human 

mandibular joint [62], creating anatomically shaped patellar articular cartilage using 

stereophotogrammetry data [77], and forming phalanges and small joints through 

selective placement of bone and cartilage cells into a biodegradable synthetic polymer 

scaffold [70]. Recurring challenges in these methods include the accuracy, speed, and 

reproducibility of the process by which these implants are made. For example, 

methods to create anatomic geometries by molding polyglycolic acid (PGA) or 

polylactic acid (PLA) [61, 122] or carving of ceramic implants [63] require extensive 

time for implant fabrication, and separate procedures for cell seeding are inefficient. 

Other procedures involving 3D printing of anatomically shaped scaffolds have faced 

similar challenges in efficiently localizing cells on the scaffolds [123]. No method 

currently exists for rapidly incorporating patient specific geometry into tissue 

engineered implants. 

Injection molding techniques could provide an innovative approach to 

generating implants of complex geometry in a much shorter time [69, 72]. Previous 

work showed that computer-aided design (CAD) can be combined with tissue 

injection molding technologies to fabricate very small, precise, cell seeded alginate 

structures that maintain shape fidelity throughout in vitro culture [74]. CAD-based 

techniques have also been applied to casting osteochondral constructs with conformal 

joint surfaces [77]. However, no study has yet demonstrated an ability to produce cell-

seeded geometries derived from clinically used imaging modalities.   
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The goal of this study was to apply CAD tissue injection molding techniques 

to engineer a whole meniscus. Medically, injuries to the meniscus pose a relevant 

clinical problem with over 750,000 meniscal surgeries conducted each year, the most 

common treatment for which is partial or total removal of the injured tissue (i.e. 

menisectomy) [23]. Current meniscal tissue engineering efforts have focused on 

developing repair methods through the use of mesenchymal stem cells [124] to 

address point defects and using scaffolding materials such as a collagen-based 

meniscus implant [125, 126] to aid in regeneration of complex tears and defects. The 

concept of using fibrochondrocyte seeded scaffolds for generation of meniscal tissue 

has been demonstrated with several scaffolding materials including agarose gels [31], 

non-woven PGA meshes [37], and polyethylene terephthalate scaffolds [127]. Further, 

exposing these constructs to different growth factors [31] and media mixing culture 

conditions [37, 127] has been used to stimulate meniscus tissue growth.  

Cadaveric meniscal allografts are clinically used, but this method of treatment 

suffers due to the scarcity of donor tissue, difficulties in matching the native joint 

architecture and the risk of disease transmission.  Matching the size of the native 

meniscus is of particular importance to ensure the appropriate distribution of pressure 

across the joint. Image guided TE of the meniscus address the existing issues 

associated with meniscal allografts. There have been very few studies that attempt to 

engineer whole menisci [27, 128], which could be due to the large size of these 

constructs and difficulty in replicating its complex geometry. 

The current research focuses on the incorporation of standard medical imaging 

tools, specifically magnetic resonance imaging (MRI) and computed tomography 

(specifically for the current work, microcomputed tomography or µCT), to design 

templates for tissue engineered implants. Both of these imaging methods are 

commonly used for diagnosis and monitoring of tissue disease and thus could be easily 
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incorporated into the process of designing therapies. While MRI is commonly used for 

diagnosis of soft tissue injuries, issues of resolution and thresholding are challenging 

in delineating the meniscus from adjacent soft tissue. In contrast, CT/µCT is not 

typically used for soft tissue imaging, but had necessary resolution to facilitate tissue 

delineation. To test the feasibility of using MRI and µCT imaging data for tissue 

engineering, an injection molding system was designed based on these imaging 

modalities and constructs generated by this technique were cultured for 8 weeks and 

monitored by gross shape inspection, assessment of compressive mechanical 

properties, quantification of biochemical composition, and analysis of ECM 

localization by histology. 

 

3.3 Materials and Methods 

Imaging 

Magnetic resonance imaging of 5 skeletally mature sheep knees (donated by 

Dr. Simon Turner; Colorado State University) was performed on a clinical 3T MR unit 

(Twin Speed, General Electric Health Care, Milwaukee, WI) using a commercially 

available, 8 channel, receive-only knee coil (In vivo, Milwaukee, WI).   Sagittal fast 

spin echo (FSE) sequences were acquired with a repetition time (TR) of 4800 ms, echo 

time (TE) of 26.8 ms (effective), echo train length of 12, field of view of 13cm, matrix 

of 512 x 416, and slice thickness of 2.0 mm with no gap, resulting in a spatial 

resolution of 253.9 µm (frequency) x 312.5 µm (phase) x 1 mm, at three excitations. 

Phase direction was superior to inferior and receiver bandwidth was 62.5 kHz over the 

entire frequency range. 

  In addition, sagittal three-dimensional spoiled gradient echo (SPGR) sequences 

were acquired with selective water excitation, using a flip angle of 10 degrees, TR of 
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16.8 ms, TE of 4.1 ms, field of view of 13 cm, matrix of 512 x 512, and slice thickness 

of 0.5 mm with no gap, resulting in a spatial resolution of 253.9 µm (frequency) x 

253.9 µm (phase) x 0.5 mm at one excitation. Receiver bandwidth was again 62.5 kHz 

over the entire frequency range. 

 The medial meniscus from each knee was dissected, soaked in Omnipaque® 

Iohexol 300 mg I/ml contrasting agent for two hours, and µCT scanned using an 

Enhanced Vision Systems Model Ms-8 In Vitro Micro-CT Scanner (GE Healthcare, 

formerly EVS Corporation, Ontario, Canada). The scans were taken using short scan 

x-ray settings of 70kV, 90mA, 3000 ms exposure time, with 400 views, and 0.023 

mm/pixel resolution. Scans were calibrated using values for bone, air, and saline. 

Sheep menisci were the largest animal menisci that would fit into the µCT core, and 

were thus used for both imaging modalities. 

 

 

Figure 3.1: Image processing steps for CT and MRI scans of an ovine meniscus being 

converted from its raw form to a surface image (step 1), then cleaned and converted to 

a solid model (step 2), and imported into CAD software for mold design (step 3). The 

embedded meniscus generated a suitable mold that achieved good shape fidelity as 

compared with the solid printed model (step 4). Scale bar=10 µm. 
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Mold Design 

MRI data sets in DICOM format were viewed and manually segmented for 

isolation of the meniscal area (Fig. 3.1: Step 1). Isolated meniscal segments from 

DICOM files were used to render a 3D representation in a point cloud image 

(SliceOmatic v4.3; TomoVision). Conversion of the point cloud image to a surface 

image allowed for formatting and generation of a solid model (Geomagic Studio 4.0; 

Raindrop). The meniscus was then ready to be imported into CAD and be employed 

for mold design.  

 The µCT scan was visualized as a surface image (MicroView) and exported for 

processing and file conversion. Upon conversion to a solid representation (Geomagic 

Studio 4.0), the image was used for mold design in CAD (SolidWorks Educational 

Edition) or converted to an STL file to 3D print an ABS plastic replica of the tissue on 

a fused deposition modelling platform or FDM 3000 machine (Stratasys; Eden Prairie, 

MN).  

 The CAD mold design process was identical for both µCT and MRI (Fig. 3.1). 

The image of the solid meniscus was embedded into a block and served as a virtual 

negative for the mold. The block was divided into 4 sections that allowed for removal 

of intact meniscus constructs from the mold.  Molds were printed using a FDM 3000 

machine. 

 

Injection Molding 

Using previously developed methods [69], the meniscus was removed intact 

from 1-3 day old bovine knee joints (Gold Medal Packing; Oriskany, NY) and diced 

into 1 mm3 cubes. Bovine cells were used instead of sheep cells because they were the 

most readily available and consistent cell source. The tissue was digested overnight in 
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0.3% collagenase, 100 µg/ml penicillin, and 100 µg/ml streptomycin in Dulbecco’s 

Modified Eagle Medium (DMEM) (Gibco; Invitrogen Corporation, Grand Island, 

NY). The following day the cells were washed, isolated, and counted. Viability ranged 

between 82 and 87%. To generate the 50 molded constructs in this study, cells from 52 

menisci and 16 animals were harvested. The 50 constructs were produced in 9 batches 

with each batch containing cells pooled from 1-2 animals and 4-8 menisci. The 

engineered constructs made from these 9 batches were distributed randomly across 

time points. 

 Cells were then seeded at 50 million cells per mL in 2% LVG alginate (FMC 

Biopolymer; Drammen, Norway), mixed with CaSO4 (Sigma-Aldrich, Inc.; St. Louis, 

MO) at 0.02 g/ml to crosslink the alginate, and injected into meniscus molds. This cell 

seeding density was chosen based on prior studies using injection molding technology 

to deliver articular chondrocytes. The current cell seeding density was optimal for 

tissue growth in articular chondrocytes [69, 72, 74, 129]. The alginate remained in the 

mold for 20 minutes to allow for sufficient crosslinking before removing the gel 

structure from the mold. Average molded construct size was 25.3mm x 17.4mm x 

6.6mm (length from the outside of each horn x average width from the front of the 

horn to the back of construct x height). Samples were placed into static culture for up 

to 8 weeks in culture media composed of DMEM, with 10% FBS, 100 µg/ml 

penicillin, and 100 µg/ml streptomycin. 

 

Biochemistry 

Native and engineered samples harvested at 0, 1, 2, 4, 6, and 8 weeks were 

photographed, cut into cross-sections and photographed again. 6mm diameter by 1mm 

thick discs were biopsied from cultured menisci as well as from native tissue. The 
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discs were cored from similar locations in both engineered and native tissues and used 

for biochemical analysis or mechanical testing. Other cross-sections were fixed for 

histology. Samples reserved for biochemical analysis were weighed, frozen, 

lyophilized, and weighed again. Lyophilized discs were digested in 1.25 mg/mL 

papain solution overnight at 60ºC  [130]. Papain digests of tissue engineered 

constructs and native controls were analyzed for DNA content via Hoechst DNA assay 

[131], glycosaminaglycans (GAG) through a modified DMMB spectrophotometric 

assay done at pH 1.5 [132], and collagen content via hydroxyproline assay [133]. Nine 

samples per meniscus were gathered for biochemical analysis of extracellular matrix 

(ECM) composition. 

 

Histology 

Cross-sections of molded constructs were fixed in 10% buffered formalin with 

1mM CaCl2 to prevent gel solubilization [134]. Fixed sections were then stained with 

Safranin-O at pH = 2.0 to observe GAG formation. Sections were then stained with 

picrosirius red to observe collagen localization. 

 

Mechanical Testing 

Discs (6 mm diameter, 1mm thick) were tested in confined compression to 

determine the equilibrium modulus (EnduraTech; Electroforce (ELF) 3200 System, 

Minnetonka, MN). As described previously [69], stress relaxation tests were 

performed by imposing 10 steps of 50 µm on the gels and native controls with 

resultant loads fit to a poroelastic model to calculate the equilibrium modulus. 
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Statistical Analysis 

Data were analyzed by 1-way ANOVA to detect differences in aggregate 

modulus, GAG, collagen, and DNA content over time using p < .05 as a threshold of 

statistical significance. Times points that were found to be significantly different were 

then further analyzed through post-hoc comparisons with the Bonferroni correction. 

All statistical analyses were implemented with Sigmastat version 3.0 (SYSTAT; San 

Jose, CA), and all data expressed as mean ± SEM. 

 

3.4 Results 

Inspection of cross-sections demonstrated increases in opacity of the construct 

with time in culture, indicative of ECM deposition. This matrix deposition was 

heterogeneous with more pronounced opacity in the center. Gross inspection of MRI 

and µCT generated models (Fig. 3.1: Step 4) indicate that both imaging modalities can 

serve as a template for mold design. While the µCT model has excellent surface 

resolution compared to MRI, MRI imaging produced anatomically similar geometries 

with superior fibrocartilage-bone contrast. There were no significant differences 

between samples made by MRI and µCT (data not shown). Samples shown are 

representative of both. Anatomically shaped constructs retained shape for the duration 

of culture with ~87% (33/38) remaining as intact constructs (Fig. 3.2A). Although 

quantitative volume measurements were not taken, gross inspection did not reveal any 

changes in size. Whole construct weights were not measured due to fragility of 

constructs at early times. 
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Figure 3.2: Photographs of (A) intact implants, (B) cross-sectional views, (C) tissue 

sections stained with Safranin-O at 40x original magnification, (D) tissue sections 

stained with Safranin-O at 200x original magnification, and (E) tissue sections stained 

with picrosirius red at 200x original magnification for engineered cartilage at 0, 2, 4, 

or 8 weeks and native meniscal tissue. Scale bars represent (A) 10 mm, (B) 2 mm, (C) 

500 µm, and (D, E) 100 µm. 

 

Safranin-O staining of engineered tissue cross-sections demonstrated 

progressive proteoglycan deposition, with spatial patterns of staining that were 

consistent with observations of opacity from gross inspection of cross-sections (Fig. 

3.2B&C). Picrosirius red staining of sections from the molded constructs revealed 

progressive deposition and orientation of collagen across eight weeks of culture (Fig. 

3.2D), trending toward the highly organized matrix of native meniscus. 
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Figure 3.3: Temporal changes in DNA content and hydroxyproline content in tissue-

engineered menisci and native meniscus. Data represent mean±SEM for n=5–8 

samples. 

 

Progressive tissue formation, as indicated by the accumulation of ECM, 

occurred throughout the entire culture period. Cell density as indicated by DNA 

content did not vary with time (Fig. 3.3) and remained within 25% of the initial 

seeding density. Collagen content indicated by hydroxyproline content (Fig. 3.3) 
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increased significantly up to 6 weeks (p < .05). At 8 weeks engineered tissue 

containing approximately 2.3% of the collagen found in tested native tissue controls 

normalized to DNA. At 4 and 8 weeks, a significant increase in GAG content (p < .05) 

occurred, reaching 36% that of native tissue controls (Fig. 3.4). The equilibrium 

modulus in the engineered menisci reached 50% of the native tissue controls at 6 

weeks and showed significant increases in modulus at 6 (p < .01) and 8 weeks (p 

<.05). Tests of native tissue controls yielded values for hydroxyproline content [134, 

135], GAG content [135, 136], and equilibrium modulus [9, 10, 135] similar to those 

reported previously. 

 

 

Figure 3.4: Temporal changes in GAG content and compressive equilibrium modulus 

in tissue-engineered menisci and native meniscus. Data represent mean±SEM for n=5–

8 samples. 
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3.5 Discussion 

This study established the design of an injection molding system based on 

medical imaging data to produce tissue engineered constructs that reproduced the 

geometric properties of native tissue. Injection molded samples retained geometry 

over 8 weeks in culture. The few constructs that did fail did so due to tears formed 

when removing constructs from molds, which propagated when being moved in and 

out of the incubator for media changes. Progressive tissue formation was demonstrated 

by monotonic increases in ECM content and mechanical properties. After 8 weeks, the 

compressive modulus of engineered tissue was ~50% that of native meniscus. These 

results demonstrate the ability to use patient specific geometry to rapidly engineer 

tissue, a feature unavailable in other current tissue engineering methods. 

GAG and collagen contents after 8 weeks were similar to other studies [27, 31, 

37, 127]. Unlike culture studies of meniscal fibrochondrocytes in agarose gels [37], no 

significant cell loss or cell death was observed. DNA content did not significantly 

change over the course of this study. Consistent with previous studies documenting 

delivery of articular chondrocytes by injection molding in alginate [69, 74]. Further 

cell distribution was uniform throughout culture, suggesting that there were no regions 

of central necrosis even in these relatively large samples (Fig. 3.2). In contrast to other 

studies, ECM loss did not occur at later time points as seen in PGA meshes [37]. The 

continuing problem remains in the ability to generate mechanically equivalent tissues 

to that of a native meniscus [27, 37, 128]. Upregulating collagen production could 

provide increased mechanical stability and aid in decreasing GAG loss to the 

surrounding media [37]. The confined compression modulus determined in the current 

study is thought to relate primarily to GAG content [137, 138]. Indeed the GAG/DNA 

has 36% of native meniscus and equilibrium modulus was 50% of native. Clearly 

collagen content was lower, but this would likely be reflected in other testing 



 

47 

geometries such as tension or shear, that were not reported here. No ascorbic acid was 

added to the culture medium in this study, which could explain why collagen content 

was low. Studies that have implanted engineered meniscal scaffolds into an animal 

model [27, 128] have had varying results, all of which suffer from a mismatch of 

mechanical properties and accurate geometry. Application of the technologies 

presented in this study could aid in the process of guiding meniscal constructs to reach 

their proper mechanical function.  

Unlike the studies described above, the current experiments focused on 

reproducing meniscal geometry with tissue engineered meniscus. A consequence of 

this approach is the development of spatial gradients within tissue constructs with time 

in culture. Gross morphology and histology show inhomogeneities in ECM 

accumulation with more tissue localized in the center.  Even though our engineered 

constructs were relatively large in size compared to other studies [31, 37, 127], this is 

inconsistent with central necrosis or nutrient deposition. The preferential accumulation 

of ECM in the center of these constructs could be due to a lack of ECM loss to the 

media compared to the surface. The centers of these constructs were probably 

hypoxic, and previous studies show that low O2 enhances ECM formation for articular 

chondrocytes [139] as well as meniscal fibrochondrocytes [140]. Future studies will 

characterize spatial and directional properties in these samples to understand the 

effects of heterogenous matrix accumulation in engineered 3D anatomical structures. 

While the process of generating anatomically shaped cell-seeded menisci does 

appear to be manpower heavy, the total time from start to finish was approximately 10 

hours, half of which was for image processing. Production time can be greatly reduced 

by auto-segmentation algorithms to extract data from MRI images, improved editing 

functions to aid in formatting and conversion to a solid model, and automated 

algorithms for mold design in CAD software. However, even with the current system 
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described here, clinical deployment time between imaging for diagnosis and surgical 

therapy would likely be days to weeks, which would be adequate time to design an 

implant. 

The success of image based injection molding in medicine relies on integrating 

the use of clinically relevant field strength MRI and other accepted imaging 

techniques. Further, through use of diffusion tensor imaging, the ability to map 

orientation through fractional anisotropic mapping and microstructural features of soft 

tissues [141] may make MRI the preferred modality for design and assessment of 

structures such as meniscus. µCT images are typically use to image dense tissue, but 

was used in this study to obtain a high resolution template for construct generation. 

While MRI imaging would more likely be used in a clinical setting, it is possible that 

µCT could be used. Palmer and coworkers have established a technique to visualize 

articular cartilage in vitro with µCT with contrast agents that may be used in vivo 

[111].  

Obtaining high geometric fidelity can be of great importance, especially for the 

meniscus where a deviation by more than 10% in meniscal size matching [24] can 

result in detrimental loads across the joint. Due to the complex geometry of the 

meniscus, correct size matching to restore normal contact pressure is no trivial task. 

Current efforts are being made to denote the critical geometric parameters of the 

meniscus [106] as well as improve the allograft matching process [107]. Lastly, efforts 

are being made to quantify geometric accuracy of injection molds compared to native 

tissue. Geometric quantification will also aid in tracking shape fidelity over culture 

time. 

The interface of tissue injection molding technology is not limited to µCT and 

MRI, but can be applied to any other medical imaging technique that has the ability to 

render a 3D model, including angiography, fluoroscopy, mammography, and 
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ultrasound. Similarly, the injection molding technique presented here is not limited to 

the use of alginate as a scaffold material and could be adopted for use with other 

common tissue engineering scaffolds such as collagen, agarose [77], chitosan, or PLG 

[81]. Further, the combination of tissue injection molding with medical imaging is not 

limited to musculoskeletal tissues. The meniscus was chosen as an example of the 

capabilities of this technique due to its complex geometry. Given the promise 

demonstrated in this study, the potential exists to apply the current technique to 

engineering of many tissues and organs, including cartilage, bone, skeletal muscle, 

cardiac muscle, and neural tissue. 
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CHAPTER 4 

AN OPTICAL METHOD FOR EVALUATION OF GEOMETRIC FIDELITY FOR 

ANATOMICALLY SHAPED TISSUE-ENGINEERED CONSTRUCTS 

Published in Tissue Engineering Part C: Methods 3 [142]  

4.1 Abstract 

Quantification of shape fidelity of complex geometries for tissue engineered 

constructs has not been thoroughly investigated. The objective of this study was to 

quantitatively describe geometric fidelities of various approaches to the fabrication of 

anatomically shaped meniscal constructs. Ovine menisci (n=4) were imaged using 

MRI and µCT. Acrylonitrile butadiene styrene (ABS) plastic molds were designed 

from each imaging modality and 3D printed on a Stratasys FDM 3000. Silastic 

impression molds were fabricated directly from ovine menisci. These molds were used 

to generate shaped constructs using 2% alginate with 2% CaSO4. SFF (Solid Freeform 

Fabrication) was conducted on a custom open-architecture 3D printing platform. 

Printed samples were made using 2% alginate with 0.75% CaSO4. Hydrogel constructs 

were scanned via laser triangulation distance sensor. The point cloud images were 

analyzed to acquire computational measurements for key points of interest (e.g. 

height, width, and volume). Silastic molds were within ±10% error with respect to the 

native tissue for 7 key measurements, µCT molds for 6 of 7, µCT prints for 4 of 7, 

MRI molds for 5 of 7 and MRI prints for 4 of 7. This work shows the ability to 

generate and quantify anatomically shaped meniscal constructs of high geometric 

fidelity, and lends insight into the relative geometric fidelities of several TE 

techniques. 

 
                                                 
3 Ballyns JJ, Cohen D, Malone E, Maher SA, Potter HG, Wright TM, Lipson H, and Bonassar LJ. An 
Optical Method for Evaluation of Geometric Fidelity for Anatomically Shaped Tissue Engineered 
Constructs. Tissue Eng Part C Methods 2009; In Press. 
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4.2 Introduction 

 Reproducing geometry has been a goal of tissue engineering since its 

inception. Early studies began by forming cartilage in the shape of an ear [61] and 

creating bone cartilage composites in the shape of the mandible joint [62]. Later works 

have generated anatomically shaped menisci for the knee [29], cranial segments [84], 

and leaflet valves for the heart [73]. Ideally these anatomically shaped constructs 

would be tailored to meet patient-specific needs, but before patient-specific geometries 

can be achieved a method to evaluate the geometric fidelities of various tissue 

engineering techniques must be developed.  

Geometry plays a crucial role in construct identity, function, and effectiveness. 

The importance of geometry spans across many tissue types. Facial reconstruction 

marks a corner stone of plastic surgery, interfacing cosmetic and reconstructive 

procedures to repair the contours of the nose, cheek bones, and mandible/chin, thus 

restoring physical and aesthetic identity [60]. In the heart, the shape and intricate folds 

of a leaflet for heart valves aid in regulating blood flow [108, 109]. Given the diversity 

of size and surface architecture in articular joints, geometry and size matching are 

critical for the success and longevity of surgical repair, whether it be for cadaveric 

allografts [143, 144] or more commonly used synthetic implants. 

 Generating complicated geometries for tissue engineering purposes has 

become possible by combing computer aided design (CAD) with a plethora of 

innovative fabrication methods such as injection molding, solid freeform fabrication 

(SFF) or 3D printing, and lithography. At the macro level, current efforts have 

concentrated on generating novel applications for injection molding and SFF 

technology using CAD programs to generate a variety of shapes to engineer tympanic 

membrane patches for the ear [74], bone structures [82-84], and heart valves [73, 145]. 

At the micro level intricate networks of micro channels can be generated through 
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lithography [80], and specific cell and matrix deposition can be achieved through 

inkjet printing techniques for use in hepatic tissue [89], and advance organ printing 

efforts [146].  

 As more techniques are developed to generate complex geometries, improved 

tools to quantify the accuracy of the end product’s shape fidelity must be developed. 

Presently, geometry comparisons of tissue engineered constructs are made through 

simple visual inspection and manual measurements using rulers or calipers [27, 126]. 

Visual comparisons are not quantitative, and manual measurements suffer from lack of 

repeatability. Manual measurements are also time intensive and can result in damage 

to fragile implants such as hydrogels. Cohen et al. developed a method that compared 

engineered construct geometries using contact points throughout the hydrogel surface, 

whereby contact with the construct would complete an electrical circuit outputting an 

x-y-z location in 3D space [88]. Building upon work done by Cohen et al., a method 

could be developed that is automated, repeatable, and does not damage or contaminate 

the construct. 

  We propose such a method to compare anatomical constructs via a 

commercially available laser triangulation distance sensor and commercially available 

software designed to compare geometries. The methods are commonly used practices 

for non-tissue engineering applications such as quality control to verify surface 

roughness when rolling sheet metal [147] or to assess the source of vibrations in 

production equipment [148]. Here we focus on generation of anatomically accurate 

engineered menisci. The meniscus is pertinent for three reasons: (1) clinical relevance: 

meniscal lesions are one of the most common injuries in the knee [23] with >1.5 

million knee surgeries involving the meniscus and usually resulting in removal of 

damaged tissue as opposed to repair or replacement [23]; (2) complex geometry: 

predicting and calculating meniscal shape based on MRI images can be quite time 
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consuming, and the algorithms for making these predictions are continually being 

modified [24, 106, 107, 149, 150]; (3) accurate meniscal geometry is crucial for proper 

mechanical function of the knee joint [5], its primary function being to aid in joint 

load distribution, thus decreasing contact stresses on the underlying articular cartilage. 

A deviation by >10% in size matching [24] can result in detrimental joint loading and 

more rapid development of osteoarthritis.  

Having generated anatomically shaped menisci via injection molding [29] and 

3D printing [88] in prior studies, our current objective was to quantify and compare 

shape fidelity between these two fabrication methods and to observe differences in 

constructs generated from MRI and µCT imaging modalities. 

 

4.3 Materials and Methods 

Imaging 

Four ovine menisci underwent both MRI and µCT imaging as described previously 

[29]. Briefly, an MRI scan of each knee was performed on a clinical 3T MR unit 

(Twin Speed, GE Health Care, Milwaukee, WI) using a commercially available, 8-

channel, receive-only knee coil (In vivo, Milwaukee, WI).   Sagittal 3D spoiled 

gradient echo (SPGR) sequences were acquired resulting in a spatial resolution of 

253.9 µm (frequency) x 253.9 µm (phase) x 0.5mm at one excitation. 

 The medial meniscus was then dissected, soaked in Omnipaque® Iohexol 

300mg I/ml contrasting agent for 2 hrs, and scanned using an Enhanced Vision 

Systems Model Ms-8 In Vitro Micro-CT Scanner. Each scan was taken using short 

scan x-ray settings with 0.023mm/pixel resolution. Scans were calibrated via values 

for bone, air, and saline. 
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Mold Design 

Injection molds were designed as previously described [29]. Briefly, MRI and µCT 

data sets were used to render a 3D representation that allowed for formatting and 

generation of a solid model (Geomagic Studio 4.0; Research Triangle Park, NC). The 

model was then imported into CAD for mold design for both imaging modalities. 

Molds were printed using a Stratus FDM 3000 machine (Stratasys; Eden Prairie, MN). 

 Silastic impression molds were generated via room-temperature-vulcanizing 

(RTV) silicone rubber impression molds [69] (Silastic ® brand; Dow Corning) of the 

same ovine menisci that underwent MRI and µCT imaging. 

 

Injection Molding 

Alginate hydrogel was prepared by mixing 2% wt. low viscosity, high G-

content alginate with 2% CaSO4 [29]. Alginate hydrogel was then injected into the 

molds and allowed to gelate for 20 minutes in 2% CaCl2 solution. Constructs were 

manually de-molded [29]. 

 

3D Printing 

 Alginate hydrogel was prepared by mixing 2% wt. low viscosity, high G-

content alginate with 0.75% CaSO4. Alginate hydrogel was immediately loaded into a 

disposable plastic syringe and allowed to crosslink for 7 mins before being loaded into 

a custom, stepper motor-driven syringe pump.  The pump was mounted onto a custom 

gantry robot which had 25 µm accuracy in the X-Y plane.  Accuracy in the z-axis is 

equal to the tip diameter from which the hydrogel was extruded. Alginate hydrogel 
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was extruded layer-wise, through 0.5 mm diameter syringe tips (EFD Inc.; East 

Providence, RI) along paths planned by custom STL-slicing software.   

 To support overhangs, the construct was printed on top of a contoured 

substrate generated from the medical imagery (the substrate was fabricated prior to the 

start of the print using the Stratasys platform).  After printing, the constructs were 

allowed to further cross-link in 2% CaCl2 solution. 

 

Figure 4.1: Custom gantry robot with laser triangulation distance sensor capturing 

surface of native and engineered sample. Note the projected surface of the native 

tissue overhangs on its respective laser scan (right). 
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Geometric Analysis 

The native tissue was set on a transparency where an outline was made of the 

tissue then placed onto the gantry robot’s Z-platform to be scanned via laser 

triangulation distance sensor (Microtrak II, MTI Instruments, Inc., Albany, NY). 

Alginate hydrogels were then placed on the transparency to fit the outline as best as 

possible then laser scanned. The distance sensor resolution was 50µm x 50µm x 1µm 

(x-y-z) and collected data at 40 KHz. Operations performed in Qualify v8.0 

(Geomagic) included importing a point cloud of the scan data, reconstructing the 

surface, and running a shape auto-registration function to allow for proper alignment 

between the native and engineered laser scan for analysis of % error volume (Fig. 4.1). 

Key dimensions were measured, and % errors were calculated based on specific points 

established by Haut and coworkers [107, 150] (Fig. 2). Manual and computational 

measurements were taken and showed similar trends and values. Manual 

measurements were taken after the completion of the laser scan. Samples were aligned 

on a transparency to take all key dimensions (i.e. height, width, span, depth, etc.) using 

calipers. Manual and computational measurements showed similar trends and values 

to within 2-10%. Only computational data are presented here. 

Errors associated with importing geometry would be caused by reconstruction 

of surfaces with radii of curvature less than the resolution of the scanner (~50 µm). As 

a result Qualify-based reconstruction did not represent surface roughness accurately. 

However, surfaces deviations were binned at 300 µm, which is 6 times larger than the 

resolution of the process. All key measurements (i.e. volume, height, width, span, 

depth, etc.) were automated to be taken from both native and engineered samples. 

Auto-registration was used to generate surface-to-surface deviation heat maps in 

Qualify to denote differences in overall surface geometry. Errors in auto-registration 

were determined by performing this task multiple times with varying starting 
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positions. The effect of starting position was minimal, compared to the 300 µm bins 

used to generate frequency histograms. 

 

 

Figure 4.2: Key dimensions that were measured physically and computationally (left). 

Heights and widths were measured at the seven radial locations (1-7). Height was 

measured from the base of the meniscus to the top most point of the cross-section and 

the width was measured across the thickest portion of the cross section (right). 

Colored striations denote surface-to-surface deviations between native tissue and 

engineered hydrogel. 

 

Statistics 

A total of 6 replicates were made from each animal’s medial meniscus (n = 4) 

for each fabrication method based on either MRI, µCT, or silastic impression mold, 

resulting in a total of 120 engineered samples. Both one-way and two-way ANOVAs 

were performed to determine significant differences with Tukey post hoc comparison 

using Sigmastat version 3.0. All data are presented as mean±SD with significance at p 

< 0.05. 
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4.4 Results 

Quantification of Gross Anatomy 

Visual inspection showed that both 3D printing and injection molding were 

capable of generating meniscal-shaped constructs of grossly comparable accuracy 

(Fig. 4.3). Similarly, initial observations of MRI and µCT samples showed that both 

imaging modalities can be used to design menisci. Samples produced from silastic 

molds had superior surface quality compared to those produced from ABS plastic 

molds and 3D printed samples. Laser scans captured surface geometry well, but 

contained additional volume due to projection of overhanging surfaces (Fig. 4.1).  

 

 

Figure 4.3: Photographs of engineered menisci (top row) and respective deviation 

color heat maps (middle row). Hot colors (reds) designate positive errors and cool 

colors (blues) designate negative errors relative to the native tissue surface. The 

bottom row contains %-error frequency histograms where bars located between the 

orange dashed lines are within ±10% error. 

Computationally rendered images of the surface-to-surface deviation between 

native tissue and engineered constructs indicated errors ranging from -4mm to 3.8mm 

(Fig. 4.3). Heat maps of deviation show the most extreme errors in samples molded 
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and printed from MRI scans. Printed samples produced from µCT scans had a 

prevalence of negative deviations, as indicated by cooler colors. Samples produced 

from silastic or µCT-based molds had similar deviation maps, with slightly hotter 

patterns in µCT-based samples (Fig. 4.3). 

Frequency histograms of the deviation data indicate the fraction of points 

within ±10% of target height. Distributions of deviation were Gaussian for samples 

generated from silastic molds. Samples generated from MRI molds had minor skew 

from Gaussian, and all other had significant skews. All samples made from molds had 

deviation distributions centered at 0mm, while those of printed samples were centered 

at approximately -1mm (Fig. 4.3). 

 

Pooled Measurements 

Measurements of key dimensions (i.e. height, width, depth, span, posterior and 

anterior width) were pooled for all sheep to compare imaging and fabrication 

techniques (Fig. 4.4). All imaging and fabrication techniques produced desired 

dimensions for depth, span, anterior width and posterior width to within ~10% of 

target sizes. The 7 heights and widths were pooled (Fig. 4.2), since only a significant 

difference existed among groups. Molding was more accurate in achieving desired 

heights than the printing (p < 0.05) (Fig. 4.4). The µCT molds were less accurate in 

replicating the desired width than MRI molds and both printed groups (p < 0.01) (Fig. 

4.4). Overall, the samples made from silastic molds were within the ±10% range for 7 

of 7 measurements, µCT molds 6 of 7, µCT print 4 of 7, MRI mold 5 of 7, and MRI 

print 4 of 7. 
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Figure 4.4: Average % error across key dimensions as a function of fabrication 

method. The height and width errors are pooled averages across the seven radial 

positions since no significant difference was present on location, but was dependent on 

fabrication method. 

 

When data was pooled across all sheep (Table 4.1), no significant difference in 

volumetric error was found between fabrication groups (p = 0.08), despite a 3-4 fold 

difference between MRI molds and silastic molds. These trends in volumetric error 

(Table 4.1) are consistent with the heat map and frequency histogram data. As denoted 

by the orange dotted lines in the frequency histograms (Fig. 3), 43 - 50% of points fell 

within ±10% of intended heights (Table 4.1). There was no difference in the number 

of points that fell within ±10% between groups (p = 0.931). 

 

Table 4.1: Average volumetric error, percentage of points from deviation heat maps 

that fell within ±10% of the native tissue, and repeatability error of fabrication 

methods. Lower repeatability error denotes higher repeatability of the technique. 
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To compare reproducibility, the standard deviation of the error for all key 

measurements was averaged for each sample, sheep, and then for all sheep. The 

resulting value, denoted as repeatability error, indicates how consistently each 

technique can generate the desired geometry (i.e. a lower reproducibility error value 

means the technique is more consistent). For all techniques the repeatability error was 

<10% (Table 4.1), indicating that sample-to-sample construct generation was highly 

consistent. 

Individual Sample Analysis 

Despite low average errors, high variances were observed for some key 

dimensions (Fig. 4.4). The origin of this variance is unclear, but may be due to image 

source, fabrication process, or animal-to-animal variability. To elucidate the origin of 

this variation, scatter plots of percent error for height (Fig. 4.5), width (Fig. 4.6), and 

depth, span, posterior width, anterior width, and volume (Fig. 4.7) were constructed 

for all fabrication methods. Noticeable shifts in error and increases in variance of 

scatter profiles were observed for different fabrication processes. This was particularly 

noticeable for height measurements of MRI mold groups and both printed groups 

compared to the silastic mold and µCT mold groups (Fig. 4.5). Across all 7 width 

measurements, there was little variation due to fabrication method (Fig. 4.6). The 

trend of increased variance and error for MRI and printed groups was also observed 

for other measurements, particularly depth and span (Fig. 4.7). The opposite trend was 

found for posterior width, anterior width, and volumetric error, for which there was a 

decrease in the scatter profile for both the MRI mold and MRI print groups (Fig. 4.7). 
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Figure 4.5: Scatter plot of height errors showing significant deviation mostly 

dependent on animal variation and fabrication technique but not location along the 

seven radial positions. 
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Figure 4.6: Scatter plot of width errors showing significant deviation mostly 

dependent on animal variation and fabrication technique but not location along the 

seven radial positions. Note width data scatter had less variance than height data in 

Figure 4.5. 
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Figure 4.7: Scatter plot of depth, span, volume, and posterior and anterior width errors 

showing significant deviations dependent on animal, fabrication technique, and 

location, specifically span and volumetric errors. 

 

The ability to accurately reproduce geometry varied significantly from animal-

to-animal (Fig. 4.8) (p < 0.01). Sheep 1 and Sheep 3 had more accurate MRI molds 

than MRI prints (p < 0.01) while Sheep 2 and Sheep 4 had the opposite trend (p < 

0.01). On the basis of average height measurements (Fig. 4.8) all µCT molded groups 

were more accurate than µCT printed groups (p < 0.01). 
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Figure 4.8: Average % error for height width and volume across different sheep and 

fabrication methods. Height and width data were pooled averages across the seven 

radial positions. Note differences between animals where sheep 3 was consistently 

negative for height, volume, and in most cases for width. 
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Average width data (Fig. 4.8) showed that printed samples generated the 

desired widths very well from both MRI and µCT images. µCT molds were more 

accurate than µCT prints for Sheep 1, 2, and 3 (p < 0.01). MRI scans also provided 

accurate reproduction of width, as seen by the MRI mold group being more accurate 

than the µCT mold groups for Sheep 1, 2 and 4 (p < 0.05). 

Volumetric error (Fig. 4.8) was most dependent on imaging and fabrication 

method. MRI and printed groups were more consistently undersized for all sheep. µCT 

and silastic mold groups were more likely to be accurately sized or oversized. Depth 

data was at or near ±10% for all fabrication methods for all sheep (Fig. 4.9). 

Span data was more variable from animal-to-animal (Fig. 4.9). Sheep 3 and 4 

were consistently undersized while Sheep 2 matched the target dimension very well. 

Silastic and µCT methods were most accurate for Sheep 1, while MRI-based samples 

were over sized. 

For posterior width MRI-based samples were consistently undersized for all 

sheep, but absolute errors were relatively low (Fig. 4.9). In contrast µCT-based 

samples were variable, with some oversizing and undersizing that was sheep-specific. 

Trends in anterior width data (Fig. 4.9) were similar to posterior width trends. MRI-

based samples were also undersized with slightly more absolute error. 

Success Criteria 

Matching key dimensions to within 10% is an established criterion for use of 

meniscal allografts [24]. We evaluated the fraction of data points that met this 

criterion for each sheep. The fraction of points that fell within ±10% error was greater 

than 33% for all sheep across all fabrication methods (Table 4.2). Silastic and µCT 

molded samples were the most consistent with 40 – 64% of points meeting the ±10% 
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error criterion. In comparison printed and MRI-based samples were more variable 

with 33 – 66% of points meeting the ±10% criterion. 

 

 

Figure 4.9: Average % error across different sheep and fabrication methods for depth, 

span, and posterior and anterior widths. As noted in Fig. 4.8, Sheep 3 and 4 are 

consistently more negative compared to the native tissue across the different points of 

interest regardless of fabrication technique or imaging modality. 

 

Table 4.2: Percentage of points that fell within ±10% deviation from native tissue. 

Note that with the exception of sheep 2 MRI mold and sheep 4 printing groups, most 

engineered samples were near 50% of the point being within the threshold. 
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Repeatability error (Table 4.3) for all methods for all sheep was quite low (5.9 

– 11.0%). As might be expected from other data, repeatability was consistently lowest 

in all molded groups (5.9 – 8.7%). Printed samples were slightly less consistent with 

repeatability errors ranging from 5.9 – 11.0%. 

 

Table 4.3: Repeatability error for each sheep meniscus and fabrication method. All 

samples except for sheep 4 MRI print had a repeatability error below 10%. 

 

4.5 Discussion 

This work is one of the first studies to present a method to quantitatively compare 

the geometry of tissue engineered constructs. The technique presented here uses a 

commercially available laser scanner and commercially available software that allows 

for automated measurements and quantitative geometric comparisons. This protocol 

was used to assess the geometry of the meniscus, a highly complex anatomic structure. 

This is a tissue where rudimentary techniques have been developed to quantify 

geometry as a standard for tissue transplantation [24, 107, 150, 151]. Using this new 

process enabled automated comparisons to these standards, and yielded a host of 

additional data about other tissue dimensions and sample volume. Although these 
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results are specific to regeneration of the meniscus, this approach is widely applicable 

to other tissues with complex geometry such as the ear, bones, and heart valve. 

The technique described above was used to quantify the geometry of meniscal 

constructs designed from MRI and µCT scans and fabricated via tissue injection 

molding and 3D tissue printing. The feasibility of using medical imaging data to 

design tissue engineered constructs has only been investigated very recently [29, 32]. 

Similarly, over the past decade a number of efforts have demonstrated the utility of 

injection molding [29, 69, 72, 74] and 3D tissue printing [88, 146] in fabricating 

engineered tissues with complex geometry. Despite all this work there is limited 

information on the geometric accuracy of these techniques and how this geometric 

accuracy might compare between techniques. The current paper directly compares the 

geometric fidelity of meniscal constructs produced by tissue injection molding and 3D 

printing designed from MRI and µCT data. 

Both imaging modalities and both fabrication techniques produced anatomically 

shaped constructs of high geometric fidelity. Injection molded samples were more 

accurate and reproducible than 3D printed samples. Constructs based on µCT images 

were more accurate than MRI-based samples, likely due to difference in resolution 

based on the chosen scan parameters. It is true that this method may not be a fair 

comparison of the MRI scan’s ability to provide an accurate model of the meniscus 

because it is in a loaded condition. However, MRI molds did yield samples with a 

significant fraction of key dimensions within ± 10% error with respect to the native 

tissue. This suggests that the effect of loading may not be large for these 

measurements. Furthermore this study was interested in finding out whether a 

simulated in vivo MRI scan of the native meniscus could compete with a high 

resolution µCT scan of excised tissue. We chose not to do an in vivo µCT scan as µCT 

does not readily visualize soft tissue without the use of a contrast agent. Delivery of a 
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contrast agent to a sheep meniscus in vivo would prove quite cumbersome such that it 

was not thought to be a medically relevant option for this method of image based 

tissue engineering. Instead we wished to implement a method that could be clinically 

relevant and non-invasive, as MRI obviates the need for ionizing radiation and avoids 

the potential of adverse contrast reactions. 

Silastic impression molds were used as a benchmark since it is a widely used 

method for replicating complex geometries (e.g., dental records) and has been used to 

generate molded engineered tissue [29, 69, 78]. Comparing deviation heat maps and 

frequency histograms of injection molds using either MRI or µCT showed that both 

were very close to silastic impression molds (Fig. 4.3). However, global trends across 

the seven points of interest [107, 150] showed that injection molds were close to or 

within ±10% range (Fig. 4.4). Furthermore, observations from pooled values across 

the seven height and width locations showed that each sheep had a distinct error 

pattern regardless of imaging or fabrication method (Fig. 4.8). While MRI based 

molds were more accurate at generating desired widths compared to µCT based 

molds, all imaging and fabrication methods for all sheep were close to the acceptable 

error range with respect to width values. Current printing techniques still suffer in 

achieving the desired heights. These findings were supported by volumetric error data 

(Table 4.1 and Fig. 4.8), which were largest in printed tissues, most likely due to 

stochastic print errors. µCT molds tended to be larger than native tissue, possibly due 

to swelling after the tissue was excised and soaked in contrast agent before imaging. 

Silastic and µCT fabricated constructs showed less deviation than MRI generated 

constructs. This finding was not surprising due to the much higher image resolution of 

µCT. MRI samples were consistently undersized, possibly due to in vivo loading 

conditions that occur naturally when these joints are being imaged (Fig. 4.7). Another 

factor that could cause inaccurate amplification of deviation measurements is 
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projection-based 3D image reconstruction from the laser scans (Fig. 4.1). This is 

especially problematic with rigid native tissue that did not sit flat on the platform. 

Errors that can arise as a result of the projection-based 3D image reconstruction from 

laser scans will only affect height measurements near the horns, the volume estimate 

of the native tissue, and the deviation heat maps will be affected near the horns and 

white zone for some samples. These errors were consistent for all comparisons for a 

given sheep meniscus. This could be corrected with the addition of a second laser that 

would spiral around the menisci to gather radial data along the z-axis so that over 

hanging and elevated surfaces could be visualized and accounted for during the 

modeling process. 

Further evidence of large differences between individual sheep menisci are also 

evident in the number of points that fell within ±10% (Table 4.2). For example, Sheep 

1 had its highest score of 66.3% for MRI mold, while Sheep 2 had its lowest score of 

33.5% for the same method. Sheep 3 had µCT mold as its highest score of 64.1%, and 

Sheep 4 had no imaging modality or fabrication method that scored above 50% (Table 

4.2). 

The most promising result was that all fabrication methods and imaging modalities 

had repeatability errors below 10%, a necessary threshold to validate the practicality 

of this method for clinical purposes (Tables 4.1 and 4.3). The high repeatability is 

extended to all sheep as well, since all methods were below 10% with the exception of 

Sheep 2 µCT print and Sheep 4 MRI print (Table 4.3). Having low repeatability error 

is more important than low linear error because simple linear errors can be addressed 

in the CAD portion of the fabrication process. Since the templates for these geometries 

are based on CAD software, geometries can be scaled accordingly to increase or 

decrease volume and thus compensate for shrinkage due to phase change (i.e., liquid 
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to gel). Altering the geometries in this way will allow deviation histograms to be 

centered about 0% error (Fig. 4.2). 

A major challenge to image-based approaches to recreating patient-specific 

geometry is that the structure in need of replacement may not be intact or have the 

original or correct shape. In such cases there are at least three  scenerios for image-

guided tissue engineering: (1) the use of data on the geometry of the meniscus from 

the contralateral knee; (2) the use of data from the target knee obtained prior to an 

injury; (3) the development of a database of meniscal geometry from a large number 

of patients that could be used to find a match for a specific patient based on the 

anatomy of other structures in the knee. Obtaining meniscal data from the contralateral 

knee would require the assumption that both joints are symmetric.  While this is not 

likely a perfect assumption, this approach would likely be more accurate than matches 

generated from available cadaveric donor tissue. This information might then be used 

to compare intact and deficient meniscal geometries in the setting of collagen meniscal 

scaffold replacement or more accurately sizing meniscal transplantation.  Poor 

matching of native meniscal geometry has been implicated in failure of transplantation 

[152, 153]. If the patient has prior scans of the knee where the meniscus was 

undamaged (as might be the case for elite athletes or military personnel or individuals 

scanned for other reasons such as extensor tendon pathology), the relevant geometry 

could be extracted using the same technique we have presented here, even if MRI data 

were not as high a resolution as our scans. The last possibility is using current 

meniscal designs and scaling them to fit dimensions of the knee based on the tibial 

plateau, contralateral knee or other knee dimensions. The third option is using work 

already being explored by Haut and coworkers to develop proper parameters to match 

cadaveric donor tissue to patients in need of a total meniscal replacement. 
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With the method presented here, many steps can be taken to improve geometric 

fidelity in tissue engineered scaffolds. Future efforts should focus on development of 

higher resolution 3D printing of tissues implementing control feedback to prevent 

stochastic deposition print errors. Given its lack of ionizing radiation and no 

requirement for contrast agent (with the attendant risks of contrast reaction), MRI 

holds several advantages over CT for projected clinical use. Newer, more efficient 3D 

pulse sequences that provide sufficient boundary recognition and isotropic voxels will 

likely be more amenable to semiautomatic segmentation algorithms and more efficient 

generation of MRI-derived data sets [154]. The future of this methodology still lies in 

further development of both 3D printing and MRI technology to generate high 

resolution scans in a relevant clinical practice time frame and then print them with 

minimal deviation from the native tissue.
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CHAPTER 5 

EFFECT OF MEDIA MIXING ON ECM ASSEMBLY AND MECHANICAL 

PROPERTIES OF ANATOMICALLY SHAPED TISSUE ENGINEERED 

MENISCUS 

Published in Biomaterials4 

5.1 Abstract 

This study investigated the hypothesis that controlled media mixing will 

enhance tissue formation and increase mechanical properties of anatomically-shaped 

tissue engineered menisci. Bovine meniscal fibrochondrocytes were seeded in 2% w/v 

alginate, cross-linked with 0.02 g/mL CaSO4, and injected into molds of menisci. 

Engineered menisci were incubated for up to 6 weeks. A mixing media bioreactor was 

designed to ensure proper mixing of culture medium while protecting constructs from 

the spinning impeller. Impeller speeds were calibrated to produce Reynolds number 

(Re) of 0.5, 2.9, 5.8, 10.2, and 21.8. Constructs were divided and tested in confined 

compression and in tension to determine the equilibrium and tensile moduli, 

respectively. Media stimulation resulted in a 2 to 5 fold increase in mechanical 

properties and a 2 to 3 fold increase in matrix accumulation in constructs over 6 weeks 

in culture. Benefits from mixing stimulation for collagen accumulation and 

compressive modulus appeared to peak near Re 2.9, and decreased with increased 

mixing intensity. This study suggests that fluid mixing can be optimized to enhance 

mechanical properties of anatomically-shaped engineered constructs. 

5.2 Introduction 

Meniscal lesions are frequent injuries that lead to degeneration of knee 

articular cartilage [23]. Cadaveric meniscal allografts remain a preferred method of 

                                                 
4 Ballyns JJ, Wright TM, and Bonassar LJ. Effect of media mixing on assembly and mechanical 
properties of anatomically shaped tissue engineered meniscus. Biomaterials 2010; In Press. 
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treatment [149], but this approach suffers from the scarcity of donor tissue and the risk 

of disease transmission. Moreover, size matching is of high importance because 

geometry is crucial for proper functional performance [5, 24]. Collectively, these 

factors have spurred interest in meniscal tissue engineering (TE). 

 Current meniscal TE efforts have focused on the repair of focal defects through 

the use of stem cells [155, 156] and scaffold materials [157, 158]. There have also 

been efforts to characterize the behavior of meniscal fibrochondrocytes and how these 

cells generate extracellular matrix (ECM) in scaffolds with simple geometry, including 

agarose [31], alginate [159], chitosan-graft-poly(N-isopropylacrylamide) [160], ploy 

(ε-caprolactone) [30], polyglycolic acid (PGA) [31], polyethylene terephthalate [37], 

and poly(L -lactic acid) [161]. Few studies have attempted to engineer whole menisci 

[27, 29, 142], due to the large size and the challenges associated with replicating the 

complex geometry. 

Many biomaterials have been used to engineer small tissue samples, few can 

be formed into a prescribed geometry, especially an anatomical one such as the 

meniscus. Fewer still, can be combined with cells and formed into a desired shape 

while maintaining cell viability. Recently, the generation of anatomically-shaped 

engineered menisci based on MRI and µCT images was made possible using alginate 

combined with tissue injection molding [29, 32]. These studies were encouraging, but 

the implants had heterogeneous matrix distribution and mechanical properties that 

were significantly worse than those of native tissue. Producing constructs that mimic 

the mechanical properties of native tissue still remains a challenge.  

Controlled media mixing is widely used to stimulate TE constructs seeded with 

articular chondrocytes (AC) [33-36] and has been used with meniscal 

fibrochondrocytes [37, 38]. Several studies demonstrated that mixing bioreactors 

increase the amount of extracellular matrix (ECM) 3 to 9 fold and mechanical 
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properties 3 to 4 fold for TE cartilage [31, 34-37]. Media mixing stimulation is 

relatively simple to implement compared to direct compressive or tensile stimulation. 

Based on the large size and unusual geometry of anatomically-shaped TE 

menisci, significant gradients in nutrient transport and ECM composition likely exist 

[29]. We hypothesized that media mixing will enhance transport of nutrients and ECM 

around and inside of TE constructs, improving the amount and homogeneity of ECM 

assembly. To test this hypothesis, we developed a bioreactor to control the extent of 

media mixing and determined how mixing affected the spatial pattern of ECM 

assembly and mechanical properties in anatomically shaped TE menisci. 

 

5.3 Materials and Methods 

Molded Constructs 

Molds for generating anatomically-shaped TE menisci were made as 

previously described [29, 69]. Briefly, bovine meniscal fibrochondrocytes were 

isolated from freshly slaughtered 1 to 3 day old calves by 0.3% collagenase digestion. 

Cells were then seeded into sterile 2% w/v low viscosity high G-content alginate at 

50x106 cells/mL. The alginate-cell suspension was combined with 0.02 g/mL CaSO4 

and injected into either silastic impression molds of bovine menisci or µCT/MRI-

based ABS plastic molds of ovine menisci. Molds were allowed to post-crosslink in 60 

mM CaCl2 for 20 minutes so that gels could be removed intact. Silastic impression 

molds of bovine menisci produced constructs with a volume of 4.5 to  5.0 mL (large 

volume constructs), while ovine molds volume ranged from 1.5 to 1.8 mL (small 

volume constructs). 
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Figure 5.1: (A) Bottom view of mixing media bioreactor with magnetic impeller and 

a white delrin plastic ring. (B) Engineered menisci resting on stainless steel wire mesh 

that is attached to the delrin ring. (C) Grid flow model of turbulent flow generated by 

the magnetic impeller where eddies are attenuated by the fine wire mesh producing a 

more steady flow. 

 

Culture Environment 

A total of 25 small volume and 19 large volume constructs were cultured 

statically to compare spatial differences between the two groups. Larger volume 

constructs exhibited detectable spatial heterogeneity in both mechanical and 

biochemical properties, so these were chosen as the focus for mixing bioreactor 

studies. 51 molded constructs were cultured in a mixing media bioreactor consisting of 
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a plastic delrin ring with stainless steel wire mesh to support the meniscal construct 

over a magnetic stir bar (Fig. 5.1 A&B). Mixing intensity was quantified by the 

Reynolds number (Re); Re < 10 was assumed to produce laminar flow (i.e., relatively 

low mixing), and Re > 10 was assumed to produce turbulent flow (i.e., high mixing). 

Re was calculated using established models of flow through a grid [33, 162, 163]. In 

these models, fluid flow through the grid, in our case a wire mesh, attenuates eddy 

waves generated by the oscillations of the stir bar (Fig. 5.1C). Re was calculated as: 

Re
Lρω

µ
= ℓ

, where ρ  was the fluid density (1 g/mL), ℓ  was the mesh pore size (38 

µm), µ was the fluid viscosity (0.001 Pa·s), ω was the angular velocity (varied from 1 

to 15.7 rad/s) and L was the stir bar length (varied from 14 to 38 mm). Mixing 

intensity was altered by changing stir bar length and angular velocity (Table 5.1). 

 

Table 5.1: For each mixing intensity represented by a Reynolds number, listed is the 

respective magnetic stir bar length, the number of rotations per minute (RPM), and the 

resulting type of flow in the mixing media bioreactor. 

 

Samples were cultured at Re 0.5 (n = 9), Re 2.9 (n = 9), Re 5.8 (n = 12), Re 

10.2 (n = 12), and Re 21.8 (n = 9). All constructs were incubated in DMEM with 10% 

FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 0.1 mM non-essential amino 

acids, 50 µg/mL ascorbate, and 0.4 mM L-proline medium for up to 6 weeks. 
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Sample Preparation 

Upon removal from culture, the menisci were photographed then cut to expose 

and photograph the cross section. 2 sets of 6mm x 1mm plugs were cut from the face, 

center and bottom (Fig. 5.2) and used for mechanical analysis. Excess surrounding 

tissue from respective spatial locations was used for biochemistry; this tissue was 

weighed to obtain the wet weight (WW), frozen, lyophilized, then weighed again to 

obtain the dry weight (DW), and digested in papain for biochemical analysis [131]. 

 

 

Figure 5.2: (Left) Spatial locations of biopsy plugs taken for confined compression 

and biochemical analysis. (Right) Sample dog bone of engineered tissue taken for 

tensile testing. The test area dimensions are 10 mm x 5mm x 2mm. 

 

Mechanical Analysis 

As described previously [69, 129] equilibrium modulus was determined under 

confined compression via stress relaxation tests by imposing 10 x 50 µm steps on the 

gel discs and fitting resultant loads to a poroelastic model [164] (EnduraTech; 

Electroforce (ELF) 3200 System, Minnetonka, MN). 

Dog bones for tensile testing were cut from the same construct (Fig. 5.2). 

Samples were tested to failure at a strain rate of 0.75%/s, slow enough to assume 
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quasi-static loading and ensure failure at the central test region, not at the grips [165]. 

The tensile modulus was calculated as the slope of the linear elastic region of the 

stress-strain curve, using linear correlation analysis [165]. 

 

Biochemistry 

A modified DMMB dye assay at pH 1.5 [132] was performed to determine 

GAG content in both TE constructs and culture media. The hydroxyproline assay was 

used to measure total collagen content [133]. DNA content was measured via Hoechst 

dye assay [131]. Data were not normalized to DNA content due to significant deceases 

in DNA content for constructs exposed to mixing media stimulation. Instead, all data 

were normalized to wet weight. 

 

Histology 

Cross-sections of molded constructs were fixed in 10% buffered formalin with 

1mM CaCl2 to prevent gel solubilization [134]. Fixed sections were then stained with 

Safranin-O to observe GAG formation and picrosirius red to observe collagen 

localization. The latter were viewed with polarized light to observe collagen fiber 

organization. 

Statistics 

Data were analyzed by 2-way ANOVA using Bonferroni t-test for post-hoc 

analysis. All statistical analyses were implemented with Sigmastat version 3.0, and all 

data are expressed as mean ±SD. 
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5.4 Results 

Construct Appearance and Composition 

All groups of engineered constructs retained shape for the duration of culture 

(Fig. 5.3, column 1). Large volume static samples at 6 weeks exhibited a dense region 

of tissue formation at the center of the cross-sections (Fig. 5.3, columns 1&2). Visual 

inspection of cross-sections at 6 weeks showed an increase in tissue homogeneity with 

increased mixing intensity. As mixing intensity increased, the constructs contained a 

darker and more opaque center compared to static samples (Fig. 5.3, column 2). 

Safranin O staining at 6 weeks indicated a large increase in GAG accumulation for all 

groups (Fig. 5.3, column 3). Collagen accumulation at 6 weeks was not uniform across 

mixing intensities. Static samples and those at lower mixing intensities (Re of 0.5 and 

2.9) showed accumulation of small fiber bundles, while the highest mixing intensity, 

Re 21.8, did not (Fig. 5.3, column 4). 

Comparison between Large Volume and Small Volume Constructs 

To compare the heterogeneity, we examined constructs spatially at the bottom, 

center, and face locations (Fig. 5.4, columns 2&3). We also compared overall 

construct performance by averaging the 3 locations (Fig. 5.4, column 1). Both small 

and large volume constructs were near the initial target seeding density of 0.4 µg 

DNA/mg WW (Fig. 5.4 row 1), but DNA content in small volume constructs was 

significantly lower than in large volume constructs for all three time points (P < 0.01). 

Neither large nor small volume constructs showed any significant differences between 

the bottom, center, or face locations for any time point, except for large constructs at 6 

weeks. At 6 weeks, large constructs had significantly higher DNA content in the 

bottom compared to the center and face (P < 0.05). 
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Figure 5.3: Photographs of (column 1) intact implants, (column 2) cross-sectional 

views, (column 3) tissue sections stained with Safranin-O at 200X original 

magnification and (column 4) tissue sections stained with picrosirius red at 200X 

original magnification for engineered cartilage at 0.29 weeks and 6 weeks for static 

and mixing intensities of Re 0.5, Re 2.9, Re 21.8. Scale bars represent (column 1) 

10mm, (column 2) 2mm, and (column 3&4) 100 µm. Arrows point to collagen fiber 

bundles. 

 

No significant difference in collagen content was found between small and 

large constructs across all time points (Fig. 5.4, row 2). Large volume constructs had a 

significant increase in collagen content at 6 weeks (P < 0.001), while small constructs 

had significant increases in collagen at both 2 and 6 weeks (P < 0.01).  No detectable 

difference in collagen content was found with location for either large or small volume 

constructs. 
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GAG content in both small and large constructs had increased at 2 and 6 weeks 

compared to 0 week controls (P < 0.001). Large volume constructs at 6 weeks had 

significantly higher GAG content than small constructs (P < 0.05) (Fig. 5.4, row 3). 

Large constructs showed spatial variation in GAG content at later times. Specifically, 

GAG content was higher on the bottom compared to other locations (P < 0.01). 

Compressive equilibrium modulus (Fig. 5.4, row 4) increased for both small 

and large constructs at later time points (P < 0.001). Small constructs were stiffer in 

compression compared to large constructs at 2 and 6 weeks (P < 0.01). At later time 

points, large constructs showed spatial variation with a higher compressive modulus at 

the center compared to the bottom (P < 0.05). 

 Large constructs tended to have larger differences between locations 

compared to small constructs particularly for DNA and GAG contents. As a result, all 

mixing media comparisons were conducted using large volume constructs. 

Effect of Mixing Intensity 

Mixing decreased DNA at all intensities (P < 0.001) (Fig. 5.5). The decrease 

was a function of mixing intensity, with higher intensities causing more DNA loss (P 

< 0.001). 

Despite the loss of DNA, at 6 weeks all mixing intensities increased GAG 

content (P < 0.001) (Fig. 5.5). Re 21.8 had a 2 to 3 fold increase in GAG content 

compared to all other groups (P < 0.001). Collagen content at 6 weeks followed a 

similar trend; all groups showed an increase with the exception of Re 21.8 (P < 0.001) 

(Fig. 5.5). The highest mixing intensity hindered collagen accumulation. Collagen 

content peaked at Re 5.8 for 6 weeks of culture, a 2 fold increase compared to static 

controls (P < 0.05). 
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Figure 5.4: Plots of DNA content (row 1), collagen content (row 2), GAG content 

(row 3), and compressive modulus (row 4) comparing large and small volume 

constructs (column 1) and looking at the individual spatial properties for each volume 

size (column 2&3 respectively). For column 1 a “* ” denotes significant differences 

with respect to 0.29 weeks culture time in large volume constructs, a “†” denotes 

difference in small volume constructs, and a “∆” denotes differences between small 

and large volume constructs. For columns 2 and 3 a “†” denotes significant differences 

with respect to 0.29 weeks culture time in the bottom location, a “* ” denotes 

differences in the center location, a “#” denotes differences in the face locations with 

time, and a “∆” denotes differences between bottom, center, or face locations for a 

given time point. Data represented as mean ±SD and P < 0.05. 
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Figure 5.5: DNA content, GAG content, and collagen content found in engineered 

constructs (column 1) and cumulative release to the culture medium (column 2) for 

different mixing intensities. For column 1 a “∆” denotes a significant difference with 

respect to 0.29 weeks cultures unless otherwise specified within a given mixing 

intensity, a “†” denotes significant differences compared to all other 0.29 weeks 

values of different mixing intensities unless otherwise specified, a “* ” denotes a 

difference compares to all other 2 weeks values, and a “#”denotes a difference 

compared to all other 6 weeks values. In column 2 a “∆” denotes a significant 

difference between media values for that given time point, and the remainder denote 

differences between respective time points for a given mixing intensity: “†” = static, 

“* ” = Re 0.5, “#” = Re 2.9, “θ” = Re 5.8, “$” = 10.2, and “̂ ” = Re 21.8. For symbols 

not accompanied by bars signifies a significantly higher concentration than all other 

time points. Data presented as mean ±SD and P < 0.05. 
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 The media were analyzed biochemically because of the possibility that 

increasing mixing intensity could extract cells and ECM from engineered constructs to 

the media (Fig. 5.5). Cumulative DNA content accumulation in the media was greatest 

for static and at Re 0.5 while all other mixing intensity groups were similar. For all 

culture groups except Re 10.2, a large initial DNA release to the media occurred at 1 

week (P < 0.05), followed by minimal DNA release. For the static and Re 0.5 culture 

group, DNA accumulation in the media continued to increase throughout culture. 

 GAG lost to the media was lowest for static cultures and greatest for Re 5.8 

and Re 10.2 (Fig. 5.5). At week 1, significantly more GAG was lost to the media from 

Re 10.2 constructs compared to any other group (P < 0.001), while Re 5.8 constructs 

had significantly higher GAG accumulation in the media than static media samples at 

weeks 2 and 3 (P < 0.01). Collagen accumulation in the media followed a similar trend 

as GAG content, with static and Re 0.5 having the lowest amounts of collagen in the 

media (Fig. 5.5). Throughout all 6 weeks of culture Re 5.8 and Re 10.2 had 

significantly higher amounts of collagen found in the media than any other culture 

group (P < 0.01). 

 

Mechanical Analysis 

Compressive equilibrium modulus increased 2 to 5 fold during the course of 6 

week culture (Fig. 5.6). This increase was most prominent (4 to 5 fold, P < 0.05) for 

Re ≤ 2.9 and less pronounced for Re 5.8, 10.2, and 21.8. 



 

87 

 

Figure 5.6: Compressive equilibrium modulus and tensile modulus for different 

mixing intensities across culture time. A “∆” denotes significant difference compares 

to 0.29 weeks respective mixing intensity groups unless otherwise denoted. A, “* ” 

denotes a difference between Re 0.5 and 2.9 within 2 week groups and “#” denotes a 

difference with the top 3 mixing intensities within 6 weeks values of different mixing 

intensities unless otherwise specified. Data presented as mean ±SD and P < 0.05. 
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Higher mixing intensities (Re 5.8 and 21.8) had a 3 to 4 fold increase 

compared to lower intensities (Re 0.5 and 2.9) (P < 0.05) (Fig. 5.6) on tensile 

modulus. However, increases did not continue with culture time. Re 5.8 (P < 0.05) and 

above tended to have a consistent decrease in tensile modulus at 6 weeks compared to 

0 and 2 week samples. Re 2.9 had a significant increase in tensile modulus at 6 weeks 

compared to 2 week constructs (P < 0.05). 

 

Spatial Comparison between Mixing Intensities 

Differences in spatial accumulation of matrix were observed between culture 

conditions (Fig. 5.7). With mixing GAG accumulation increased to a great degree with 

the highest intensity (Re 21.8) (Fig. 5.7, row 3 column 3). Most of the GAG was 

concentrated at the face of Re 21.8 constructs significantly more so than in the bottom 

and center locations (P < 0.01). While static samples had significantly more GAG 

located at the bottom compared to the center at 2 weeks (P < 0.01), other mixing 

intensities (with the exception of Re 21.8) became more homogeneous in GAG 

concentration throughout culture (data not shown for Re 5.8 and Re 10.2). 

 Similar trends were found for equilibrium compressive modulus (Fig. 5.7, row 

4). Static samples at 6 weeks had a significantly higher modulus at the center (P < 

0.05). Mixing intensities of Re 0.5, Re 2.9, and Re 5.8 all had significant increases in 

modulus by 6 weeks, but no significant difference was found with location across all 

culture times. Mixing intensities Re 10.2 and Re 21.8 did not increase compressive 

modulus globally or for any individual location, and as such was not significantly 

different among locations with time. Locations that did have significant increases in 

modulus at 6 weeks included Re 0.5 center, Re 2.9 center, and Re 5.8 bottom (all P < 

0.05, data no shown). 
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Figure 5.7: Spatial properties for DNA content (row 1), collagen content (row 2), 

GAG content (row 3) and compressive modulus (row 4) for Re 0.5 (column 1), Re 2.9 

(column 2), and Re 21.8 (column 3). A “†” denotes significant difference compared to 

0.29 weeks in the bottom location, a “* ” denotes a difference compared to 0.29 weeks 

in the center location, a “#” denotes a difference compared to 0.29 weeks in the face 

locations, and a “∆” denotes differences between bottom, center, or face locations for 

a given time point. Data represented as mean ±SD and P < 0.05. 
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 Collagen content in mixed media had high variance throughout the construct 

(Fig. 5.7, row 2). No spatial differences were detected for any mixing group except for 

Re 21.8, which had low collagen throughout. At 2 weeks, Re 21.8 constructs had 

significantly higher collagen content in the bottom than in the face (P < 0.05), but no 

location showed a significant increase with time. At 6 weeks statically cultured 

constructs had significant increases in collagen content with respect to 0.29 week 

cultures across all spatial locations (P < 0.001), as did Re 0.5 (P < 0.05). Re 2.9 only 

had a significant increase at 6 weeks at the bottom location (P < 0.05), Re 5.8 at both 

the bottom and face locations (P < 0.05), and Re 10.2 at the bottom and center 

locations (P < 0.05). 

None of the mixing media groups showed any significant spatial differences in 

DNA content throughout culture (Fig. 5.7, row 1). However, as previously stated, 

static constructs had significantly higher DNA content in the bottom compared to the 

center and face at 6 weeks (P < 0.05). All mixing media locations showed uniform 

decreases in DNA content at 2 and 6 weeks compared to the 0.29 week time point (P < 

0.01). 

 

5.5 Discussion 

 We investigated the hypothesis that media mixing will enhance transport of 

nutrients and ECM around and inside of TE meniscal constructs, improving the 

amount and homogeneity of ECM assembly. We found that the process of ECM 

assembly in injection molded TE menisci was significantly altered by culture in a 

mixing bioreactor (Figs. 5.5-5.7). The primary effects were to redistribute ECM, 

forming a tissue that was more spatially homogeneous than static controls, with the 

exception of the highest mixing intensity (Fig. 5.7). However, mixing also enhanced 

the loss of ECM to the culture media compared to static controls (Fig. 5.5) and 
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detrimentally affected compressive modulus at higher intensities (Fig. 5.6). These 

results demonstrate the ability to modulate spatial heterogeneity of TE menisci and 

also show that mixing media stimulation was not uniformly beneficial across all 

mixing intensities. 

Spatial properties were of interest because both ovine and bovine menisci have 

a unique shape and a larger volume than the types of constructs used in other studies. 

Prior TE meniscal and cartilage studies focused on small simple geometries ranging in 

volume from 0.06 to 1.8 mL [31, 34, 37], while we used anatomically shaped 

constructs ranging from 1.5 to 5.0 mL. The larger volume could result in different 

nutrient transport and ECM production behavior. Static cultures showed that large 

volume constructs had larger differences in their spatial profile compared to smaller 

constructs (Fig. 5.4). As a result large constructs were used to study the effect of 

mixing media stimulation. Trends found by averaging all locations showed that small 

and large constructs were similar across all biochemical and mechanical measures 

(Fig. 5.4, column 1), though compressive modulus was higher in smaller constructs, 

possibly related to the additional crosslinking step needed to remove constructs from 

molds. Post-crosslinking with CaCl2 creates a more rigid skin at the surface of 

meniscal constructs that thickens with exposure time. While time was kept constant 

for both large and small constructs, the thickness of the skin with post-crosslinking 

represented a larger fraction of the cross-sectional area of small constructs and thus 

would explain higher compressive properties. 

Temporal patterns in ECM accumulation were similar in large and small 

volume constructs (Fig. 5.4, columns 2&3). The only difference was that larger 

constructs tended to have larger spatial differences, as evidenced by the visual 

heterogeneity seen at the cross sections (Fig. 5.3, column 2). As observed previously 

[29] the TE menisci appear to grow ECM from the center out. Since larger constructs 
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have a larger volume to fill, the spatial heterogeneity in biochemical composition and 

mechanical properties is more evident. As a result, we used large volume constructs to 

better examine the effect of mixing media stimulation on these anatomical TE menisci. 

We used mixing media stimulation because of positive results found in prior 

studies using this type of stimulation of articular cartilage [33-36]. The observed 2 to 3 

fold increase in matrix accumulation and 1.2 to 4 fold increase in mechanical 

properties correspond to findings in the literature. The most surprising trend was the 

large loss of DNA content with media mixing (Figs. 5.5&5.7). Increasing mixing 

intensity increased the loss of DNA content in the constructs, but did not increase the 

amount found in the media (Fig. 5.5). In fact, increasing mixing intensity resulted in 

decreased DNA content in the media. The lower DNA content with higher mixing 

intensities could be due to cell destruction as a result of the spinning impeller (Fig. 5.1 

A). The loss of DNA content in alginate constructs could be due to cells being washed 

out as a result of increased fluid flow from media mixing. This behavior was observed 

in studies with PEG gels in a rotating wall bioreactor [31]. GAG content did not 

change with mixing except for the large increase at the highest intensity (Re 21.8) 

(Fig. 5.5), but this large increase did not result in an expected increase in compressive 

modulus and the trend was towards decreasing tensile modulus for higher mixing 

intensities by week 6. GAG and collagen loss to the media was increased as a result of 

mixing intensity particularly for Re 5.8 and Re 10.2 constructs. The observed loss in 

collagen with no improvement in mechanical properties was also seen in engineered 

agarose gels from Aufderheid et al [31], in which GAG loss at later time points was 

attributed to the lack of collagen assembly in constructs. 

The observed increase in ECM homogeneity with mixing (Fig. 5.7) is 

consistent to findings by Neves et al. who observed enhanced homogeneity in TE 

fibrocartilage [37]. However, collagen accumulation remained highly localized with a 
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specific region of the tissue (Fig. 5.3). The lack of organization could be due to the 

inability of collagen to bind to alginate and remain in the construct long enough to be 

organized into a cohesive matrix that would resemble native tissue. The redistribution 

of ECM away from the center observed at the highest mixing intensity agrees with bi-

zonal findings by Marsano et al [34]. The increased fluid flow could have stimulated 

cells at the surface, increasing GAG production. However, GAG was more likely 

produced at the center and was pulled to the surface as a result of turbulence with 

mixing. Loss of GAG to the media as a result of fluid flow is further supported by the 

significant DNA loss in constructs and observed cell loss histologically, which 

occurred more at the surface. 

 Due to the high GAG content localized at the face, but no change in 

compressive modulus, we speculate that other mechanisms were responsible for the 

changes in mechanical properties in mixing media samples. The higher mixing 

intensity could have increased the rate of degradation of the alginate scaffold and 

removed the newly formed matrix. Our data are supported by an alginate degradation 

study that compared unseeded alginate meniscal gels under static, Re 5.8, and Re 21.8 

mixing intensities in PBS supplemented with .2g/L of CaCl2 to mimic calcium 

concentration in DMEM (See supplementary data). We found that over the course of 3 

weeks increasing the mixing intensity resulted in a significant decrease in construct 

weight and more obvious alterations of meniscal shape. This is in great contrast to 

what was observed in cell seeded constructs, suggesting that there exists some cell 

matrix interaction that aided in maintaining geometry throughout 6 weeks of culture 

for all mixing intensities. 
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Figure 5.8: Photographs of a cellular alginate gels after 3 weeks of culture in static, 

Re 5.8 and Re 21.8 mixing intensities. Visually it can be seen that increasing mixing 

intensity has a large effect on overall shape on constructs. Scale bars represent 10mm. 

 

 

Figure 5.9: Plot of wet weight mass for acellular alginate hydrogels over 21 days of 

culture. A “†” denotes a significant difference for static samples compared to 0 day 

unless otherwise specified, a “* ” denotes a difference for Re 5.8 compared to 0 day, a 

“#” denotes differences in Re 21.8 compared to 0 day, and a “∆” denotes differences 

between static, Re 5.8, or Re 21.8 for a given time point. Data represented as mean 

±SD and P < 0.05. 
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5.5 Conclusion 

This study began with the hypothesis that mixing media stimulation would 

enhance construct development. We found that mixing does affect ECM accumulation 

in large volume anatomically shaped TE menisci. The largest effect of mixing was the 

redistribution of ECM and the enhanced homogeneity in large volume constructs. 

However, mixing stimulation was not uniformly beneficial as indicated by DNA and 

ECM loss to the media and increased rate of scaffold degradation. But intermediate 

intensities appear to exist that can be optimally beneficial for construct growth. 

 

5.6 Supplementary Data 

To test the hypothesis that mixing intensity increased the rate of degradation of 

alginate hydrogels, we cultured acellular 2% w/v alginate hydrogels cross-linked with 

0.02 g/mL CaSO4. Constructs were cultured for up to 3 weeks in PBS supplemented 

with .2g/L of CaCl2 to mimic the calcium concentration in DMEM. Upon removal 

from culture at 3 weeks, mixing intensity was found to have had a detrimental effect 

on overall shape fidelity (Fig. 5.8). Wet weights (WW) of constructs throughout 

culture showed (Fig. 5.9) that all samples tended to swell in the first week, especially 

static samples (P < 0.001). Significant decreases in WW also occurred with time for 

all 3 culture groups, with the largest being for the highest mixing intensity (P < 0.05). 

At the later time points, 17 and 21 days, significantly more WW mass was lost with 

each increase in mixing intensity (P < 0.05). 
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CHAPTER 6 

DYNAMIC COMPRESSIVE LOADING OF IMAGE-GUIDED TISSUE 

ENGINEERED MENISCAL CONSTRUCTS 

Submitted to the Journal of Biomechanics 5/14/2010 5 

6.1 Abstract 

This study investigated the hypothesis that dynamic compression loading 

enhances tissue formation and increases mechanical properties of anatomically shaped 

tissue engineered menisci. Bovine meniscal fibrochondrocytes were seeded in 2% w/v 

alginate, crosslinked with CaSO4, injected into µCT based molds, and post crosslinked 

with CaCl2. Samples were loaded via custom bioreactor with loading platens 

specifically designed to load anatomically shaped constructs in unconfined 

compression. Based on the results of finite element simulations, constructs were 

loaded under sinusoidal displacement to yield physiological strain levels. Constructs 

were loaded 3 times a week for 2 hours with 1 hour of intervening rest for up to 6 

weeks.  After 2 weeks of culture, loaded samples had 2 – 3.2 fold increases in 

extracellular matrix (ECM) content and 1.8 – 2.5 fold increases in compressive 

modulus. After 6 weeks of loading, glycosaminoglycan (GAG) content and 

compressive modulus both decreased compared to 2 week cultures by 2.3 – 2.7 fold 

and 1.5 – 1.7 fold respectively, whereas collagen content increased 1.8 – 2.2 fold. 

Prolonged loading of engineered constructs could have altered alginate scaffold 

degradation rate and/or initiated a catabolic cellular response, indicated by 

significantly decreased ECM retention at 6 weeks compared to 2 weeks. However, the 

data indicates that dynamic loading had a strikingly positive effect on ECM 

accumulation and mechanical properties in short term culture. 

                                                 
5 Ballyns JJ and Bonassar LJ. Dynamic compressive loading of image-guided tissue engineered 
meniscal constructs. J Biomech. Under review 2010. 
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6.2 Introduction 

In the United States more than one million surgical procedures are performed 

each year to repair injury to the meniscus [3]. While there have been improvements in 

suturing techniques and medical devices to repair focal lesions [22], no options exist 

for whole meniscal replacement other than cadaveric allograft. To this end, tissue 

engineering techniques have been used in efforts to replicate the complex shape of the 

meniscus and generate constructs that can mimic biochemical and mechanical 

properties of native tissue [27, 29, 142, 166]. 

 Meniscal tissue engineering approaches have primarily focused on repairing 

focal injuries or examining meniscal fibrochodrocyte behavior in various scaffolds 

including agarose [31], poly(ethylene glycol) (PEG) [167], ploy (e-caprolactone) 

(PCL) [30], and poly(L -lactic acid) (PLLA) [161]. Many of these cell seeded 

scaffolds lack the necessary biochemical and mechanical properties necessary to 

withstand implantation in vivo. As such, some type of mechanical conditioning might 

be necessary for engineered constructs before implantation into an animal model.  

Several studies have established that dynamic compression enhances the 

production of extracellular matrix (ECM) and mechanical properties of meniscal 

explants and meniscal fibrochondrocyte-seeded seeded [41, 46, 161, 168] and articular 

chondrocyte-seeded discs [39, 43, 167, 169]. Typical loading regimes included 

compressive strains of 3-20% at frequencies of 0.3-1 Hz over the course of 0.5-14 

days. 

Very few studies have examined the effects of prolonged loading on 

engineered constructs [39, 43, 167], and no studies have attempted to dynamically 

load complex anatomically shaped engineered tissues in dynamic compression. 

Loading anatomically shaped engineered tissues presents several challenges. The first 

is designing a system that can apply loads to the complex shaped of the meniscus. The 
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second is estimating the stresses and strains that result from loading materials of 

complex shape with non-linear, non-elastic properties. As such, the goals of this study 

were to 1) design and fabricate a loading device for compressing anatomically shaped 

menisci; 2) develop and validate a finite element (FE) model to estimate levels of 

deformation necessary to produce physiologic levels of strain in anatomically shaped 

constructs; 3) determine the effect of physiological strains on ECM assembly and 

mechanical properties of tissue engineered (TE) menisci. We hypothesize that 

dynamic compression will enhance ECM and mechanical properties of anatomically 

shaped TE meniscal constructs. 

 

6.3 Methods 

Mold and Loading Platen Design and Fabrication 

Micro computed tomography (µCT) scans of ovine sheep served as a virtual 

negative for mold design as previously described [29, 142]. Briefly, the image was 

visualized as a surface (Microview, GE Healthcare), converted to a solid object 

(Geomagic Studio 4.0, Geomagic Inc., Research Triangle Park, NC) and imported into 

CAD software. In SolidWorks (Educational Edition, Concord, MA) loading platens 

were designed to match the complex surface of the meniscus (Fig. 6.1A&B). The 

CAD design process was similar to mold design using the meniscus as a virtual 

negative. The block was extruded to remove all but the concave surface of the 

meniscus then attached to the loading platen.  A loading tray was similarly designed 

with an impression at the bottom surface to restrict motion of engineered menisci 

under loading (Fig. 6.1). Molds, loading platens, and loading trays were printed out of 

acrylonitrile butadiene styrene (ABS) plastic via fusion deposition modeling platform 

(FDM 3000 Stratasys; Eden Prarie, MN). 
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Molds for generating anatomically shaped TE menisci were made using 

previously described methods [29, 69]. Briefly, bovine meniscal fibrochondrocytes 

were isolated from freshly slaughtered 1-3 day old calves by 0.3% collagenase 

digestion. Cells were then seeded into sterile 2% w/v low viscosity high G-content 

alginate at 50x106 cells/mL. The alginate-cell suspension was combined with 0.02 

g/mL CaSO4, and injected into mCT/MRI based ABS plastic molds of ovine menisci. 

Molds were allowed to post-crosslink in 60 mM CaCl2 for 20 minutes so that gels 

could be removed intact. 

 

 

Figure 6.1: 3D printed ABS plastic parts generated via µCT data used for injection 

molding (top) and dynamic compression in custom bioreactor (bottom). 

 

Dynamic Loading Conditions 

Determining the appropriate loading regime for anatomically shaped hydrogel 

is challenging due to the complex geometry and material behavior. In vivo 
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measurements of meniscal displacements found that under full body weight maximal 

meniscal horns displacements range from 0.7-0.8 mm [21]. To estimate the stresses 

and strains resulting from displacements, we developed a linear poroelastic finite 

element (FE) model of meniscal alginate scaffolds undergoing unconfined 

compression using COMSOL MULTIPHYSICS software (COMSOL, Burlington, 

MA)(Fig. 6.2&6.3).  This model was developed using previously described methods 

[44]. Briefly, the model was of the same 3D meniscus solid used to fabricate the 

injection molds and contained 6,419 tetrahedral elements that yielded a total of 

141,504 degrees of freedom. The scaffold was assumed to be 98% porous, with 

Poisson’s ratio of 0.167 and an average solid density of 1240 kg/m3 [44]. The 

constructs was simulated to be fully hydrated with the fluid having an assumed 

viscosity of 0.001 Pa s and a density of 1000 kg/m3. Boundary conditions (Fig. 6.2) 

allowed displacement to occur freely on the concave loaded surface (Fig. 6.2A) and 

along the free faces (Fig. 6.2B), but was fixed along the Z-axis and free along X and 

Y-axis on the bottom supported surfaces (Fig. 6.2C). Loading was simulated using an 

impermeable frictionless loader with fluid movement allowed at the free surfaces (Fig. 

6.2B). 

 

Figure 6.2: Boundary conditions for linear poroelastic FE model. (A) loaded surface 

exposed to sinusoidal wave form (blue), (B) free surfaces from which fluid can leave 

and enter the sample (green), and (C) supported bottom surface fixed along the Z-axis 

(pink). 
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Fluid/solid interactions in loaded alginate constructs were modeled via time 

dependent coupled pore pressure/effective stress analysis using the structural 

mechanics and chemical engineering modules of COMSOL MULTIPHYSICS as 

previously described [44]. Based on the FE analysis we created a low loading regime 

(171 µm group) and a high loading regime (352 µm group) with maximum imposed 

displacements of 342 µm and 704 µm respectively. The FE model (Fig. 6.3) predicted 

compressive strains of 7% and 15% for 171 µm and 352 µm groups respectively for 

the majority of the concave surface on the meniscus. The compressive strains 

calculated by our FE model were within the range of strain values used in other 

dynamic compression studies [39-41, 46, 170]. 

Anatomically shaped constructs were exposed to three different loading 

conditions, static free swell culture (n = 24), 171 µm group (n = 12), and 352 µm 

group (n = 20). Engineered menisci were loaded via custom bioreactor (Fig. 6.1) three 

times a week for 2 hrs at 1 Hz with an hour or rest in between loading cycles. The 171 

µm group was compressively loaded under sinusoidal displacement control with a 171 

µm offset and a 171 µm amplitude, while the 352 µm group had a 352 µm offset and 

352 µm amplitude. The bioreactor was also fitted with an iLoad TR Digital 10 lb. 

Load Cell (Loadstar Sensors, Fremont, CA) to measure loads throughout culture. All 

constructs were incubated in DMEM with 10% FBS, 100 U/mL penicillin, 100 mg/mL 

streptomycin, 0.1 mM non-essential amino acids, 50 mg/mL ascorbate, and 0.4 mM L-

proline medium for up to 6 weeks. Culture medium was changed three times a week 

and saved for biochemical analysis. 
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Figure 6.3: Predicted compressive strains (top), stresses (middle), and Von Mises 

stresses (bottom) for high (352 µm) and low (171 µm) imposed displacement groups. 

 

Post Culture Sample Analysis 

To determine the extent to which dynamic compression affected the shape of 

TE menisci, upon removal from culture engineered menisci were photographed, 

weighed and scanned via laser triangulation distance sensor (OADM12 Laser, Baumer 
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Ltd., Southington, CT) using the Fab@Home printing platform. 3D scans were taken 

at a resolution of 100 x 100 x 78 µm (x – y – z). Scanned data was used for geometric 

shape comparison in Qualify v8.0 (Geomagic, Research Triangle Park, NC) as 

described previously [142]. 

Engineered menisci were then processed for histology, biochemistry, and 

mechanical analysis as described previously [29]. Briefly, cross-sections were cut and 

fixed in 10% buffered formalin with 1mM CaCl2 to prevent gel solubilization [134]. 

Fixed sections were then stained with Safranin-O to observe glycosaminoglycan 

(GAG) formation and picrosirius red to observe collagen localization. Picrosirius red 

stained samples were exposed to polarized light to observe collagen fiber organization. 

For each sample, 6mm diameter and 1mm thick plugs were cut from the face, 

center, and bottom of sample surfaces. Plugs were used for mechanical analysis and 

excess surrounding tissue from respective spatial locations was used for biochemistry. 

Excess tissue was weighed to obtain the wet weight (WW), frozen, lyophilized, 

weighed again to obtain the dry weight (DW), and digested in papain [131]. As 

described previously [69, 129] equilibrium modulus was determined via stress 

relaxation tests by imposing 10 x 50 µm steps on the gels and fitting resultant loads to 

a poroelastic model (EnduraTech; Electroforce (ELF) 3200 System, Minnetonka, 

MN). A modified DMMB dye assay at pH 1.5 [132] was performed to determine 

GAG content in both TE constructs and culture medium. The hydroxyproline assay 

was used to measure total collagen content [133]. DNA content was measured via 

Hoechst dye assay [131]. 
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Statistics 

Data were analyzed by 2-way ANOVA using Tukey t-test for post-hoc 

analysis. All statistical analyses were implemented with Sigmastat version 3.0, and all 

data are expressed as mean ±SD. 

 

6.4 Results 

FE Model 

Predicted compressive stresses were highest at thin regions of the meniscus for 

both 171 µm and 352 µm groups with peak stresses of -3 kPa and -8 kPa respectively 

(Fig. 6.3 row 2). Integrating over the loaded surface (Fig. 6.2A) at maximum 

displacement yielded a max load of 1.09 N (0.74 kPa) and 1.25 N (1.52 kPa) for 171 

µm and 352 µm loading conditions respectively. The applied loading protocol did 

result in relatively large tensile stresses in the thin regions of the meniscus based on 

von Mises stress calculation with values of 2.5 kPa and 6 kPa occurring at maximum 

displacement for 171 µm and 352 µm loading groups (Fig. 6.3 row 3). 

 

Construct Shape Fidelity and Composition 

All groups of engineered constructs retained shape for the duration of culture 

(Fig. 6.4 column 1). Heat maps of deviation show that static samples had little to no 

change in surface fidelity while loaded constructs had increasing surface deviation 

with culture time. The fraction of points that were within ±10% of the target height 

was constant throughout culture for all culture groups (35% – 40%) except the 171 µm 

group which had a decrease at 2 and 6 weeks (31.5% and 28.2% respectively, P < 

0.01)(Table 6.1). At weeks 2 and 6 both loading groups had fewer points that fell 
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within ±10% error that statically cultured samples (P < 0.05). However, despite the 

decrease in points that were within ±10% of target height, all culture groups 

maintained the target volume of 1.5 mL and maintained construct mass through out 6 

weeks of culture with the exception of 171 µm 6 week constructs (Table 6.1). 

All constructs increased in opacity throughout culture, particularly at the horns 

of loaded constructs at 6 weeks (Fig. 6.4 column 1). Safranin O staining showed a 

large accumulation of GAG occurring as early as 2 weeks in both loading groups that 

was not observed in static samples until week 6 (Fig. 6.4 column 3). However, after 6 

weeks of culture there was a decrease in GAG localization from 2 weeks in both 

loading groups. Collagen accumulation followed similar trends, with collagen bundles 

in loaded samples visible as early as 2 weeks, compared to static constructs that did 

not show staining for collagen until week 6 (Fig. 6.4 column 4). 

The Effect of Dynamic Compression 

The most surprising finding was the observed increase in compressive 

equilibrium modulus by 1.8-2.5 fold for loaded constructs compared to static samples 

after just 2 weeks of culture (P < 0.01) (Fig. 6.5). Increased compressive modulus at 2 

weeks coincided with a 70% increase in peak to peak stress during stimulation for 352 

µm samples at 11 days compared to 2 days and a 90% increase for 171 µm samples at 

2 and 3 weeks compared to 2 days. The increased mechanical performance at 2 weeks 

did not continue with prolonged loading, with a significant decrease in compressive 

modulus from 2 to 6 weeks for both samples (P < 0.05) as well as a decrease in peak 

to peak stress (Fig. 6.5). 
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Table 6.1: Shape fidelity data for cultured samples represented by the number of 

points from deviation heat maps that fell within ±10%, construct volume (target 

volume 1.5 mL), and construct mass. “* ” = difference from 0 week, “+” = difference 

from static, “%” = difference from 352 µm where P < 0.05. 
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Figure 6.4: (column 1) Photographs of static, 171 µm, and 352 µm groups across 6 

weeks of culture, scale bar = 5mm. (column 2) Deviations heat maps of cultured 

samples, hot colors represent positive errors while cool colors represent negative 

errors. Each bin represents 5% error from target height. Computationally rendered 

images from laser scan data yielded surface to surface deviations between native tissue 

and engineered constructs with errors ranging from -4.3 to 3.9 mm and the majority of 

deviations between ± 593 µm. (column 3) Tissue sections stained with Safranin-O at 

200X original magnification and (column 4) tissue sections stained with picrosirius 

red at 200X original magnification under polarized light for engineered cartilage at 0, 

2, or 6 weeks. Scale bars for stained sections represent 100 µm. 
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Figure 6.5: Compressive equilibrium modulus, GAG content, collagen content, and DNA 

content found in engineered constructs (column 1) and cumulative release to the culture 

medium (column 2) for different culture conditions. Peak to peak stress (column 2) was 

calculated by dividing the measured load cell force by the contact area of the loading platens. 

“*” = difference from 0.29 week cultures, “#” = differences from 2 week cultures, “+” = 

difference compared to respective static time point, “$” = difference compared to respective 

171 µm time point. In column 2 a “∆” denotes a significant difference between media values 

for that given time point, and the remainder denote differences between respective time points 

for a given culture condition: “+” = static, “$” = 171 µm, and “%” = 352 µm. Data presented 

as mean ±SD and P < 0.05. 
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Biochemical analysis of these constructs showed a 2.4-3.2 fold increases in 

GAG content for both loading groups at 2 weeks compared to static controls (P < 

0.001) (Fig. 6.5). GAG retention (i.e. fraction of synthesized GAG remaining in the 

sample) at 2 weeks to be 25%, 60%, and 56% for static, 171 µm, and 352 µm groups 

respectively. However, at 6 weeks there was a significant drop in GAG content for 

both loading groups (P < 0.001) as well as a significant increase in GAG lost to the 

media (P < 0.05). The combined effects of increased GAG loss to the media and 

decreased content in the construct resulted in lower GAG retentions of 11%, 12%, and 

9% for static 171 µm, and 352 µm groups respectively. 

Unlike mechanical properties and GAG content, collagen continued to 

accumulate in constructs throughout 6 weeks of culture for all culture conditions. A 2-

2.8 fold increase in collagen content for both loading groups was observed at 2 weeks 

compared to static controls (P < 0.05) (Fig. 6.5). Over the course of 6 weeks 352 µm 

loaded constructs lost significantly more collagen to the media than either static and 

171 µm culture groups (P < 0.01) (Fig. 6.5). The high collagen loss to the media had a 

negative effect on collagen retention for the highest loading condition with retention 

being 24%, 29%, and 13% at 2 weeks and 21%, 18%, and 7% at 6 weeks for static, 

171 µm, and 352 µm groups respectively. 

Despite the higher ECM content and mechanical properties at 2 weeks for both 

loading groups there was a decrease in DNA compared to static controls at 2 weeks (P 

< 0.05) (Fig. 6.5). However, DNA content rebounded at 6 weeks for 171 µm 

constructs but not for 352 µm constructs. Cumulative DNA content accumulation in 

the media was greatest for the 352 µm group, while all static and 171 µm groups were 

similar. 
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6.5 Discussion 

This study investigated the hypothesis that dynamic compression alters the 

composition and mechanical properties of anatomically shaped tissue engineered 

menisci. We found that dynamic compressive simulation greatly enhanced matrix 

accumulation in constructs after just 2 weeks of culture (Fig. 6.4&6.5), and yielded 

samples with a compressive modulus that was 60 – 80% of native tissue [29] (Fig. 

6.5). However, prolonged dynamic compression decreased mechanical properties, 

decreased GAG content in constructs, and enhanced the loss of ECM to the culture 

media (Fig. 6.5). These results demonstrate the potential for dynamic compression to 

enhance the performance of engineered tissues. However, dynamic compression 

stimulation still needs to be carefully optimized to prevent the negative effects that can 

ensue with longer cultures times. 

Dynamic compression has been previously used to stimulate engineered and 

native tissues in simple geometries, upregulating ECM production using both meniscal 

fibrochondrocytes and articular chondrocytes [39, 41, 43, 46, 167-169]. In this study 

we wished to design a system capable of dynamically compressing an engineered 

tissue with complex geometry. This complex geometry combined with the non-linear 

mechanical behavior of hydrogels makes predictions of local stresses, strains, 

pressures, and fluid flow a challenge. As such, we developed a linear poroelastic FE 

model to predict the physical stimuli resulting from the imposed displacements. The 

validity of the model was confirmed by comparing peak-to-peak stresses on day 2 of 

cultures. Predictions of peak-to-peak load for the FE model (2.25 N) were similar to 

those measured experimentally (2.07 ±0.49 N) for the 352 µm condition (Fig. 6.5). For 

the 171 µm loading condition FE model estimates were higher than measured 

experimentally (1.1 N vs. 0.51 ±0.49N), which may be due to the fact that the 

measured loads were near the limit of the load cell’s resolution. 
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Dynamic compression stimulation was used in this study because of positive 

results found in prior studies using this type of stimulation of articular cartilage [39, 

40, 46, 170]. The observed 2-3.2 fold increase in matrix accumulation and 1.8-2.5 fold 

increase in mechanical properties correspond to findings from these previous studies. 

The loss of DNA from constructs observed in the 352 mm condition could be due to 

compression-induced fluid flow, forcing cells out of the engineered tissues. The loss 

of DNA content in alginate constructs could be slowed down by providing cell 

attachment sites via binding peptides not currently present in these hydrogels. 

 The decrease in GAG and compressive modulus from 2 to 6 weeks was 

striking. In addition to the loss of DNA noted above, we speculate that other 

mechanisms contribute to the decreased mechanical properties in 6 week dynamically 

compressed samples. Dynamic compression stimulation could be increasing the rate of 

degradation of the alginate scaffold and also be forcing out newly formed matrix via 

convective flow induced by compression. This assumption is based on prior work 

done with mixing media stimulation [171], where higher mixing intensities increased 

the rate of alginate construct degradation. Another possible cause for decreased tissue 

performance after 6 weeks of dynamic loading could be an induced catabolic cellular 

response. Studies of meniscal tissue explants [46] and articular chondrocytes seeded in 

RGD agarose [170], RGD PEG [167], and peptide hydrogel [40] have found that 

exposing cells to dynamic strains of 20% or higher and extended continuous loading 

(i.e. 12-48 hrs) results in cell loss from the construct, increased gene expression of 

matrix metalloproteinases, and increased ECM loss to the media. Collectively the 

studies suggest that continuous mechanical stimuli may not be optimal for engineering 

tissues. As such, optimizing duty cycle of loading duration may be necessary to 

achieve more functional tissue. 
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 This study began with the hypothesis that dynamic compression stimulation 

would enhance construct development. We found that dynamic compression has 

positive effects on mechanical properties and biochemical composition at early time 

points, but that these effects did not persist with continued loading. As a result, further 

investigation needs to be done to elucidate the mechanisms for decreased performance 

by engineered tissue under extended displacement loading. 



 

113 

CHAPTER 7 

CONCLUSIONS  

 This dissertation studied the effect of mechanical stimulation on the 

mechanical properties and matrix content in TE menisci that were produced by image-

guided fabrication methods. Ultimately, the effects of media mixing and dynamic 

compression were studied.  This dissertation completed four tasks.  First, a method of 

fabricating anatomically shaped menisci was developed and then baseline behavior 

was assessed under static culture conditions (Chapter 3).  Second, a method to 

measure the geometric accuracy of these constructs was developed to confirm claims 

that patient specific implants could be made via image-guided tissue engineering 

(Chapter 4). Third, Chapter 5 examined the effects of media mixing on TE menisci 

over a wide range of mixing intensities (Re 0.5 – Re 21.8). Fourth and finally, Chapter 

6 investigated the hypothesis that dynamic compression stimulation will enhance 

ECM content and mechanical properties in anatomically shaped TE menisci. This 

chapter discusses the main findings from these studies and presents ideas for future 

research that emerge from the work presented here. 

 Chapter 3 documented the development of an image-guided TE approach 

based on widely used medical imaging modalities and tissue injection molding 

techniques. Previous tissue engineering studies on meniscal tissue engineering have 

focused on simple geometries or were limited to generating anatomically shaped 

molds from simple impression molds. This technique demonstrated a way to acquire 

patient specific geometry that was non-invasive and could be applied to many other 

tissues and organs, including cartilage, bone, skeletal muscle, cardiac muscle, and 

neural tissue. Anatomically shaped constructs were achieved using 2% w/v alginate 

mixed with 2% w/v CaSO4 in a 2:1 ratio respectively and allowed to crosslink for 20 

minutes in a 60 mM CaCl2 bath. These constructs were able to remain viable for 8 
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weeks of static culture achieving an equilibrium compressive modulus that was 50% 

of the native tissue. Constructs maintained shape fidelity throughout culture, but had 

what appeared to be a more opaque necrotic center. After biochemical analysis, the 

opaque center was found to have the highest concentration of matrix throughout the 

bulk of the tissue. As a result of this work, two goals were pursued in tandem.  First, 

develop a method to measure the accuracy of engineered menisci and second, to study 

the effects of media mixing on the spatial ECM composition of these large volume 

hydrogels. 

 The method presented in Chapter 4 was developed to confirm that injection 

molding and 3D tissue printing could generate anatomically accurate tissues based on 

medical imaging modalities such as MRI and µCT. It is commonly found in the 

literature that studies which claim to produce anatomically shaped engineered tissues 

then present little or no data comparing the accuracy of the engineered tissue to the 

tissue’s native geometry. Since this dissertation also claims to have engineered 

anatomically shaped TE menisci, it seemed appropriate to both compare the geometry 

to the native tissue, as well as design a method that would allow for automated and 

quantitative geometric comparisons. Utilizing a commercially available laser 

triangulation distance sensor and image processing software, it was possible to digitize 

the geometry of the hydrogel and compare it to a digital rendering of the native tissue 

using previously established points of interest [150]. This research found that both 

injection molding and 3D printing could produce anatomically accurate TE menisci 

with high geometric fidelity using either MRI or µCT imaging modalities. Both 

fabrication techniques demonstrated good repeatability, though injection molding was 

the more reliable method with superior shape accuracy. Molds based on µCT images 

performed better than MRI-based molds, but this could be a result of the imaging 

resolution as well as the different imaging environment (i.e. MRI images in the knee 
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while µCT image excised tissue that is unloaded). Improving the shape fidelity of TE 

constructs in future research depends on further development of control feedback 3D 

printing to minimize deviation from native tissue as well as improved MRI technology 

that can generate high-resolution scans which can be undertaken given clinical time 

restraints. 

 While media mixing is commonly used in tissue engineering studies with 

articular chondrocytes to improve nutrient transport, little research has been 

undertaken which studies meniscal fibrochondrocytes in large volume constructs. 

Chapter 5 examined the effects that different media mixing intensities have on 

anatomically shaped TE menisci. Media mixing resulted in more homogeneous ECM 

distribution and mechanical properties throughout the engineered tissue. It was also 

observed that lower mixing intensities (Re 0.5 and 2.9) increased both ECM content 

and mechanical properties in engineered tissues, while higher mixing intensities (Re 

5.8, 10.2 and Re 21.8) decreased mechanical properties despite an increase in ECM 

content. Even though there was an increase in GAG content for turbulent mixing 

intensities (Re 10.2 and Re 21.8), there were no increases in compressive properties. 

As such we hypothesized that media mixing altered the rate of alginate degradation. A 

test done with acellular alginate hydrogels confirmed than alginate degradation rates 

increased with amplified mixing intensity. This conclusion of the research presented in 

Chapter 5 was that media mixing can be modulated to optimize construct growth. 

 Chapter 6 reviewed the research that attempted to design a system to 

dynamically compress anatomically shaped TE menisci. This study investigated the 

hypothesis that dynamic compression enhances ECM content and mechanical 

properties of TE menisci. Previous work has studied the affects of dynamic 

compression on articular chondrocytes and meniscal fibrochondrocytes in simple 

geometry small volume plugs resulting in increased ECM production [39, 41, 43]. 
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Anatomically shaped TE menisci had significant increases in matrix accumulation and 

a compressive modulus that was 60 – 80% of native tissue. However, prolonged 

compressive loading decreased mechanical properties, decreased GAG content in 

constructs, and enhanced the loss of ECM to the culture media. The decreased 

mechanical performance of engineered constructs could be due to an increased rate of 

alginate degradation, as seen in the media mixing study, or an induced catabolic 

cellular response. Studies of meniscal tissue explants and articular chondrocytes 

seeded in various scaffolds have yielded similar results when exposing cells to 

dynamic strain of 20% or high and extended continuous loading (i.e. 12 – 48 hrs). 

These results demonstrate the potential of dynamic compression to enhance the 

performance of engineered tissues, but suggest that continuous mechanical stimuli 

may not be optimal for the engineering of functional tissues. 

The studies presented in Chapters 5 and 6 of this dissertation are the first 

attempts to examine the effects of dynamic stimulation on large volume anatomically 

shaped TE menisci. The findings presented highlight 1) the effectiveness of image-

guided fabrication techniques in generating patient specific TE implants (Chapters 3 

and 4), and 2) the potential of mechanical stimulation to enhance tissue growth in 

engineered constructs (Chapters 5 and 6). However, comparing biochemical and 

mechanical data among different culture conditions (Fig. 7.1), we see that the 

compressive behavior of these constructs does not always correlate with GAG content. 

Also observed, the tensile properties are unaffected by ECM composition which is 

likely due to the absences of an aligned collagen fiber network. For higher mixing 

intensities such as Re 5.8, lower compressive properties can be explained by the 

increased degradation rate of the alginate scaffold (Fig. 7.1). Likewise, the decrease in 

GAG content and compressive modulus from 2 to 6 weeks in 352 microns loading 

samples can also be attributed to alginate scaffold degradation which results in not 
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only a release of GAG from scaffolds, but a loss of scaffold mechanical integrity. 

However, in comparing statically cultured samples to Re 2.9 constructs, very similar 

amounts of GAG are accumulated in these engineered tissues.  However, Re 2.9 have 

a significantly higher compressive modulus at 6 weeks (Fig. 7.1) The only difference 

between the Re 2.9 culture group and the static group is the collagen content—as 

denoted by the hydroxyprolein content—in which Re 2.9 has significantly more 

collagen than static samples at both 2 and 6 weeks. 

 

Figure 7.1: GAG content, hydroxyprolein (Hypro) content, compressive equilibrium modulus 

and tensile modulus for engineered tissues exposed to varying culture conditions at 0.29, 2, 

and 6 weeks. 

 It has long been known that the mechanical properties of articular and fibro-

cartilage are a result of the composition and organization of the ECM. The 

compressive properties are primarily a result of the GAG content and tensile 

properties, dependent on the collagen content and fiber orientation. In order to better 
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explain the influence of each ECM component and how it contributes to the 

compressive equilibrium modulus of the tissue engineered menisci generated in this 

dissertation, the rule of mixtures was applied.  This rule is represented 

by: lg( ) [ lg]( ) [ ]( ) [ ]( )A GAG ColE t E A t E GAG t E Col t= + + . Where EAlg is the modulus 

constant for alginate, EGAG is the modulus constant for GAG, ECol is the modulus 

constant for collagen, [Alg](t) is the amount of alginate in the construct as a function 

of time, [GAG](t) is the concentration of GAG as a function of time, and [Col](t) is 

the concentration of collagen in the construct as a function of time. The exponential 

growth and decay equations for alginate, GAG, and collagen were fitted to the data for 

each culture condition based on work by Wilson et al. the data which can be found in 

Appendix E [172]. 

 

Figure 7.2: E(t) model using rule of mixtures for static, Re 2.9, Re 21.8, and 352 microns 

(lines) along side measured compressive modulus values. 

The model fits where entered into the compressive modulus equation, E(t), for 

each respective culture condition. The constants EAlg, EGAG, and ECol were found by 



 

119 

fitting the model to the static free-swell culture condition resulting in 1.5 kPa/g, 45 

kPa, and 130 kPa for each, respectively. These values were then used for the Re 2.9, 

Re 21.8 and 352 microns culture conditions E(t) models (Fig. 7.2). Surprisingly, 

collagen plays a large roll in contributing to the compressive properties of engineered 

constructs as indicated by the higher compressive modulus in Re 2.9 group compared 

to static controls which have similar GAG content, though the Re 2.9 group did have 

more collagen. GAG content has typically been considered to be the highest 

contributor to compressive modulus based on theories describing articular cartilage. 

However, in the meniscus, GAG makes up only 2 - 3% of the dry weight matrix [8, 9] 

which is 5 times below what is found in articular cartilage [173]. The meniscus have a 

compressive modulus that is ½ that of AC [9, 173], meaning that the collagen matrix 

must be providing some type of compressive support as it does not follow the same 

behavior as would be expected in articular cartilage. Further support from our model 

shows that collagen plays a crucial roll in compressive properties and can enhance the 

modulus when coupled with a stable scaffold and/or enhanced GAG accumulation. 

The model estimations predict the compressive properties at longer time points 

very well (i.e. 6 and 8 weeks). In addition, we have also learned by modeling the 

compressive equilibrium modulus as a rule of mixtures system that scaffold integrity 

plays a larger role in the overall mechanical properties of engineered menisci than 

previously thought. As the scaffold breaks down, not only are more cells and ECM 

components lost to the media, but their ability to provide resistance in compression is 

also negated to a much greater degree. 

Media mixing and dynamic compression are two different ways to approach 

the same problem. Media mixing was used to improve transport and removal of 

nutrient and waste products, while dynamic compression served as a direct mechanical 

stimulus to amplify ECM production by the cells. The data suggest that direct 
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mechanical stimulation is a more effective form of stimulation that can cause more 

rapid increases in ECM and compressive properties. However, media mixing can serve 

as a more passive form of dynamic stimulation for engineered constructs that are not 

being dynamically loaded, particularly at lower mixing intensities.  

While both forms of stimulation had a range (i.e. mixing intensity or time) where 

tissue properties were improved, large problems still exist in using these forms of 

stimulation.   For example, media mixing and dynamic compression with unmodified 

alginate gels resulted in significant cell loss and ECM loss to the media. Higher 

mixing intensities and continuous compressive loading resulted in poor compressive 

properties at later time points. The similarities between these two very different forms 

of mechanical stimulation suggest the imperative nature of proper modulation and 

optimization of exposure to stimulatory forces. In the context of the goals of tissue 

engineering, this dissertation did not produce an engineered menisci capable of in vivo 

implantation, but did exemplify the critical role image-guided TE and mechanical 

stimulation will play as tissue engineering works towards creating tissues that mimic 

what is found in the body. 

 Looking forward, mechanical stimulation is a valuable tool in tissue 

engineering because of its ability to enhance ECM production in meniscal cells. As 

such, this work did not analyze gene expression, as typically performed in other tissue 

engineering studies to verify cell behavior; high amounts of GAG and collagen were 

being produced by cells and it was obvious that gene expression was not a problem in 

this current setup. However, this research does suggest two major problems which 

emerge as a result of mechanical stimulation, both for media mixing and dynamic 

compression. First, although a system now exists that stimulates cells to produce ECM 

nearing values found in native tissue, the synthesized matrix is not being retained in 

the scaffold. Second, mechanical stimulation increases the rate of scaffold 
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degradation, which in turn increases cell and matrix loss to the media. The 

identification of these future issues is a key contribution of this dissertation research. 

Alginate was originally chosen as a scaffold because it is a biocompatible 

material ideal for the image guided fabrication techniques developed in this 

dissertation. Alginate was also selected because it will degrade during in vitro culture. 

Ideally, as the scaffold degrades it is replaced by newly synthesized ECM. Moving 

forward, the challenge will be to figure out the optimal way to further increase ECM 

output from cells. Optimizing ECM production might be accomplished either through 

growth factors or other mechanical stimulation techniques. Along with increasing 

ECM output, cell and matrix retention in the scaffold needs to be increased and could 

be made possible through the modification of alginate with binding peptides or by 

designing a novel composite material. These problems and solutions will be discussed 

in more detail in the next section. 

 

7.1 Future Directions 

This dissertation has developed many new methods for tissue engineering 

anatomically shaped constructs, focusing on the meniscus due to its geometric 

complexity. While key questions are answered by the results presented in this 

dissertation, many questions emerge.  The meniscus is a very complex tissue with an 

intricate collagen network and experiences mechanical stimulation that extends far 

beyond dynamic compression and fluid flow (i.e. media mixing). This section presents 

potential areas of future investigation that would strengthen our knowledge of how to 

generate tissue engineered menisci that mimics native tissue. 
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Introduction of growth factors 

 This research did not introduce any growth factors that are known to induce a 

biochemical response in meniscal fibrochondrocytes similar to that which was 

observed with mechanical stimulation. Research has only just begun to examine these 

effects in statically cultured samples supplemented with insulin-like growth factor-I 

(IGF-I). TGF-β and IGF-I are two growth factors known to upregulate matrix 

synthesis in articular chondrocytes [174] and meniscal fibrochondroctyes [127, 175]. 

Future work should look to combine growth factor stimulation with mechanical 

stimulation to see if there is a synergistic effect when both are present during in vitro 

culture. 

 

Altering biomaterial properties 

 Comparing this work in our laboratory to other meniscal tissue engineering 

efforts, when compared to native tissue, alginate hydrogels perform poorly in tension. 

Tensile properties are of particular interest because one of the primary functions of the 

meniscus is to redistribute compressive shock forces through tensile hoop stresses. 

Currently, PCL meshes have been able to generate tensile properties nearing those of 

native tissue, but provide no compressive resistance [30]. Through the use of 3D tissue 

printing alginate could be combined with PCL meshes to produce a composite 

material that is able to withstand hoop stresses when exposed to an in vivo-like loading 

regime. Generating a composite construct with PCL and alginate would also provide 

ligament/suture attachment sights necessary for future animal studies, which are not 

currently present in alginate hydrogels. 

 Another area of future research should attempt to limit the amount of cell loss 

to the media from TE menisci. Dynamic compressive loading results in significant cell 
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loss in many different biomaterials such as alginate, agarose, PEG, etc. Altering the 

loading protocol to loading constructs every other day has shown to decrease construct 

cell loss, but more research could be conducted to modify the scaffold chemistry so 

that this result could be prevented. One possibility is to modify the alginate hydrogels 

with Arginine–glycine–aspartic acid (RGD) to provide attachment sites for cells. By 

providing attachment sites for meniscal fibrochondricyte in alginate scaffolds, I 

hypothesize that two things will happen: 1) more cells will remain in TE menisci for a 

longer period of time, and 2) an increase in ECM content and mechanical properties as 

a result of the synergistic effects of having more cells and providing cell attachment 

sites. Modifying alginate hydrogels with RGD has been shown to increase cell 

sensitivity to mechanical stimulation [167]. With more cells present, more matrix may 

be generated and could be modified according to the stimuli in which they are 

presented. This dissertation provides the foundation for future research for reducing 

cell loss. 

Finally, this research demonstrates that under dynamic compression, much of 

the collagen is being lost to the media. The total collagen produced during the 6 weeks 

of dynamic compression culture neared values close to those in native tissue. Despite 

this achievement, there is a lack of fiber bundles in these tissue engineered constructs. 

I hypothesize that if more of the collagen generated by the cells remained present in 

the scaffold for longer that collagen molecules will be more likely to modify into fiber 

bundles in extracellular spaces. Trapping more collagen in the scaffold may allow time 

for collagen subunits to self-assemble and form fiber bundles with the aid of other 

proteins present, including other collagens, glycoproteins and proteoglycans also 

produced by the cells. Similar to the work done with modifying alginate with RGD to 

bind cells, alginate chemistry could be altered to contain CD36 or CD44 binding sites 

that are capable of attaching to collagen. Another approach could be utilizing 3D 
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printing technology and fibronectin to print concentric layers of fibronectin within the 

alginate construct. Fibronectin is known to bind to cells, collagen, and many other 

ECM components. By printing multiple layers within the alginate scaffold multiple 

barriers will be available for cells and ECM to bind to before being lost to the media. 

These approaches may lead to engineered tissues that better mimic the properties of 

native tissue. 

 

Optimizing mechanical stimulation protocol 

 This study has shown that prolonged compressive stimulation is to TE menisci. 

However, the first two weeks of compressive loading resulted in improved tissue 

properties. Future work should explore different loading protocols to elucidate the 

cause of decreased tissue performance with extended loading times. Cells may be able 

to remodel the tissue and produce more robust engineered constructs if given more 

time to rest after an initial 2 week loading period. These studies have already begun in 

our lab and preliminary results are promising based on gross tissue inspection. 

 Another avenue to explore is implementing a system that provides multi-modal 

stimulation (i.e. compression, tension, shear, and fluid flow). Currently, studies have 

only focused on compression and fluid flow stimulation on meniscal 

fibrochondrocytes. These studies have been limited to simple geometry gels. To move 

forward, this field needs to generate bioreactors that are capable of exposing these 

delicate hydrogels to multiple mechanical stresses to guide tissue maturity for 

implantation into the body. 

This dissertation has clearly presented both the contributions of the research 

presented in this dissertation as well as actionable ideas for future research. It has been 

shown that mechanical stimulation is crucial tool in tissue development. Looking 
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forward mechanical stimulation can be combined with other cell stimulating factors to 

work towards generating a living synthetic meniscal replacement that could have the 

potential to impact over a million American lives each year. 
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CHAPTER 8 

AN INTRODUCTION TO TISSUE ENGINEERING USING HYDROGELS  

Submitted to Science Scope 5/14/2010 6 

8.1 Abstract 

 Tissue engineering is a field that applies the principles of engineering and 

biological sciences to create substitutes for damaged tissue. Tissue engineering is a 

relatively new field in biomedical engineering with a wide variety of applications that 

range from synthesizing living heart valves and kidneys to other tissues like bones and 

ears. This article presents an engaging classroom activity that allows students to learn 

about tissue engineering and replicate research done at Cornell University. The 

inquiry-based instructional unit was designed in collaboration with a New York 

middle school 8th grade science teacher and a Cornell University biomedical 

engineering graduate student. The activities allowed students to get hands on 

experience with hydrogels, injection molding techniques, and allowed them to explore 

how to make various alginate hydrogels with different mechanical properties. The 

ultimate goal of the activity was to make the stiffest gel possible. The overall class 

performance increased from Pre- and Post-Quiz scores (P < 0.001) and all students 

gave the activity a lot of praise that corroborated our observations in the class room. 

This activity can be applied to not only middle school classes but also can be used for 

high school chemistry, physics, or biology classrooms. 

 

8.2 Introduction 

 Being a part of the National Science Foundation’s (NSF) GK-12 program has 

been an honor and highly educational experience. The NSF Graduate STEM Fellows 

                                                 
6 Ballyns JJ, Doran RF, Archer SD, and Bonassar LJ. An introduction to tissue engineering using 
hydrogels. Science Scope 2010; Under Review. 



 

127 

in K-12 Education (GK-12) program paired graduate students in Science, Technology, 

Engineering and Mathematics (STEM) with a middle or high school science teachers. 

This chapter will present the activities I have participated in throughout my year in the 

GK -12 program, the benefits I have gained, and lessons I have taken away from this 

experience, and end with an article submitted to Science Scope on the lesson plan Rob 

Doran (Newfield Middle School science teacher)  and I implemented in his General 

Science class. 

 The Cornell GK-12 Program–Cornell Learning Initiative in Medicine and 

Bioengineering (CLIMB) starts off with a 6 week summer program where graduate 

fellows and teachers are paired to develop curriculum based on the fellow’s research 

and summer research project specially designed for teachers. Also during this time 

fellows and teachers take part in workshops on inquiry based teaching. During the 

academic year the fellow spends approximately a day a week in the classroom acting 

as a science mentor and implementing the curriculum developed. 

These activities are meant to enrich both the teacher and graduate student to 

allow for improved quality in graduate research and classroom teaching. It has been 

reported that the NSF GK-12 program has had a large impact on past Cornell GK-12 

fellows. Their teaching skills were enhanced, there was a positive impact on the 

fellow’s research, as well as increased interest in educational outreach, better time 

management skills, and  improved self-confidence [176]. Like the fellows before me, I 

also shared similar improvements and benefits for being a part of the NSF GK-12 

program. 

As part of the GK-12 program I was given the opportunity to design and 

implement my own summer research project for my partner teacher. In doing so, I was 

also able to hone my training abilities and show research techniques to someone not 

necessarily familiar with tissue engineering. The project consisted of generating an 
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alginate-collagen hydrogel composite by mixing different concentrations of alginate 

and collagen solutions together. The measured outcomes included, mechanical testing, 

geometry measurements, cell morphology inspection via microscopy and second 

harmonic generation microscopy to view collagen bundles. While the project was not 

necessarily a success due to the lack of observable changes in cell morphology, 

geometry or evidence of collagen bundle formation in these composite gels, Mr. 

Doran was able to learn sterile technique, create viable tissue engineered composite 

discs and culture them for up to 2 weeks. If given more time I feel confident that 

together we could have further developed this work to create a composite structure 

that would have yielded the results we were looking for. 

Throughout the academic year I visited Mr. Doran’s class to aid with 

demonstrations and lab experiments. I was also given an opportunity to teach classes 

to practice lecturing and leading experimental lab sessions. Some of the lab 

experiments I participated in at Newfield Middle School included a Mentos© and 

Coke© experiment to teach the scientific method, a density lab using density cubes to 

practice measuring volume and mass to calculate an objects density, a roller coaster 

lab to teach students about momentum, and an optics lab to teach students about light 

properties and fiber optics. Mr. Doran and I also did a forensic investigation lab where 

the class was set up as a crime scene and students acted as the detectives to solve the 

murder of Timmy the baby seal. The students would determine who committed the 

crime based on some clues and a gun shot residue kit. We also provided class 

demonstrations which included a dry ice day to teach students about sublimation and 

phase changes of matter as well as a vacuum demonstration so students could visualize 

Boyle’s Law. The dry ice demo included floating soap bubbles on a CO2 cloud, 

exploding film canisters, a shivering quarter, a screeching quarter, and a CO2 

magnesium sandwich fire. The vacuum demo allowed students to observe pressure 
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volume relationships by watching balloons and marshmallows expand under a vacuum 

as well as altering the boiling point of water. While students were mostly observing 

for the class demonstrations they all seems captivated by what they saw and very 

willing to interact and ask questions. 

Before the GK-12 teaching experience I had only been exposed to teaching 

through a one week CURIE Academy outreach program for high school girls and as a 

teaching assistant for Professor Bonassar’s class entitled, “Biomedical Engineering 

Analysis of Metabolic and Structural Systems”. Before this I was not sure if I was 

interested in teaching. I did enjoy leading lab sessions and aiding students with their 

projects. I also enjoyed guiding and helping undergraduates with their research and 

sharing the joys of their success when it turned out well resulting in accepted abstracts 

or prizes in Cornell research competitions. However, what I did not enjoy was holding 

office hours to go over homework. I now realize that I did not always adequately 

prepare and expected students to ask pertinent questions that would facilitate me 

aiding them with solving problem sets. However, students would come without any 

informed questions and expect the answer to be given to them. Through NSF GK-12 

program I found that students in middle school acted exactly the same way. If they 

arrived at something they did not know they simply raised their hand and said, “I don’t 

know this,” expecting to have the answer given to them. Eventually I changed my 

strategy by preparing a list of questions students should ask when they approach a 

problem so that when they came for help, if they simply said, “I don’t get this,” I 

would have questions to ask them. This eventually led to the student making a 

connection to the material they learned before. By the end of the semester and the end 

of the school year students would stop saying they didn’t understand and instead ask 

for help with an intuitive question. Learning and improving this approach has aided 



 

130 

me in my teaching ability, my mentorship to students in the lab, and also has improved 

my attitude towards teaching. 

I participated in the NSF GK-12 program in my final year of my Ph.D., the 

program did not change my approach to my research or have a large impact on my 

time commitments, as most of my research experiments were completed with the 

exception of some data analysis. None the less, being a NSF GK-12 fellow has been a 

privilege, something I am definitely proud to put on my Curriculum Vitae, and has 

vastly changed my outlook on pursuing a career in academia. Designing the interactive 

curriculum with Rob Doran took a lot of time and effort, but the result was very 

rewarding to me and I hope for the students as well. The curriculum, which is 

presented later, combined with other lab experiments and demonstrations I did in class 

really helped stimulate interests in science. I think the program was very successful 

and gave these students a great opportunity to learn and participate in an activity based 

on university level research. 

 

8.3 Article Background 

Biotechnology has often been a favorite topic in popular culture, while this has 

provided some introduction to the futuristic potential of biotechnology and biomedical 

sciences, it does not often translate to activities that will excite and stimulate students 

academically. Moreover, middle and high school students are not always aware of 

current research and how it benefits mankind. Here we present a three part classroom 

activity that introduces students to examples of research in the field of tissue 

engineering, and allows them to replicate experiments being done in university 

laboratories utilizing alginate hydrogels.  
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Figure 8.1: (A) Example of a point cloud image from an MRI scan being used to 

design a knee meniscus for tissue engineering. (B) Laser scan of a human head to 

generate a tissue engineered ear (C). 

 

What is Tissue Engineering? 

Tissue engineering is a field that applies the principles of engineering and 

biological sciences to create substitutes for damaged or diseased tissue [56]. It is a 

relatively new field with a wide variety of applications that range from synthesizing 

living heart valves and kidneys to generating tissues like bone, ears, and the meniscus 
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of the knee. Relating current tissue engineering research to the health costs associated 

with diseases can help captivate students’ interest. Many students know that 

entertainment icons make millions of dollars annually, but have no appreciation that 

healthcare costs to treat ailments such as heart disease, kidney failure, or various 

musculoskeletal injuries/disease (hip and knee replacements) can range from 1 to 900 

billion dollars annually [177]. At Cornell University, some current tissues being 

modeled include the meniscus of the knee and the human ear (Fig. 8.1) [29]. 

 

Materials used in Tissue Engineering 

Engineered tissues are generated by utilizing biomaterials that mimic native 

properties and can support the biological function of living cells. A biomaterial is a 

non-toxic, synthetic material used to replace part of a living system or function in a 

living tissue usually combined with cells [32, 56]. Hydrogels are a popular type of 

biomaterial used in tissue engineering. They are made of highly absorbent polymer 

networks that contain more than 90% water and have a degree of flexibility very 

similar to natural tissue. Alginate is a hydrogel ideal for tissue engineering 

applications because it is biocompatible with cells and can be injection molded to 

make many shapes and tissues. It is extracted from brown algae or seaweed as a 

viscous liquid and gels when combined with calcium. Some typical uses for alginate 

include as a food additive/thickener or making impression molds of teeth/body parts 

[178].  
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Characterizing the strength of engineered tissue 

It is important to characterize the strength of the engineered biomaterials since 

they have to perform many mechanical functions in the body. Most building materials 

such as steel, aluminum and concrete are treated as linearly elastic materials (Fig. 8.2 

Q6 left plot) i.e. they deform linearly when exposed to stress, and return to their initial 

position when the stress is removed. However, alginate and many other soft tissues in 

the human body are viscoelastic materials (Fig. 8.2 Q6 right plot). A viscoelastic 

material has both viscous and elastic properties, but is dependent on time, temperature, 

stress and strain rates. Stress and strain can be used as an evaluation tool to compare 

materials. Stress is defined as a force that produces strain on a body and can be 

represented mathematically as:
Force

Stress
Area

= . Strain is a measure of how much a 

material deforms (i.e. compresses or elongates) for a given stress. By plotting stress 

vs. strain one can calculate the stiffness of a material as the slope of the linear curve 

[179]. This is important since, a stiffer tissue engineered construct would be more 

appropriate for a knee cartilage that has a high mechanical load versus ear cartilage 

which does not. 

8.4 Tissue Engineering Activity 

The instructional unit was designed in collaboration with a New York State 

middle school 8th grade science teacher and a Cornell University biomedical 

engineering graduate student. The activity took an inquiry based approach, where 

students were engaged in open ended, student centered discovery. In this three part 

activity foundation lectures and demonstrations were presented on the first day. This 

gave examples of how tissue engineering can be used in medicine and to repair the 

human body and taught the concepts of biomaterials, hydrogels, stress, force, and 

linear elastic vs. viscoelastic materials. In the second part, students made alginate 

molds of sheep menisci alginate sheets, and cylinders. Then on the 3rd day, they were 
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provided with different concentrations of alginate and different types of cross-linkers 

to experiment and explore what combinations would result in the stiffest gel. The 

activities allowed students to get hands on experience with hydrogels and injection 

molding techniques. Students were given a Pre- and Post-Quiz to evaluate what they 

learnt from the class lecture and activities (Fig. 8.2). They were also given an open 

ended question to write what they thought of the lesson. This activity can be applied to 

not only middle school general science classes but also to high school chemistry, 

physics, or biology classrooms. 

 

Figure 8.2: Quiz given to student before and after 3 day lesson. 
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Figure 8.3: Hand out for students with a list of materials and instruction for the first 

alginate activity. 
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8.5 Alginate Activity #1 

Materials and Teacher Preparation 

A list of materials for each group is given in Fig. 10.3. During this activity 

each group was supplied with a 15 mL conical tube and a set of 130 mm x 130 mm 

glass plates with 1 mm thick aluminum spacers. The conical tube was used to make a 

solid cylinder of alginate and a sheet of alginate was made using the glass plates and 

spacers (Fig. 8.4A).  

 Before class, the teacher should prepare the 2% weight/volume (w/v) alginate 

with de-ionized or distilled water using a magnetic stir bar. For a class of 60 students 1 

L of alginate is recommended and it should be stored in the fridge overnight. The 

alginate solution will typically keep for up to 2 days. The 2% w/v CaSO4 (medium 

speed crosslinker) and 2% w/v CaCl2 (rapid crosslinker) should be made the morning 

of the activity and can be mixed using tap water. It is recommended to make 500 mL 

of CaSO4 and 1 L of CaCL2, as the CaCl2 will typically need changing after 2 or 3 

uses. 

 

Performing the Activity 

 The class was allowed to form their own groups of 2 or 3 and then shown a 

demo of how to properly draw up alginate solutions in a syringe, remove air bubbles, 

and mix solutions before rapidly injecting them into the molds. It is critical to start 

with the injection mold as this will take 20 minutes to gel even while soaking in the 

rapid CaCl2 crosslinker. Following injection into the molds, students were then 

instructed to make an alginate sheet followed by an alginate cylinder. The alginate 

cylinders should be made using 6 mL of alginate and 3 ml of CaSO4 that has been 

mixed 4 times and rapidly injected into the conical tube. After injecting the alginate 
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into the tube, a few mL of CaCl2 should be added to the top then let it sit for 7-10 

minutes. 

 After allowing the alginate sheet to gel for 5 minutes, students can biopsy 

alginate discs and observe how the discs become stiffer when exposed to a secondary 

crosslinker, CaCl2. They can also observe the viscoelastic behavior with the large 

alginate cylinder and injection molded meniscus as they squeeze and release it gently 

allowing water to leave and slowly re-enter the structure as it returns to its original 

shape. 

 

 

Figure 8.4: (A) Layout of materials used for alginate activities which include (starting 

from the left) glass plates with 1mm thick aluminum spacers, syringe tip, 3-way 

stopcock, 2 syringes, green biopsy punch, white silastic mold, blue ABS plastic mold, 

and 15 mL conical tube. (B) Assembled injection molding system. (C) Successfully 

molded menisci held by student and alginate sheet. Loading device (D) and a 

successfully loaded alginate gel in conical tube (E). 
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8.6 Alginate Activity #2 

Materials and Teacher Preparation 

 For activity #2 preparations are the same, note the additional alginate solutions 

that need to be prepped the night before, new crosslinker solutions to be made the 

morning of the activity, and the updated list of materials in Fig. 8.5. Groups will be 

given three 15 mL conical tubes, an additional 15 mL conical tube with the bottom 

end sawed off, as well as a set of small weights (ranging from 5 – 100 g) that can fit 

through the open end of the conical tube or a different loading system such as the one 

we designed for the class (Fig. 8.5). Food coloring should be used for the different 

alginate concentrations to help distinguish between different alginate concentrations. 

The objective of the second activity is for students to find a formulation (with any 

mixture of alginate concentration and crosslinker) that produces the strongest gel and 

to develop a method of characterizing how much stronger it is from other gels (using 

weights or loading system).  

 

Performing the Activity 

  A demonstration of the compression test was done using an alginate cylinder 

made in Activity 1 with a conical tube. Compression tests were performed with the 

loader designed by the authors (Fig. 8.4D). The loader consisted of a long lego block 

(sized to fit in the tube) with a weight fixed on the end totaling 86 g (Fig. 8.4D-E). 

Students cut the ends of the gel so that they were parallel. The gel was then placed in 

the cut tube, held so that the top of the tube was firmly against the table, and the height 

of the gel was measured. The loader was then gently placed on the gel through the 

sawed off end and students measured how much the gel compressed (change in height) 

or recorded the test as a failure if the gel could not support the load (Fig. 8.4E). 



 

139 

Students could then use these measurements to calculate stress and strain using the 

formulas provided (Fig. 8.5). 

For students having difficulty getting started, it was helpful to have them select 

their favorite color of alginate. Once the first choice was made the students were 

motivated to try new combinations, regardless of whether the gel failed or not. It is 

important to be conscious of time since almost every group did not want to stop testing 

new combinations. The goal was to have each group make 3 gels with at least one 

successful load test. 

 

8.7 Results 

Class Performance 

 Students reacted very positively to all parts of the lesson plan, even the 

introductory lecture where specific comments were made about how much they liked 

seeing pictures of current research and learning about the money involved in 

healthcare costs (Fig. 8.7). Most students were able to make intact menisci gels from 

the first activity as well as observe the change in stiffness when exposing alginate to 

CaCl2 (Fig. 8.4C). All but one group generated an alginate cylinder that could pass the 

loading test. None of the students performed the strain calculations, but approximately 

half of the groups did do comparisons between the different alginate cylinder 

displacements. Other hydrogel observations included comments on the clarity, 

consistency, and stiffness to the touch. 
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Figure 8.5: Student Material List and Directions for Activity #2. 
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Figure 8.6: Student Pre- and Post-Quiz performance showing a significant increase in 

the number of correct answers (Left plot) after the lesson which was due to improved 

answers to the first 3 questions (Right plot). A “●” denotes an outlier and a “*” 

denotes statistical significance P < 0.001. 

 

 Before administering the first part of the lesson plan, students were given a 

Pre-Quiz (Fig. 8.2) and then given the same quiz for post-lesson analysis the week 

following the lesson plan. The results show that class performance on the quiz was 

significantly improved (P < 0.001) after the 3 day lesson (Fig. 8.6). Students were able 

to articulate what tissue engineering was (Fig. 8.6Q1) and define what a biomaterial 

was (Fig. 8.6Q2) (P < 0.001 for both). Students were also able to visualize the concept 

of stress (Fig. 8.6Q3) after the lesson (P < 0.001), but were not able to relate to stress 

or force mathematically in questions 4 and 5. Stress and strain are advanced topics not 

normally introduced in middle school level and could be too complex for students not 

in advanced math. The last question (stress-strain plot of a viscoelastic material) had 

no significant change in performance (P = 0.272) as almost 90% students guessed the 

correct answer before the class and continued to select the correct answer after the 

lesson. Overall test scores were compared using the Mann-Whitney Rank Sum Test 
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and individual question performance was compared using a z-test in SigmaStat v3.5 

(Systat Software, Inc.; San Jose, CA). 

 

 

Figure 8.7: Student praise for alginate activities. 

 

8.8 Concluding Remarks 

 This lesson will introduce an appreciation for the field of tissue engineering as 

well as provide hands on knowledge of principles behind tissue engineering which 

include: biomaterials, stresses, strains, and viscoelastic materials in our body. Students 

will learn that science is an explorative process and gain respect for university 

research (Fig. 8.7). 
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APPENDIX A 

SUPPLEMENTARY DATA AND MATLAB CODE FOR SHAPE FIDELITY 

DATA ANALYSIS  

 
 

 Despite the difference in resolution between MRI, µCT, and a laser scan it 

became obvious that the different imaging modalities had various draw backs when 

compared directly (Fig. A.1). MRI was a lower resolution scan of a loaded tissue still 

inside the joint, while the µCT scan of the exact same meniscus was a higher 

resolution image of excised tissue that was allowed to soak in a contrast agent. Lastly, 

the laser scan was of medium resolution compared to MRI and µCT, but a topological 

scan that resulted in obvious projection of overhanging surfaces (Fig. A.1). It was 

determined that laser scans of engineered tissue would be compared to laser scans of 

native tissue to maintain consistency and in essence normalize for projected surfaces. 

 

Figure A.1: Comparative MRI, µCT, and laser scan of the same ovine meniscus. 

 

To generate the frequency histograms of the deviation heat map data seen in 

figures 4.3 and D.2 the Matlab code below normalized the deviation points to a 

characteristic height length for that particular ovine meniscus and binned them in 5% 

error bar increments. This code was written by Dan Cohen and Jeff Ballyns utilizing 

two components, the “main.m” file and the “histomaker.m” function. 
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Main.m Matlabe Code: 

 
%%%%% CHANGE BELOW %%%%% 
Vzref = -4437; 
Vinc = 296; 
%%%%% CHANGE ABOVE %%%%% 
 
cd data 
%%%%% CHANGE BELOW %%%%% 
cd S7 
%%%%% CHANGE ABOVE %%%%% 
cd CTM 
 
x = dir; 
no_files = size(x); 
for i= 3: no_files(1,1) 
    ystr = x(i).name 
    dataStruct = importdata(ystr); 
    currentData = zeros(length(dataStruct.data),12); 
    currentData = dataStruct.data; 
    cd .. 
    [H1,H2,H3,PlusMinus10] = histoMaker(currentData,Vzref,Vinc,ystr); 
    cd CTM 
    CTMoutput{i-2,1}=H1; 
    CTMoutput{i-2,2}=H2; 
    CTMoutput{i-2,3}=H3; 
    CTMoutput{i-2,4}=PlusMinus10; 
end 
 
cd .. 
cd CTP 
 
x = dir; 
no_files = size(x); 
for i= 3: no_files(1,1) 
    ystr = x(i).name 
    dataStruct = importdata(ystr); 
    currentData = zeros(length(dataStruct.data),12); 
    currentData = dataStruct.data; 
    cd .. 
    [H1,H2,H3,PlusMinus10] = histoMaker(currentData,Vzref,Vinc,ystr); 
    cd CTP 
    CTPoutput{i-2,1}=H1; 
    CTPoutput{i-2,2}=H2; 
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    CTPoutput{i-2,3}=H3; 
    CTPoutput{i-2,4}=PlusMinus10; 
end 
 
cd .. 
cd MRM 
 
x = dir; 
no_files = size(x); 
for i= 3: no_files(1,1) 
    ystr = x(i).name 
    dataStruct = importdata(ystr); 
    currentData = zeros(length(dataStruct.data),12); 
    currentData = dataStruct.data; 
    cd .. 
    [H1,H2,H3,PlusMinus10] = histoMaker(currentData,Vzref,Vinc,ystr); 
    cd MRM 
    MRMoutput{i-2,1}=H1; 
    MRMoutput{i-2,2}=H2; 
    MRMoutput{i-2,3}=H3; 
    MRMoutput{i-2,4}=PlusMinus10; 
end 
 
cd .. 
cd MRP 
 
x = dir; 
no_files = size(x); 
for i= 3: no_files(1,1) 
    ystr = x(i).name 
    dataStruct = importdata(ystr); 
    currentData = zeros(length(dataStruct.data),12); 
    currentData = dataStruct.data; 
    cd .. 
    [H1,H2,H3,PlusMinus10] = histoMaker(currentData,Vzref,Vinc,ystr); 
    cd MRP 
    MRPoutput{i-2,1}=H1; 
    MRPoutput{i-2,2}=H2; 
    MRPoutput{i-2,3}=H3; 
    MRPoutput{i-2,4}=PlusMinus10; 
end 
 
cd .. 
cd SIL 
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x = dir; 
no_files = size(x); 
for i= 3: no_files(1,1) 
    ystr = x(i).name 
    dataStruct = importdata(ystr); 
    currentData = zeros(length(dataStruct.data),12); 
    currentData = dataStruct.data; 
    cd .. 
    [H1,H2,H3,PlusMinus10] = histoMaker(currentData,Vzref,Vinc,ystr); 
    cd SIL 
    SILoutput{i-2,1}=H1; 
    SILoutput{i-2,2}=H2; 
    SILoutput{i-2,3}=H3; 
    SILoutput{i-2,4}=PlusMinus10; 
end 
 
cd .. 
 
save CTM_output CTMoutput -MAT 
save CTP_output CTPoutput -MAT 
save MRM_output MRMoutput -MAT 
save MRP_output MRPoutput -MAT 
save SIL_output SILoutput -MAT 
hnEdges = 14; 
CTMsum = 
CTMoutput{1,1}+CTMoutput{2,1}+CTMoutput{3,1}+CTMoutput{4,1}+CTMoutput
{5,1}+CTMoutput{6,1}; 
CTMcomp = CTMsum/6; 
figure(11) 
edges = (-(hnEdges*Vinc):Vinc:(hnEdges*Vinc)); 
bar(edges,CTMcomp); 
CTPsum = 
CTPoutput{1,1}+CTPoutput{2,1}+CTPoutput{3,1}+CTPoutput{4,1}+CTPoutput{5,1
}CTPoutput{6,1}; 
CTPcomp = CTPsum/6; 
figure(12) 
edges = (-(hnEdges*Vinc):Vinc:(hnEdges*Vinc)); 
bar(edges,CTPcomp); 
MRMsum = 
MRMoutput{1,1}+MRMoutput{2,1}+MRMoutput{3,1}+MRMoutput{4,1}+MRMou
tput{5,1}+MRMoutput{6,1}; 
MRMcomp = MRMsum/6; 
figure(13) 
edges = (-(hnEdges*Vinc):Vinc:(hnEdges*Vinc)); 
bar(edges,MRMcomp); 
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MRPsum = 
MRPoutput{1,1}+MRPoutput{2,1}+MRPoutput{3,1}+MRPoutput{4,1}+MRPoutput
{5,1}+MRPoutput{6,1}; 
MRPcomp = MRPsum/6; 
figure(14) 
edges = (-(hnEdges*Vinc):Vinc:(hnEdges*Vinc)); 
bar(edges,MRPcomp); 
SILsum = 
SILoutput{1,1}+SILoutput{2,1}+SILoutput{3,1}+SILoutput{4,1}+SILoutput{5,1}+S
ILoutput{6,1}; 
SILcomp = SILsum/6; 
figure(15) 
edges = (-(hnEdges*Vinc):Vinc:(hnEdges*Vinc)); 
bar(edges,SILcomp); 
 
saveas(11,'TotalCTM.tiff'); 
saveas(12,'TotalCTP.tiff'); 
saveas(13,'TotalMRM.tiff'); 
saveas(14,'TotalMRP.tiff'); 
saveas(15,'TotalSIL.tiff'); 

 

 

Histomaker.m function Matlab code: 

 
function [histo1,histo2,histo3,pm10] = histoMaker(origData,zref,inc,name) 
 
%%%%%%%%% CHANGE VALUE %%%%%%%%%%%%%%%%% 
hnEdges = 14; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
newData1 = zeros(length(origData),12); 
% ZREF MUST BE NEGATIVE! 
% zref = -0.357; 
row1 = 1; 
for i = 1:length(origData) 
    if (origData(i,3)<=zref) 
        % ignore the row's data 
    else 
        newData1(row1,1:10) = origData(i,:); 
        newData1(row1,3) = newData1(row1,3) + abs(zref); 
        newData1(row1,6) = newData1(row1,6) + abs(zref); 
        newData1(row1,11) = newData1(row1,10)/newData1(row1,3)*100; 



 

148 

        newData1(row1,12) = newData1(row1,9)/newData1(row1,3)*100;         
        row1 = row1 + 1; 
    end 
end 
endRow = row1 - 1; 
newData2 = newData1(1:endRow,:); 
 
% inc = 0.296; 
edges = (-(hnEdges*inc):inc:(hnEdges*inc)); 
histo = histc(newData2(:,10),edges); 
% histo_length = length(histo) 
% edges_length = length(edges) 
newHisto = histo/sum(histo)*100; 
histo1 = newHisto; 
figure(1) 
bar(edges,newHisto) 
 
%%%%%%%%% CHANGE VALUE %%%%%%%%%%%%%%%%% 
pm10 = newHisto(hnEdges-
1)+newHisto(hnEdges)+newHisto(hnEdges+1)+newHisto(hnEdges+2); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
edges = (-(200):5:(200)); 
histo = histc(newData2(:,11),edges); 
% histo_length = length(histo) 
% edges_length = length(edges) 
newHisto = histo/sum(histo)*100; 
histo2 = newHisto; 
figure(2) 
bar(edges,newHisto) 
 
edges = (-(200):5:(200)); 
histo = histc(newData2(:,12),edges); 
% histo_length = length(histo) 
% edges_length = length(edges) 
newHisto = histo/sum(histo)*100; 
histo3 = newHisto; 
figure(4) 
bar(edges,newHisto) 
 
str1 = strcat(name,'_1.tiff') 
str2 = strcat(name,'_2.tiff') 
str4 = strcat(name,'_4.tiff') 
saveas(1,str1); 
saveas(2,str2); 
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saveas(4,str4); 
 
% hist(newData2(:,10),edges); 
% figure(2) 
% newData3 = [newData2(:,4) newData2(:,5) newData2(:,11)]; 
% plot3(newData2(:,4), newData2(:,5), newData2(:,11)) 
 
 
 
% newData3 = zeros(size(newData2)); 
% min1 = min(newData2(:,1)); 
% if min1<0 
%     % 
% else 
%     min1 = 0; 
% end 
% min2 = min(newData2(:,2)); 
% if min2<0 
%     % 
% else 
%     min2 = 0; 
% end 
% for i = 1:length(newData2) 
%     newData3(i,:) = newData2(i,:); 
%     newData3(i,1) = newData2(i,1) + abs(min1)+0.0000001; 
%     newData3(i,4) = newData2(i,4) + abs(min1)+0.0000001;     
%     newData3(i,2) = newData2(i,2) + abs(min2)+0.0000001;     
%     newData3(i,5) = newData2(i,5) + abs(min2)+0.0000001;         
% end 
% figure(3) 
% 
mesh(newData3(1:1000,1),newData3(1:1000,2),newData3(1:1000,3),newData3(1:100
0,11))
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APPENDIX B 

SUPPLMENTARY DATA FOR MEDIA MIXING STUDY (CHAPTER 6) 

 

 

Figure B.1: Plots of DNA content (row 1), collagen content (row 2), and GAG 

content (row 3), looking at the individual spatial properties for Re 5.8 and Re 10.2. A 

“†” denotes significant difference in the bottom location, a “* ” denotes a difference in 

the center location, a “#” denotes a difference in the face locations. Data represented 

as mean ±SD and P < 0.05. 
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Due to space limitation not all the mixing media data was submitted for 

publication. Below are the mechanical and biochemical trends with time and location 

for Re 5.8 and Re 10.2. While there are temporal differences with regards to increases 

in ECM (P < 0.05) there are no differences with location in engineered menisci. Both 

mixing intensities show a similar decrease in DNA content across all locations with 

culture time (P < 0.05).  
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APPENDIX C 

BIOREACTOR DESIGN MODIFICATIONS AND LABVIEW CODE 

 

The original bioreactor design had a heating problem and would reach 

temperatures well above 45°C, which would kill cells. The bioreactor was also not 

capable of moving at frequencies other than 1Hz and could not generate an accurate 

sinusoidal curve. As a result the bioreactor underwent design alterations and 

programming changes to provide more accurate movements at an acceptable operating 

temperature of 37°C. The work was done along side Elysia Sheu. 

The design alteration included addition of 4 heat sinks, 4 cooling fans, a 

ceramic insulator, and lowering the incubator temperature to 33°C (Fig. C.1). A load 

cell was also added onto the bioreactor so that compressive loads could be recorded 

during stimulations cycles. 

 

 

Figure C.1: Origonal bioreactor design with an ice pack (A) and retrofitted bioreactor 

(B) with heat sinks, cooling fans, and load cell. 
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Figure C.2: Labview diagram for the bioreactor. (A) Amplitude correction factor for 

more accurate displacements. (B) New velocity frequency parameter to drive accurate 

sinusoidal movements. To move at a frequency of 1Hz, the velocity frequency = 

4.5Hz. The maximum frequency can move = 1.25 Hz, with a velocity frequency of 

4.75Hz. (C) Single step process of moving stepper motor and data acquisition. 
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Figure C.3: Graphic user interface of Labview bioreactor program. 

The acquisition software that collects and saves the data from the load cell and 

motor position is graphically written in LabView. As a result, “standard” scripts were 

not used and is represented by a graphical wiring diagram instead (Fig. C.2). The 

Labview code was run using the graphic user interface in figure C.3. 
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APPENDIX D 

 

SUPPLEMENTARY DATA AND MATLAB CODE USED FOR DYNAMIC 

LOADING DATA ANALYSIS 

 

 
Due to space limitations some of the FE analysis, shape fidelity, biochemical, 

and mechanical data were not included in the manuscript submitted for publication. 

The results of the linear poroelastic FE model show similar normalized fluid velocity 

fields at maximum tissue compression, as expected. The direction of fluid flow as 

indicated by the arrow heads appears to be slightly random in the center of the 

construct and more radial towards the free edges of the tissue (Fig. D.1). Pressure 

gradient maps of the top and bottom surfaces of loaded menisci had very low value 

predictions (Pa/m x 10-110), indicating that fluid velocities are also quite low except for 

a few focal points on the pressure gradient maps (Fig. D.1). The differences between 

the location of peak pressure gradient and proportional fluid velocity values in 171 µm 

and 352 µm FE models, questions the validity of the fluid flow behavior in both 

models. It appears as though there may be a singularity happening in different 

locations for each model resulting in the different locations of peak velocity and 

pressure gradient values. 
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Figure D.1: Predicted fluid velocity directions (column 1) for dynamically loaded TE 

menisci at maximum compression. Top (column 2) and bottom (column 3) views of 

induced pressure gradient field (Pa/m x 10-110) at maximum compression along with a 

proportional fluid velocity field. Larger arrows denote higher fluid velocity. 

 

Engineered constructs were analyzed for shape retention over culture time. It 

was observed that dynamic loading did not destructively alter overall shape fidelity as 

indicated by the lack of change in the deviation histogram profile with culture time 

(Fig. D.2). 171 µm construct did have slight decreases in volume and deviated more 

from target dimensions, but this change was likely due to handling error in between 

loading cycles. 
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Figure D.2: Deviation histograms of static and dynamically loaded constructs and 

0.29, 2 and 6 weeks. 

 

Due to the observed decrease in compressive modulus from 2 to 6 weeks in 

352 µm constructs, supplementary samples were cultured to determine if similar 

findings would be observed for the tensile properties. Despite the continued loading 

there was no difference between statically cultured and 352 µm samples (Fig. D.3). 

There was no increase in tensile properties even with an increase in collagen content 

in 352 µm samples (Fig. D.3). The lack of change in tensile properties is likely due to 

the absence of connected collagen network. This data suggests that dynamic 

compressive loading does not degrade alginate hydrogels as destructively in tension as 

higher media mixing intensities have shown to do in chapter 5. 
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Figure D.3: Tensile modulus for static and 352 µm dynamically loaded constructs. 

 

 Lastly, DNA and ECM accumulation was analyzed based on location 

throughout these dynamically loaded constructs. It was found that no significant 

differences exist with location and that dynamic compressive loading resulted in 

uniform growth and loss of both DNA and ECM in these tissues (Fig. D.4). 
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Figure D.4: DNA content and ECM accumulation at different locations throughout 

dynamically loaded TE menisci. “*” denotes significant difference compared to 0.29 

weeks with P < 0.05. 

 

Acquired load cell data from the bioreactor was filtered and analyzed using the 

Matlab script presented below. The code provided an average peak-to-peak load 

calculation at 5, 15, 30 and 45 minutes of each loading cycle to verify equilibrium. 

The code was written by John Nguyen, Jenny Puetzer, and Jeff Ballyns. 
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Pkpk.m file that calls on the peakfinder.m function in matlab: 

 
% loading imported data from .lvm file  
%load loaddata.mat  
  
% assigning variables to columns  
time = data(:,1);  
lode = data(:,2);  
motion = data(:,3);  
  
figure(1)  
plot(time,lode)  
hold on 
  
% red plot  
[a,b] = butter(1,.1); %designs a order 1 lowpass butterworth filter 
with normalized cutoff frequency of .1  
smoothed = filtfilt(a,b,lode);  
plot(time,smoothed, 'r' )  
  
% green plot  
[c,d] = butter(1,.4);  
filtered = filtfilt(c,d,lode);  
plot(time,filtered, 'g' )  
  
% motion plot  
plot(time,(motion-6446.5)./10000, 'k' )  
  
%slope = diff(smoothed)./diff(time);  
  
%set threshold value  
n = .25;  
  
%determins data at 5 mins  
time_5= time>=300 & time<=360;  
location_5 = find(time_5);  
filtered_5 = filtered(location_5);  
ftime_5 = time(location_5)  
  
[peakLoc_5, peakMax_5] = peakfinder(filtered_5, n, 1);  
plot(ftime_5(peakLoc_5), peakMax_5, 'k+' )  
[peakLoc2_5, peakMin_5] = peakfinder(filtered_5, n,  -1);  
plot(ftime_5(peakLoc2_5), peakMin_5, 'kd' )  
  
if  (length(peakMax_5) ~= length(peakMin_5));  
    if  (length (peakMax_5)>length(peakMin_5));  
        peakMax_5 = peakMax_5(1:length(peakMin_5));  
    else   
        peakMin_5 = peakMin_5(1:length(peakMax_5));  
    end  
end  
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%Length_max = length(peakMax_5)  
%Lenght_min = length(peakMin_5)  
  
Peak_Peak_5 = abs(peakMax_5 - peakMin_5)  
Average_5 = mean(Peak_Peak_5)  
Mode_5 = mode(Peak_Peak_5)  
  
t_5 = ftime_5(peakLoc_5);  
t_5 = t_5(1: length(Peak_Peak_5));  
  
mean_max_5=mean(peakMax_5);  
mean_min_5=mean(peakMin_5);  
mode_max_5=mode(peakMax_5);  
mode_min_5=mode(peakMin_5);  
peak_peak_average_5=abs(mean_max_5-mean_min_5)  
peak_peak_mode_5 =abs(mode_max_5-mode_min_5)  
  
  
%determins data at 15 mins  
time_15= time>=900 & time<=960;  
location_15 = find(time_15);  
filtered_15 = filtered(location_15);  
ftime_15 = time(location_15);  
  
[peakLoc_15, peakMax_15] = peakfinder(filtered_15, n, 1);  
plot(ftime_15(peakLoc_15), peakMax_15, 'k+' )  
[peakLoc2_15, peakMin_15] = peakfinder(filtered_15,  n, -1);  
plot(ftime_15(peakLoc2_15), peakMin_15, 'kd' )  
  
if  (length(peakMax_15) ~= length(peakMin_15));  
    if  (length (peakMax_15)>length(peakMin_15));  
        peakMax_15 = peakMax_15(1:length(peakMin_15 ));  
    else   
        peakMin_15 = peakMin_15(1:length(peakMax_15 ));  
    end  
end  
     
%Length_max = length(peakMax_15)  
%Lenght_min = length(peakMin_15)  
  
Peak_Peak_15 = abs(peakMax_15 - peakMin_15)  
Average_15 = mean(Peak_Peak_15)  
Mode_15 = mode(Peak_Peak_15)  
  
t_15 = ftime_15(peakLoc_15);  
t_15 = t_15(1: length(Peak_Peak_15));  
  
mean_max_15=mean(peakMax_15);  
mean_min_15=mean(peakMin_15);  
mode_max_15=mode(peakMax_15);  
mode_min_15=mode(peakMin_15);  
peak_peak_average_15=abs(mean_max_15-mean_min_15)  
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peak_peak_mode_15 =abs(mode_max_15-mode_min_15)  
  
%determins data at 30 mins  
time_30= time>=1800 & time<=1860;  
location_30 = find(time_30);  
filtered_30 = filtered(location_30);  
ftime_30 = time(location_30);  
  
[peakLoc_30, peakMax_30] = peakfinder(filtered_30, n, 1);  
plot(ftime_30(peakLoc_30), peakMax_30, 'k+' )  
[peakLoc2_30, peakMin_30] = peakfinder(filtered_30,  n, -1);  
plot(ftime_30(peakLoc2_30), peakMin_30, 'kd' )  
  
if  (length(peakMax_30) ~= length(peakMin_30));  
    if  (length (peakMax_30)>length(peakMin_30));  
        peakMax_30 = peakMax_30(1:length(peakMin_30 ));  
    else   
        peakMin_30 = peakMin_30(1:length(peakMax_30 ));  
    end  
end  
     
%Length_max = length(peakMax_30)  
%Lenght_min = length(peakMin_30)  
  
Peak_Peak_30 = abs(peakMax_30 - peakMin_30)  
Average_30 = mean(Peak_Peak_30)  
Mode_30 = mode(Peak_Peak_30)  
  
t_30 = ftime_30(peakLoc_30);  
t_30 = t_30(1: length(Peak_Peak_30));  
  
mean_max_30=mean(peakMax_30);  
mean_min_30=mean(peakMin_30);  
mode_max_30=mode(peakMax_30);  
mode_min_30=mode(peakMin_30);  
peak_peak_average_30=abs(mean_max_30-mean_min_30)  
peak_peak_mode_30 =abs(mode_max_30-mode_min_30)  
  
%determins data at 45 mins  
time_45= time>=2700 & time<=2760;  
location_45 = find(time_45);  
filtered_45 = filtered(location_45);  
ftime_45 = time(location_45);  
  
[peakLoc_45, peakMax_45] = peakfinder(filtered_45, n, 1);  
plot(ftime_45(peakLoc_45), peakMax_45, 'k+' )  
[peakLoc2_45, peakMin_45] = peakfinder(filtered_45,  n, -1);  
plot(ftime_45(peakLoc2_45), peakMin_45, 'kd' )  
  
if  (length(peakMax_45) ~= length(peakMin_45));  
    if  (length (peakMax_45)>length(peakMin_45));  
        peakMax_45 = peakMax_45(1:length(peakMin_45 ));  
    else   
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        peakMin_45 = peakMin_45(1:length(peakMax_45 ));  
    end  
end  
     
%Length_max = length(peakMax_45)  
%Lenght_min = length(peakMin_45)  
  
Peak_Peak_45 = abs(peakMax_45 - peakMin_45)  
Average_45 = mean(Peak_Peak_45)  
Mode_45 = mode(Peak_Peak_45)  
  
t_45 = ftime_45(peakLoc_45);  
t_45 = t_45(1: length(Peak_Peak_45));  
  
mean_max_45=mean(peakMax_45);  
mean_min_45=mean(peakMin_45);  
mode_max_45=mode(peakMax_45);  
mode_min_45=mode(peakMin_45);  
peak_peak_average_45=abs(mean_max_45-mean_min_45)  
peak_peak_mode_45 =abs(mode_max_45-mode_min_45)  
  
  
%Analysis of all data at once  
%[peakLoc, peakMax] = peakfinder(filtered, 1/4, 1);  
%plot(time(peakLoc), peakMax, 'k+')  
%[peakLoc2, peakMin] = peakfinder(filtered, 1/4, -1 );  
%plot(time(peakLoc2), peakMin, 'kd')  
%mean_max=mean(peakMax)  
%mean_min=mean(peakMin)  
%mode_max=mode(peakMax)  
%mode_min=mode(peakMin)  
%length_max = length(peakMax);  
%length_min = length(peakMin);  
%sum_max = sum(peakMax);  
%sum_min = sum(peakMin);  
%average_max = sum_max / length_max;  
%average_min = sum_min / length_min;  
%peak_peak=abs(average_max-average_min)  
%peak_peak_mode =abs(mode_max-mode_min)  
  
hold off  
  
figure(2)  
subplot(2, 2, 1);  
plot( t_5, Peak_Peak_5)  
xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '5 mins' )  
  
subplot(2, 2, 2);  
plot(t_15 , Peak_Peak_15)  
xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '15 mins' )  
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subplot(2,2, 3)  
plot(t_30 , Peak_Peak_30)  
xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '30 mins' )  
  
subplot(2, 2, 4)  
plot(t_45 , Peak_Peak_45)  
xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '45 mins' )  
  
  
% throwing out data  
  
%set point for throwing out below  
x = .2  
  
%throw out data for 5 mins  
ePk_Pk_5= Peak_Peak_5>=x;  
elocation_5 = find(ePk_Pk_5);  
ePeak_Peak_5 = Peak_Peak_5(elocation_5);  
eftime_5 = t_5(elocation_5);  
  
%throw out data for 15 mins  
ePk_Pk_15= Peak_Peak_15>=x;  
elocation_15 = find(ePk_Pk_15);  
ePeak_Peak_15 = Peak_Peak_15(elocation_15);  
eftime_15 = t_15(elocation_15);  
  
%throw out data for 30 mins  
ePk_Pk_30= Peak_Peak_30>=x;  
elocation_30 = find(ePk_Pk_30);  
ePeak_Peak_30 = Peak_Peak_30(elocation_30);  
eftime_30 = t_30(elocation_30);  
  
%throw out data for 45 mins  
ePk_Pk_45= Peak_Peak_45>=x;  
elocation_45 = find(ePk_Pk_45);  
ePeak_Peak_45 = Peak_Peak_45(elocation_45);  
eftime_45 = t_45(elocation_45);  
  
%Graph new data  
figure(3)  
subplot(2, 2, 1);  
plot( eftime_5, ePeak_Peak_5)  
xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '5 mins' )  
  
subplot(2, 2, 2);  
plot(eftime_15 , ePeak_Peak_15)  
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xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '15 mins' )  
  
subplot(2,2, 3)  
plot(eftime_30 , ePeak_Peak_30)  
xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '30 mins' )  
  
subplot(2, 2, 4)  
plot(eftime_45 , ePeak_Peak_45)  
xlabel( 'Time(s)' )  
ylabel( 'Peak to Peak difference' )  
legend( '45 mins' )  
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APPENDIX E 

 

SUPPLEMENTARY DATA FOR MODELING THE DYNAMIC COMPOSITION 

OF ENGINEERED MENISCI AND EQUILIBRIUM COMPRESSIVE MODULUS 

USING THE RULE OF MIXTURES 

 

It is well established that the mechanical properties of articular and fibro-

cartilage are a result of the composition and organization of the ECM. Primarily, the 

compressive properties of articular cartilage are a result of the GAG content and 

tensile properties and are heavily dependent on the collagen content and fiber 

orientation. This dissertation has demonstrated that mechanical stimulation via media 

mixing and dynamic compression can 1) enhance ECM accumulation in tissue 

engineered menisci and 2) improve the compressive equilibrium modulus. In addition, 

this research has shown that higher mixing intensities can have a detrimental effect on 

compressive properties by increasing the rate of scaffold degradation (Fig. E.1A). 

Under dynamic compression loading, it was observed that prolonged loading resulted 

in decreased GAG content in engineered menisci.  This resulted in a lower 

compressive modulus. However, the findings of this dissertation also suggest that the 

compressive equilibrium modulus can increase with mechanical stimulation when 

GAG content does not differ from statically cultured controls, but collagen content 

does. The change in compressive modulus suggests that the collagen matrix 

accumulated in these engineered menisci does contribute to the compressive 

properties. 

 To model the influence of each component that contributes to the overall 

compressive equilibrium modulus of these tissue engineered constructs, the rule of 

mixtures was applied.  This rule is represented 
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by: lg( ) [ lg]( ) [ ]( ) [ ]( )A GAG ColE t E A t E GAG t E Col t= + + , where EAlg is the modulus 

constant for alginate, EGAG is the modulus constant for GAG, ECol is the modulus 

constant for collagen, [Alg](t) is the amount of alginate in the construct as a function 

of time, [GAG](t) is the concentration of GAG as a function of time, and [Col](t) is 

the concentration of collagen in the construct as a function of time. The alginate, 

GAG, and collagen concentrations can be described by the following nonlinear decay 

and growth equations:  

lg[ lg]( ) [ lg]

[ ]( ) [ ] (1 )

[ ]( ) [ ] (1 )
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Col

t

O

t

SS
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SS

A t A e
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τ

τ

−

−

−

=

= −

= −

Where [Alg]o is the initial alginate mass in 

grams, [GAG]SS and [Col]SS are the steady state GAG and collagen concentrations in 

µg/mg WW, and τAlg, τGAG, and τCol are the time constants in weeks (wks) for alginate, 

GAG, and collagen respectively. The exponential growth and decay equations are 

based on work by Wilson et al. that modeled the dynamic composition of engineered 

cartilage to find steady state values in tissue engineered constructs [172]. The time 

constants and steady state values (Table E.1) were calculated by fitting the nonlinear 

model equations for each culture condition which included static, Re 2.9, Re 21.8 and 

the 352 microns loading condition. Since alginate degradation rate data only existed 

for static, Re 5.8 and Re 21.8 culture conditions, the alginate scaffold degradation 

curve was interpolated between the static and Re 5.8 (Fig. E.1A). It was also assumed 

that the alginate degradation rate for the 352 microns loading condition was similar to 

that of Re 2.9. 
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Table E.1: Constants for initial alginate mass, time constants and steady state GAG and 

collagen concentrations for different culturing conditions based on model fits to measured 

biochemical data. 

 

 

 

Figure E.1: (A) Alginate scaffold mass degradation model fit. (B) GAG and (C) 

hydroxyprolein (hypro) accumulation model fits for engineered constructs. (D) Equilibrium 

compressive model and measured data points for different culture conditions. 

The model fits for alginate mass loss over time (Fig. E.1A) exemplifies how 

the application of media mixing can greatly increase the degradation rate of the 

alginate scaffold. The large decrease in alginate mass can explain the low compressive 

properties in samples exposed to Re 5.8 or higher. The model fits for collagen content 
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in engineered menisci showed that collagen accumulation was greatly amplified at 

lower mixing intensities such as Re 2.9 and the 352 microns compression condition 

(Fig. E.1C), but was not the case for GAG accumulation in Re 2.9 samples (Fig. 

E.1B).  

The model fits were entered into the compressive modulus equation, E(t), for 

each respective culture condition. The constants E Alg, EGAG, and ECol were found by 

fitting the model to the static free-swell culture condition.  This resulted in the 

constants of 1.5 kPa/g, 45 kPa, and 130 kPa for E Alg, EGAG, and ECol respectively. 

These values were then used to model E(t) for the Re 2.9, Re 21.8 and 352 microns 

culture conditions (Fig. E.1D). Surprisingly, these models show that collagen greatly 

contributes to the compressive properties in tissue engineered constructs, as indicated 

by the higher compressive modulus in Re 2.9 group compared to static controls which 

have similar GAG content. The most interesting model was the Re 21.8 culture 

condition, which showed an initial increase, followed by a slight decrease, and finally 

increased again as GAG accumulation became the dominating factor (Fig. E.1D). 

The model estimations accurately predict the compressive properties at longer 

time points (i.e. 6 and 8 weeks). By modeling the compressive equilibrium modulus as 

a rule of mixtures system, we have learned that scaffold integrity plays a larger role in 

overall mechanical properties of engineered menisci than previously thought. As the 

scaffold breaks down, not only are more cells and ECM components lost to the media, 

but the ability to provide resistance in compression is also negated to a much greater 

degree than can be predicted with the rule of mixtures model presented here. 

Modeling the modulus as a rule of mixtures in this dissertation has also 

brought to light the significant role collagen can play in compression. Evidence had 

previously suggested, based on theories describing articular cartilage, that GAG 

content was the highest contributor to compressive modulus. However, in the 
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meniscus, GAG makes up only 2 - 3% of the dry weight matrix [8, 9] which is 5 times 

below what is found in articular cartilage [173]. The meniscus has a compressive 

modulus that is ½ that of articular cartilage [9, 173] meaning the collagen matrix must 

provide compressive support and does not follow the same behavior as would 

otherwise be observed in articular cartilage. The E(t) model demonstrates that collagen 

plays a crucial role in compressive properties and can enhance modulus when coupled 

with a stable scaffold and/or enhanced GAG accumulation. 
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APPENDIX F 

 

PILOT DYNAMIC COMPRESSION LOADING EXPERIMENTS OF TISSUE 

ENGINEERED ARTICULAR CARTILAGE PLUGS 

Upon completing the design, fabrication, and installation of the bioreactor into 

the incubator, pilot studies were conducted to replicate previous findings in the 

literature. The literature found that dynamic compression increases GAG 

accumulation in engineered cartilage [39]. Engineered plugs were generated by 

isolating articular chondrocytes from the femoral condyles and the patella-femoral 

groove of freshly slaughtered 1-3 day old claves. Cells were seeded into 2% w/v low 

viscosity alginate at a concentration of 50x106 cells/mL. The alginate cell suspension 

was then crosslinked with 2% w/v CaSO4 then pressed between two plates of glass 

with 1mm spacers between them and allowed to gel for 5 minutes. 6mm diameter by 

1mm thick plugs were biopsied from the alginate sheet. For each pilot study there was 

a control and loaded group that consisted of 24 plugs each, with 8 plugs allotted for 

each culture time point. 

The first pilot study dynamically compressed plugs using a sinusoidal 

waveform at 1 Hz with an offset of 5% strain and amplitude of 5% resulting in a 

maximum compression of 10% strain. Samples were loaded for 1 hour everyday for 

up to 2 weeks. The second pilot study loaded plugs the same way except the waveform 

had an offset of 2.5% compressive strain and amplitude of 2.5% with a maximum 

compression of 5% strain. The third and final pilot study was carried out exactly the 

same as the second pilot study except that an ice pack was rested against the stepper 

motor to prevent the bioreactor test frame from reaching temperatures above 37°C. 

For all pilot studies static controls were statically loaded to 0% compressive strain in 

the bioreactor for 1 hour every day. 
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Upon removal from culture engineered plugs were analyzed biochemically for 

DNA content and GAG content via the Hoechst dye assay and the DMMB dye assay 

respectively. For the third pilot study collagen content was also analyzed via DMAB 

dye assay. 

 

Figure F.1: DNA and GAG content for the first (Top, 10% strain) and second (Bottom, 5% 

strain) pilot studies. Dotted line denotes target DNA content for constructs. “*” denote 

significance compared to static controls P < 0.05. 

The first pilot study resulted in lower DNA content in both static and loaded 

constructs compared to the initial target cell seeding density (Fig. F.1). 10% 

compressive strain also resulted in significantly lower GAG content in engineered 

plugs compared to static controls at 1 and 2 weeks (P<0.05). Due to the lower GAG 

content we thought dynamically compressed plugs were being overloaded and decided 

to decrease the maximum strain engineered plugs were exposed to. 

 The second pilot study again resulted in lower DNA content in both static and 

loaded constructs compared to the initial target cell seeding density. However, in the 
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second study loaded constructs had significantly lower DNA content than static 

controls at 0.43 and 1 week (P<0.05). No differences in GAG content were observed 

(Fig. F.1). The results of the second study lead us to believe that maybe the bioreactor 

was operating at too high a temperature and killing cells as a result. Measurements of 

the test frame operating temperature yielded a temperature of 43°C, confirming 

suspicions. 

 

Figure F.2: DNA, GAG, and hydroxyprolein content for the third pilot study. Dotted line 

denotes target DNA content for constructs. “*” denote significance compared to static controls 

P < 0.05. 

The third pilot study implemented an ice pack to cool the test frame so that it 

would operate at the desired temperature of 37°C. The results of the 3rd study also had 

DNA content values that were below the target cell seeding density, but there ware no 

statistical difference between static and loaded constructs. At 2 weeks more GAG 

accumulated in loaded constructs compared to static controls (P<0.05) (Fig. F.2). 

There was also more collagen in loaded constructs at 1 week compared to static 

controls (P<0.05) (Fig. F.2). 

The findings of the three pilot studies show that the in house designed 

bioreactor can replicate findings from the literature [39]. Allowing the bioreactor to 

operate at a lower temperature proved to be the major problem inhibiting cells from 

synthesizing more ECM in response to mechanical stimulation. Based on these finding 

a project was initiated to better control bioreactor temperature as explained in 

Appendix C.   
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