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 Autologous costal cartilage and alloplastic implant reconstruction for deformed 

or damaged auricles fail to accurately replicate the complex morphology of the ear or 

the structure, composition, or mechanics of auricular cartilage. Tissue engineering can 

provide patient-specific auricular replacements featuring robust auricular cartilage, but 

several challenges to clinical translation must first be addressed (Chapter 1). Advances 

in bioimaging and additive manufacturing technology have allowed for improved 

morphology following construct generation and have the potential to further the clinical 

transition by making tissue-engineered auricles more accessible, reproducible, and 

scalable (Chapter 2). 

 The stability of an engineered ear following implantation is of critical 

importance to the clinical outcome. Long-term implantation of full-size pediatric 

auricles was performed to ascertain the development of a tissue-engineered ear (Chapter 

3). Auricular chondrocytes (AuCs) have limited clinical accessibility, whereas 

mesenchymal stem cells (MSCs) can be acquired in large numbers with relatively 

minimal surgery. The capacity for MSCs to reduce AuC requirement for auricular 

cartilage tissue engineering was evaluated (Chapter 4 and Appendix A). The limits of 



 

AuC expansion without impairment of cartilage generating properties was also explored 

(Chapter 5). Finally, cell-seeded collagen hydrogel constructs consistently demonstrate 

contraction following implantation, negatively impacting construct morphology and 

amount of tissue generated. Low oxygen tensions similar to the state of native cartilage 

tissue were applied to AuCs during both expansion and three-dimensional culture to 

determine the effect on construct shape maintenance and cartilage development 

(Chapter 6).  

 Collectively, this dissertation demonstrates the stability of patient-specific, 

tissue-engineered ears during in vivo growth, while also providing multiple avenues for 

clinical cell sourcing and a method for preventing changes in construct morphology 

(Chapter 7). This work shows the potential for tissue engineering as a superior option 

for auricular reconstruction and overcomes several of the obstacles towards clinical 

translation of this technique.  
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CHAPTER 1. INTRODUCTION 

1.1 The Native Human Auricle 

The auricle is the outer portion of the ear, the organ responsible for hearing and 

balance. Also referred to as the pinna, the auricle comprises all the visible, external parts 

of the ear, and functionally acts to funnel and amplify sound into the auditory canal.1 

The auriculae project from both sides of the head and represent key external features of 

the face. Aesthetically, the auricle is composed of several detailed structures, including 

the helix, antihelix, tragus, antitragus, concha, and lobe, which together form a unique 

shape that is specific to each individual (Figure 1.1A). 

 

Figure 1.1 Macro- and micro-structure of the human auricle. (A) Key anatomical 

features of the human external ear. (B) Structure and composition of auricular 

cartilage. 
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The external ear is primarily composed of auricular cartilage, with the exception 

of the ear lobe which consists of adipose tissue.2 Auricular cartilage is a form of elastic 

cartilage, and, like most of other types of cartilage, it is avascular and aneural.3 The 

cartilage is composed primarily of water, with the matrix made up of collagen, 

proteoglycans, and, signature to elastic cartilage, elastin fibers (Figure 1.1B).4 These 

components form a unique microstructure, featuring layers of bundled collagen fibers 

at the periphery, called the perichondrial layer, and a bulk of the tissue consisting of 

proteoglycans, collagen, and a dense network of elastin fibers. The collagen differs 

across the tissue structure, with the perichondrium containing mostly type I collagen 

and the cartilaginous region containing mostly type II and limited type X collagen.5,6 

Functionally, proteoglycans contribute to the compressive strength of the tissue, while 

collagen and elastin provides flexibility and tensile stiffness.7 The bulk of the auricular 

cartilage is populated with auricular chondrocytes (AuCs). These rounded, non-dividing 

cells are sparsely localized throughout the tissue within lacunae surrounded by 

extracellular matrix.3 The perichondrium contains perichondrocytes, cells featuring an 

elongated, fibroblast-like appearance and, which may have pluriopotent progenitor 

capacity.8  

1.2 Auricular Disfigurement and Current Standard of Care 

Deformation of the auricle is most commonly a result of congenital defects, 

although damage can also occur due to traumatic injury or surgical intervention, such 

as resection of cancerous tissues.9,10 Congenital defects of the auricle, collectively 

termed microtia, range from mild cases of misshapen ears to the complete absence of 
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an external ear, also referred to as anotia (Figure 1.2A).9 Microtia occurs in between 

0.83 and 4.34 per 10,000 births, with a higher prevalence in males and an increased risk 

for those of Asian, Pacific Islander, or Hispanic heritage.9,11 Between 77% and 93% of 

microtia cases are unilateral.11 

 

Figure 1.2 Example of pediatric microtia and reconstruction. (A) Deformation 

of the auricle as a result of congenital microtia. (B) Reconstruction of a pediatric 

auricle using autologous costal cartilage. Image courtesy of Dr. Jason Spector. 

The resulting disfigurement due to microtia causes conductive hearing loss in 

over 80% of patients, mechanically interfering with the transfer of sound to the middle 

and inner ear.11 In addition, microtia frequently results in psychological and social issues 

for pediatric patients. Children become aware of the facial disfigurement by the age of 

4,12,13 and subsequently face difficulties due to repeated inquisitions, low self-esteem, 

and bullying and stigma because of the deformation and surgeries associated with 

reconstruction. These effects can lead to depression, aggression, and social anxiety.9,14 



4 

 The current gold standard of clinical treatment for microtia is autologous ear 

reconstruction using costal, or rib, cartilage (Figure 1.2B).15 Autologous reconstruction 

was first applied as a 3-4 stage repair but has since been simplified and improved to a 

2-stage technique.12,16,17 Autologous reconstruction provides several benefits, in 

particular a high level of stability and biocompatibility, sufficient mechanical strength 

to withstand trauma, and a low rate of complications.13 However, this technique requires 

significant skill on the part of the surgeon and frequently fails to accurately replicate the 

patient-specific aesthetic. In addition, the reconstructed auricle is composed of non-

elastic fibrocartilage, and the process requires an invasive surgery at the rib site with a 

high rate of morbidity.18–20 Autologous reconstruction also cannot be performed in 

children until the age of 8 or older to ensure that sufficient rib cartilage tissue will be 

available for harvest.13 Furthermore, autologous reconstruction has a high clinical cost. 

A recent study in the Netherlands found that the average cost per patient for an 

autologous pediatric ear reconstruction was almost €15,000 (~$18,000), and this did not 

account for possible future surgeries to perform corrections.15 

 Alternatively, alloplastic implants have become an increasingly common option. 

Composed of high-density porous polyethylene, or Medpor, these ear structures are non-

resorbable, with a highly defined auricular structure.18 This technique benefits from 

being a single surgical procedure, with low occurrence of morbidity.20 However, these 

implants are not designed to match the structure of a patient’s existing healthy ear, do 

not resemble native ear mechanical properties, result in necrotic injury if exposed to 

trauma, and are prone to fracture and extrusion.19,20  
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 The result is a need for a reconstructive technique that generates stable, living 

auricular cartilage. This tissue would match the compositional and mechanical 

properties of native cartilage, not be at risk for rejection by the patient, and accurately 

replicate the existing morphology of a healthy contralateral ear. In addition, it should 

require minimally invasive surgery and be able to address pediatric ear defects at an 

early age. Tissue engineering approaches make it possible to recreate a patient-specific 

ear construct containing autologous cells capable of generating auricular cartilage 

tissue, thus alleviating the challenges of both autologous and alloplastic reconstructions.  

1.3 Tissue Engineering the Auricle 

Researchers have been investigating tissue engineering methods for replicating 

the human auricle for over two decades.21 A tissue engineered auricle must accurately 

replicate the complex morphology of the ear, display microstructural, biochemical, and 

biomechanical properties similar to native tissue, and be feasible for clinical application. 

Ideally, a tissue-engineered construct would contain autologous cells to avoid the 

potential for immune rejection. Early research utilized articular chondrocytes to 

populate engineered ear constructs due to their abundance and extensive previous study; 

however, this cell phenotype is incapable of generating elastin, a critical component of 

ear cartilage.21–26 Auricular cartilage, however, can be isolated with minimal surgery or 

donor-site morbidity,27 and AuCs can be isolated from this tissue to populate an 

engineered construct.24,27 Alternatively, tissue from the microtic remnant also contains 

AuCs capable of generating auricular cartilage, provided that the remnant is large 

enough and not fibrotic or calcified.28–30 As such, autologous AuCs remain the target 
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clinical cell source, either alone or in combination with stem cells, to generate auricular 

cartilage tissue.  

 Scaffold material is also a critical choice for tissue engineering. Scaffolds must 

be biocompatible, mechanically stable, and provide an environment suitable for cellular 

remodeling. Several synthetic scaffolds have been applied for generation of a full-scale 

auricle, including polymers such as polyglycolic acid (PGA),23,24,29,31,32 polylactic acid 

(PLA),22 or polycaprolactone,22,31 as well as co-polymer blends and composites.26,30,33 

These polymers are simple to manufacture and can be carefully balanced to provide 

optimal mechanical stiffness and rate of degradation, and PGA and PLA are FDA-

approved biomaterials.34 Synthetic polymers must be seeded with cells from the surface, 

however, producing heterogeneous cell distributions,22,30 and the products of their 

degradation can cause inflammation, compromising cartilage development.19,31,35 

Alternatively, natural polymer hydrogels, such as alginate32,35,36 or fibrin,37,38 feature 

many advantageous characteristics for tissue engineering. Natural hydrogels can be 

molded or extruded to form complex three-dimensional structures while homogenously 

encapsulating cells to allow for extensive material remodeling. Additionally, many 

hydrogels are biocompatible and display low levels of inflammatory response when 

implanted. The primary challenge facing the use of hydrogels concern the construct 

mechanical properties. Fibrin has limited morphological stability for large, 3D 

structures, and a low tensile strength, making it difficult to use during surgery.33 

Alginate offers superior mechanical stability, but the limited stiffness of the hydrogel 
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makes it difficult to implant,39 and the slow rate of degradation inhibits cartilage 

remodeling in vivo.35 

In addition, a variety of manufacturing processes can be applied to accurately 

replicate the ear aesthetic. Early approaches utilized press-fitting23,33,40 and solvent 

casting of polymers31 within ear-shaped molds, requiring post-production seeding of 

cells. The use of hydrogels allowed for injection molding or extrusion 3D bioprinting 

of cell-laden materials, which has been extensively applied for generation of auricular 

constructs.2,32,41,42 Researchers formed initial molds by hand, either artistically 

replicating a generic ear structure or using negative impressions captured from healthy 

ears, but both methods fail to accurate and efficiently replicate the specific aesthetic of 

a patient.22,31,35 Non-invasive imaging systems, such as MRI, CT, or digital 

photogrammetry, provide an alternative method to accurately acquire high-resolution 

scans of tissues.40,41,43 This has proved particularly useful for imaging and replicating 

complex cartilaginous structures such as the intervertebral disc, meniscus, or ear.44 

These scans provide a surface template of the construct, which can be either printed 

directly or used to generate hollow molds for construct formation. Techniques utilized 

to reproduce the complex structure of the patient-specific ear for tissue engineering are 

described in greater detail in Chapter 2.  

Previous research in auricular cartilage tissue engineering has featured several 

examples of successful cartilage generation, however these successes have not proven 

translatable from the benchtop to the clinic. In most instances, researchers begin with a 

fibrous or hydrogel scaffold and individually mold or fit the material to form and ear 
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shape. The construct then requires further steps to coat the scaffold with additional 

polymers, seed cells into the scaffold, and/or mechanically support the scaffold through 

internal or external measures. Following this, many constructs require in vitro culture 

prior to implantation to increase stability and initiate cartilage generation. This 

extensive path of construct formation is slow, expensive, and requires a high degree of 

expertise to perform. The individual nature of creating and culturing each construct also 

introduces challenges in reproducibility. As such, a primary hurdle to clinical translation 

of auricular cartilage engineering is based in the manufacture of ear constructs.  

1.4 Scalable Cartilage Shaping Technology 

Tissue engineering of anatomically shaped human cartilage is a primary goal of 

the Bonassar lab. Previous research has focused on accurately replicating the geometries 

of complex structures, such as the intervertebral disc and meniscus, using CT and MRI 

scans.44,45 Successful generation of these anatomic structures has led to an approach for 

recreating the patient-specific morphology of the ear and engineering a cell-scaffold 

pairing that consistently generates auricular-specific cartilage. While imaging 

modalities like CT and MR are non-invasive and increasingly accessible in clinical 

practice, digital photogrammetry provided an alternative method to generate a 3D digital 

ear structure rapidly and accurately. Digital image scanning was performed on a 

pediatric patient in under 60 seconds with a 15 µm resolution, a process that overcomes 

the challenge of keeping a child still long enough for accurate imaging to complete and 

without the expensive and time-consuming equipment associated with CT or MRI.41 

Computer-assisted design/computer-assisted manufacturing (CAD/CAM) techniques 
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were then used to compile the scanned images, process to reduce noise and make a 

continuous surface, and converted to a mold containing the negative image of the ear. 

This technique of rapid, high-resolution imaging easily generates custom, patient-

specific ear molds.  

 Following mold formation, ear constructs were formed by injecting a 

combination of high-density type I collagen with bovine AuCs into the mold and 

allowing for polymerization to occur. Type I collagen was chosen as a hydrogel due to 

compatibility with the injection molding process, biocompatibility of material allowing 

for cell remodeling and minimal inflammatory response, and the increased mechanical 

stability compared to other natural hydrogels such as alginate.46 Constructs were 

implanted on the dorsa of nude rats for 3 months, following which they retained the 

overarching ear morphology while developing microstructural and mechanical 

properties similar to native auricular cartilage. Of critical importance in this study was 

the demonstration of auricular-specific cartilage generation, as shown by the formation 

of a perichondrial layer at the surface of the tissue, dispersed AuCs contained within 

cell lacunae in the depth of the construct, and the beginnings of an elastin fiber network 

forming by 3 months in vivo. In addition, no evidence of necrosis was observed within 

the center of the constructs, a critical finding for the generation of large-scale, avascular 

engineered tissues. Ultimately, this study showed that non-invasive imaging and 

modern manufacturing technologies can be used to improve the efficiency and 

reproducibility of forming a tissue-engineered construct with complex geometry.  
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 However, certain limitations existed with this study. Foremost, the cell source 

for this work were neonatal bovine AuCs. As previously described, AuCs are an optimal 

cell choice for generation of auricular cartilage, but their accessibility in a clinical 

setting is limited. It also must be seen if AuCs from human origin and more mature 

individuals will retain the tissue remodeling capacity observed. While the auricular 

cartilage development at 3 months was encouraging, longer time points must be studied 

to both ensure that the cartilage generated is stable in both size and mechanics and to 

investigate the potential for further maturation, particularly further deposition of the 

elastin fiber network. The biochemical content of the engineered tissue must also be 

characterized, as this has a direct relationship to cartilage tissue function. Finally, the 

maintenance of initial size and shape of the constructs must be addressed. Although the 

general ear morphology was retained after 3 months, all constructs contracted 

significantly from initial dimensions, resulting in a loss of high-level aesthetic detail. 

For an external, anatomically complex tissue such as the ear, retention of geometrical 

features is critical for clinical success.  

1.5 Research Objectives and Specific Aims 

Development of a tissue-engineered human auricle requires the formation of a 

construct that features both excellent maintenance of the size and shape of the ear on a 

macro-scale and the development of native-like auricular cartilage on the micro-scale. 

In addition, clinical translation of this tissue engineering technology relies on the 

identification of a feasible cell source and the ability to manipulate a mechanically stable 

construct during initial implantation. The long-term goal of this research was to create 
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a clinically feasible, tissue-engineered, patient-specific human auricular implant for 

reconstruction with the aesthetic detail and cartilage properties of the native ear. The 

goal of this dissertation is to address specific clinical challenges that currently exist, 

namely the long-term stability of hydrogel-based ear constructs, the identification of an 

accessible and functional cell source, and the retention of construct morphology and 

enhancement of mechanical properties through in vitro culture. 

1.5.1 Long-term Stability of Tissue-Engineered Auricles 

The first study of this dissertation demonstrates the stability and maturation of 

tissue-engineered auricles following a long-term (>3 months) implantation period. Our 

lab has previously demonstrated the successful generation of patient-specific human 

ears, formed using a combination of digital image capture, additive manufacturing, and 

injection molding.41 Chapter 2 of this dissertation describes the current status of these 

technologies and direct 3D bioprinting within the field of auricular cartilage tissue 

engineering. In addition to the formation of highly detailed hydrogel ear constructs, our 

research saw the development of auricular cartilage-specific microstructural 

components and enhancement of initial mechanical properties in tissues implanted for 

3 months.  

However, the stability of the tissue generated in these studies, and the potential 

for further development of extracellular matrix proteins, must be investigated to 

demonstrate effective permanence for clinical reconstructions. Previous studies of ear 

constructs implanted beyond 3 months have found significant loss of morphological 
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detail, indicative of lack of tissue stability or a degradative host response.31,47 The large 

size of full-scale human ear constructs may also result in necrosis or ossification within 

the deeper sections of the tissue.32,47 The evaluation of the biochemical deposition in the 

engineered tissues is also critical to verify the similarity to native auricular cartilage.  

Specific Aim 1 (Chapter 3): Determine the long-term stability and development of 

patient-specific, high-density collagen auricles in vivo. 

Hypothesis 1: Tissue-engineered auricular constructs would remain stable and feature 

continued cartilage development during a long-term (>3 month) implantation. 

Patient-specific auricular constructs were created by injection molding high-density 

type I collagen containing juvenile primary bovine auricular chondrocytes. Constructs 

were then implanted subcutaneously in immunocompromised nude rats for up to 6 

months. Following implantation, auricular constructs maintained the overall ear 

aesthetic, including key features such as the helical rim and the anti-helix. Constructs 

also featured robust, healthy tissue through the full thickness. Contraction occurred from 

initial dimensions, but the size of constructs did not change after 1 month. Auricles 

implanted for 6 months featured characteristic auricular cartilage microstructure, 

including a perichondrium, robust proteoglycan deposition, cellular lacunae, and an 

elastin fiber network. Engineered tissue at 6 months contained 80% of native GAG and 

115% of native hydroxyproline content, as well as 71% of equilibrium modulus of 

native ear tissue. This study demonstrated that tissue-engineered auricles formed from 

high-density collagen containing auricular chondrocytes maintain the complex human 
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ear aesthetic while developing cartilage tissue nearly indistinguishable from native 

auricular cartilage, which is stable and continuing to develop out to 6 months in vivo.  

1.5.2 Identification of Clinically Feasible Cell Sources 

The cell source used to populate ear constructs remains an ongoing obstacle in 

auricular cartilage engineering. Although articular, costal, or nasoseptal chondrocytes 

may be more readily accessible, only AuCs deposit elastic fibers, a critical component 

of elastic cartilage.25 As such, AuCs have become the standard used in several studies, 

however this presents a challenge clinically. A pediatric ear is 8-10 mL in volume, 

requiring over 200 million cells to produce. AuCs can be isolated from the microtic 

remnant of a patient, or in the case of tissue calcification or complete anotia, a biopsy 

of the healthy contralateral ear. However, a 1 mL sample only provides ~10 million 

AuCs, necessitating significant expansion of the initial cell population. AuCs proliferate 

slowly in vitro, and monolayer culture of chondrocytes has been shown to cause 

dedifferentiation, or a loss of chondrogenic phenotype, resulting in fibroblast-like cells. 

Appendix A and Chapters 4 and 5 of this dissertation investigate cell sourcing and 

expansion towards clinical translation of auricular cartilage tissue engineering. 

1.5.2.1 Combined Implantation of Auricular Chondrocytes and Mesenchymal Stem 

Cells 

Stem cells offer an alternative cell source for cartilage tissue generation. 

Specifically, mesenchymal stem cells (MSCs) are notable for their chondrogenic 
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potential, clinical accessibility from bone marrow or adipose tissue, and capacity for 

significant expansion in vitro. In addition, MSCs have been demonstrated to act as 

trophic mediators for cartilage regeneration providing indirectly promoting the release 

of functionally active molecules by nearby cells.48 However, the differentiation of 

MSCs into an elastic chondrogenic phenotype, and the capacity for MSCs to supplement 

AuCs through combined culture or implantation, has only seen limited study. We 

hypothesized that a combined implantation (co-implantation) of AuCs with MSCs 

encapsulated in our previously used high-density type I collagen hydrogels would 

generate auricular cartilage tissue of similar quality to that generated by AuCs alone. 

The second aim (Chapter 4 and Appendix A) of this dissertation compared the tissue 

engineered cartilage formed from type I collagen encapsulated AuCs to that generated 

by MSCs alone or a 1:1 combination of AuCs and MSCs after 3 months in vivo.  

The co-implantation of AuCs with MSCs has demonstrated some success 

generating cartilage tissue in vivo, however previous studies (including that of Appendix 

A) have used non-human cells, limiting the clinical impact.29,49,50 However, MSCs have 

been successfully applied in human clinical studies for the repair of articular cartilage.51 

In addition, the presence of elastic cartilage-specific markers and mechanical evaluation 

are critical for demonstration of successful auricular cartilage generation.29,49,52 Only 

one prior co-implantation study has investigated the generation of a full-sized human 

auricle, and no previous study has generated an anatomically accurate ear containing 

exclusively cells of human origin.29  
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Specific Aim 2 (Chapter 4 and Appendix A): Investigate the capacity for 

mesenchymal stem cells to replace or supplement auricular chondrocytes in the tissue 

engineering of auricular cartilage.   

Hypothesis: Co-implantation of AuCs and MSCs of human origin would generate 

auricular cartilage with structural, compositional, and mechanical properties similar to 

native tissue, and MSC supplementation would allow for sufficient cell yield to form a 

full-scale human auricle containing exclusively human cells. 

First, we investigated the capacity for mesenchymal stem cells to generate auricular 

cartilage, either alone or in combination with auricular chondrocytes (Appendix A). 

Bovine auricular chondrocytes (AuCs) and bovine mesenchymal stem cells (MSCs) 

were encapsulated within high-density type I collagen in ratios of 1:0, 1:1, and 0:1 AuCs 

to MSCs. Hydrogels were cut into 2 mm thick by 8 mm diameter disc constructs and 

implanted subcutaneously in immunocompromised nude mice for 1 or 3 months. Disc 

constructs containing both AuCs and MSCs best maintained cylindrical geometry and 

initial dimensions compared to monocellular implantations of AuCs or MSCs. Co-

implantation at a 1:1 ratio generated tissue microstructure and extracellular matrix 

composition most similar to that of native auricular cartilage, with significantly higher 

proteoglycan deposition compared to AuCs or MSCs alone. Discs containing solely 

MSCs failed to develop any cartilage-like properties, instead generating collagen-rich, 

fibrous tissue. This study demonstrated that MSCs can supplement up to half of the cell 

requirement for tissue-engineered auricular cartilage constructs while generating 

auricular cartilage tissue superior to that formed from AuCs alone. In addition, MSCs 
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encapsulated in type I collagen without any growth factor exposure failed to generate 

cartilage tissue following subcutaneous implantation. 

 Following the demonstration that co-implantation of AuCs with MSCs could 

form auricular cartilage equivalent to AuCs alone, we next set out to demonstrate that 

co-implantation could be applied with more clinically relevant human cells and to 

generate larger amounts of tissue (Chapter 4). Human auricular chondrocytes (AuCs) 

were isolated from human auricular cartilage remnants and expanded through third 

passage. AuCs were combined with human mesenchymal stem cells (MSCs) in ratios 

of 1:0, 1:1, and 0:1 AuC:MSC within high-density type I collagen and formed into 2 

mm thick by 8 mm diameter disc constructs. In addition, the 1:1 AuC:MSC combination 

was used to generate full-scale, pediatric human auricular constructs by injection 

molding. Disc constructs were implanted into nude mice for 1 or 3 months and ear 

constructs implanted into nude rats for 3 months. Disc constructs containing only AuCs 

and 1:1 disc and ear constructs developed native auricular cartilage microstructure after 

3 months in vivo, including the formation of a perichondrial layer, dense proteoglycan 

distribution, cellular lacunae, and an elastin fiber network. AuC discs, 1:1 discs, and 1:1 

ears also developed compositional and mechanical properties similar to native tissue. 

MSC disc constructs failed to generate proteoglycans or elastin following 3 months of 

implantation. All constructs contracted from initial dimensions, however AuC discs, 1:1 

discs, and 1:1 ears retained overall geometry, with the 1:1 ears maintaining key auricular 

structures such as the helical rim, anti-helix, and lobule. MSC discs displayed extreme 

contraction to below 30% of the initial disc diameter. This study displayed the largest 



17 

volume to tissue generated by a combination of AuCs and MSCs from human sources 

to date and demonstrated the potential for MSC supplementation to allow for large-scale 

ear construct tissue engineering. The use of exclusively human cell sources acquired in 

a clinically feasible manner is an important step towards the translation of tissue 

engineering as a treatment for auricular reconstruction.  

1.5.2.2 Extensive Passaging of Auricular Chondrocytes 

Beyond MSC supplementation, the extent to which AuCs can be expanded prior 

to dedifferentiation is a critical barrier to obtaining sufficient numbers of auricular 

chondrogenic cells. Dedifferentiation has been well documented for articular 

chondrocytes cultured beyond second passage (P2), but little investigation into the 

expansion potential of AuCs exists. AuCs from both sheep and humans were expanded 

to P3 were combined with primary (P0) AuCs and implanted, with the sheep 

combination generating cartilage but the expanded human cells forming fibrous tissue.53 

Other studies have had success combining passaged and non-passaged AuCs to generate 

cartilage, however none have expanded beyond P2.54,55  

Specific Aim 3 (Chapter 5): Investigate the capacity for in vitro expanded human 

auricular chondrocytes to generate human auricular cartilage following implantation. 

Hypothesis: AuCs can be expanded to P3 and beyond prior to the onset of permanent 

dedifferentiation, forming auricular cartilage when returned to 3D constructs in vivo. 
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Human auricular chondrocytes (AuCs) were isolated from human auricular cartilage 

remnants and expanded through fifth passage (P5). Cells from third passage (P3), fourth 

passage (P4), and P5 were encapsulated within high-density type I collagen and formed 

into discs of 8 mm diameter by 2 mm height. Disc constructs were implanted into nude 

mice for 1 or 3 months. Following 3 months, discs containing all three cell passages 

contracted to ~70% of the initial diameter, however all constructs maintained overall 

cylindrical geometry and displayed a white, cartilage-like appearance. Constructs from 

all three passages developed auricular cartilage microstructure, including a collage-rich 

perichondrium, proteoglycan content within the tissue depths, cellular lacunae, and the 

early formation of an elastin fiber network. After 3 months, constructs from all passages 

displayed similar amounts of DNA, GAG, and hydroxyproline content, as well as 

similar mechanical stiffness. This study demonstrated that auricular chondrocytes can 

be expanded through fifth passage without losing the capacity to form auricular cartilage 

when subsequently implanted. This indicates that auricular chondrocytes can be 

expanded greatly for use in tissue engineering human auricular cartilage, overcoming 

the challenge of limited initial cell sources.  

1.5.3 Effects of Hypoxia on Auricular Cartilage Tissue Engineering 

Cartilage is notable for its avascular nature, and as a result it exists in a state of 

hypoxia, or low oxygen tension. Many studies have investigated the application of 

hypoxia during in vitro culture of chondrocytes, both in monolayer and within three-

dimensional (3D) constructs.56–63 The bulk of this research has focused on articular 

chondrocytes, which have demonstrated increased type II collagen expression and 
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glycosaminoglycan (GAG) content when expanded under hypoxia.56,57 Hypoxia 

combined with 3D culture of articular chondrocytes resulted in increased type II 

collagen and proteoglycan synthesis57–60 while decreasing type I and type X collagen 

expression.58,60,61 Nucleus pulposus cells also display increased chondrogenic 

expression and deposition when exposed to hypoxia in culture.62 However, there has 

been limited investigation of the effects of hypoxia on AuCs and auricular cartilage 

engineering. Hypoxia has been found to upregulate the enzyme lysyl oxidase, which is 

responsible for cross-linking collagen and elastin and enhancing mechanical properties 

of tissues.64 The application of hypoxia to collagen hydrogel constructs has not been 

previously studied.  

Specific Aim 4 (Chapter 6): Determine the effect of hypoxia during both the expansion 

auricular chondrocytes and the 3D culture of auricular chondrocyte-laden collagen 

hydrogels on the retention of construct morphology and development of auricular 

cartilage tissue. 

Hypothesis: Hypoxia during both AuC monolayer expansion and 3D construct culture 

will enhance early cartilage extracellular matrix deposition and mechanical properties, 

and that in vitro culture under hypoxic conditions will prevent loss of size and shape in 

AuC-laden collagen hydrogel constructs 

Bovine auricular chondrocytes (AuCs) were isolated and either utilized directly (P0) or 

expanded for two passages (P2). Expanded AuCs were cultured under normoxic (20% 

pO2) or hypoxic (5% pO2) conditions. AuCs were encapsulated within high-density type 
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I collagen at a collagen density of either 5 or 10 mg/mL and a constant cell density of 

25 million cells/mL.  Hydrogels were cut into 2 mm thick by 8 mm diameter disc 

constructs and cultured for up to 4 weeks for P0 AuC constructs or 2 weeks for P2 AuC 

constructs. Discs were cultured at either 1%, 5%, or 20% pO2 for P0 constructs and at 

5% or 20% pO2 for P2 constructs. Disc constructs containing P0, non-expanded AuCs 

displayed better retention of original construct diameter under 5% pO2 compared to 

20%, and constructs cultured at 1% pO2 featured a higher equilibrium modulus. 

Constructs formed with 5 mg/mL initial collagen density did not retain diameter as well 

as 10 mg/mL discs but displayed higher DNA and GAG content after 4 weeks. 

Constructs containing P2 AuCs expanded under 5% pO2 and subsequently cultured 

under 5% pO2 also displayed enhanced diameter retention along with increased 

construct mass and proteoglycan deposition. This study demonstrated that applying low 

oxygen tension during AuC expansion and construct culture can prevent contraction and 

concurrent loss of morphology while improving mechanical stiffness and allowing pre-

implant development of key cartilage components. These results indicate that hypoxia 

may be useful in maintaining the detailed size and shape of tissue-engineered auricles 

for use in clinical reconstruction. 
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CHAPTER 2. 3D PRINTING APPROACHES FOR RECONSTRUCTION OF THE 

HUMAN EAR1 

2.1 Abstract 

Reconstruction of the damaged or deformed external ear is a significant surgical 

challenge. Current repair techniques fail to accurately replicate the complex anatomy of 

the ear and do not form new tissue that matches the properties of native elastic cartilage. 

Tissue engineering is a promising alternative, utilizing autologous cells and 

biocompatible materials to generate replacement tissues. However, clinical translation 

of a tissue-engineered human pinna has been limited due to the lack of a scalable and 

reproducible manner for accurately recreating the patient-specific anatomy. Three-

dimensional (3D) bioprinting combines layer-by-layer additive manufacturing 

technology with bioinks composed of a combination of cells and biomaterials to 

generate large, complex tissues with a high degree of accuracy. Non-invasive imaging 

modalities can be used to scan the ear and generate a digital model, which can then 

either guide the printing of a tissue (direct 3D bioprinting) or be used to 3D print a 

negative mold of the pinna, which can then be filled with cells and biomaterials 

(indirect). 3D bioprinting has been extensively applied to generating the human pinna, 

successfully replicating the anatomy while also maintaining a high cell viability 

                                                 

1 Submitted for publication: B. P. Cohen, N. Diamantides, and L. J. Bonassar. 3D Printing Approaches 

for Reconstruction of the Human Ear. Submitted as Chapter in the textbook Recent Advances in 

Otolaryngology 10 edited by M. Bhutta and C. Butler 
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immediately after the printing process. Moving forward, the major obstacles facing the 

translation of 3D bioprinting of the pinna are regulatory approvals, as the cell sources, 

scaffold materials, and manufacturing processes must meet Food and Drug 

Administration standard. As such, the future of 3D bioprinting lies in advances within 

the biotechnology industry to meet the regulatory demands necessary to bring this 

technology to the clinic.  

2.2 Author Contributions 

Benjamin Cohen, Nicole Diamantides, and Lawrence Bonassar conceived this book 

chapter. Benjamin Cohen and Nicole Diamantides collected, analyzed, and interpreted 

the literature and designed the figures and tables. All authors drafted, critically revised, 

and gave approval of the chapter. 
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2.3 Challenges of Tissue Engineering the Pinna 

The pinna, or external ear, can exhibit a wide range of deformation or damage, 

presenting a difficult challenge for reconstructive surgeons. Congenital defects, 

collectively termed microtia, frequently result in psychological distress and anxiety in 

pediatric patients, and as high as 80% of patients also feature some level of conductive 

hearing loss.1 In addition to congenital defects, traumatic injuries or surgical resection 

of cancerous tissue can result in malformation of the pinna. Reconstruction of the pinna 

with autologous costal cartilage requires a high level of surgical skill, results in 

morbidity at the donor site, and produces tissue with mechanical properties different 

from elastic cartilage.2 Repair using alloplastic implants is also challenging due to the 

risk of extrusion and difficulty achieving customizable shaped aesthetics.3 

 Any alternative to autologous cartilage or alloplastic implant reconstruction 

must address several challenges unique to the ear. The pinna features an anatomically 

complex morphology and, as an external part of the face, this morphology must not only 

be reliably reproduced but also recapitulate a patient-specific structure. Although 

auricular cartilage is not typically considered to be load-bearing, the pinna experiences 

several mechanical modalities, including compression, tension, and bending. Therefore, 

it is also imperative that any tissue generated match the mechanical properties of native 

ear cartilage. Additionally, unlike other types of cartilage, auricular cartilage is elastic 

and contains a significant elastin microstructure which must be developed in an 

engineered tissue.  
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Tissue engineering approaches offer an alternative reconstruction technique by 

combining cells with scaffolds to create a new pinna for the patient. Luckily, several 

aspects of the ear make it an ideal tissue to engineer. Auricular cartilage features a single 

cell type, the auricular chondrocyte, and is avascular and aneural. Tissue engineering 

technology also offers several opportunities, including the use of patient-derived cells 

to avoid immune rejection, access to a variety of scaffold biomaterials to optimize 

structural and mechanical properties, and the ability to apply growth factors and other 

stimuli to promote cell proliferation and tissue generation. 

2.4 Tissue Engineering the Human Pinna 

The first example of the tissue engineered pinna was demonstrated by Vacanti 

et. al, where constructs were formed in an ear shape and seeded with bovine 

chondrocytes.4 Over time, approaches have evolved to take advantage of the 

customizability of tissue engineering methods and investigators have experimented with 

different scaffold materials, shaping methods, cell incorporation techniques, and forms 

of mechanical support.  

In these studies, anatomic shapes were achieved by pressing a polyglycolic acid 

mesh into a plaster cast mold.4 Other approaches also used synthetic fibrous scaffolds 

such as polylactic acid, polyglycolic acid, polycaprolactone, and poly 4-

hydroxybutyrate.2,5,6 These materials could be dried in advance and pressed into ear-

like molds,4,5 dehydrated within the mold to form a pinna,6 or introduced by solvent 

casting and particulate leaching of a sacrificial material,2 with cells seeded onto the 
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scaffold after shaping. Additionally, injection molding of hydrogel materials, which 

could be either synthetic or natural such as alginate, was used to fill molds of the pinna.7 

Molds were generated by hand, either using negative impressions captured of existing 

ears4,6 or by hand forming a representative ear shape.2 The cells used were most often 

chondrocytes, however they were drawn from various cartilage sources, including 

articular,6 nasal septum,5 and auricular.2 A primary challenge for this approach was 

maintaining the complex anatomy of the pinna while in vivo, where internal forces from 

the cells remodeling the scaffold and external pressures from the overlying skin and 

environment caused deformations to occur. Methods to retain shape fidelity included 

application of an external stent over the ear while on the animal,4 a fully implantable 

gold mold containing the ear construct,7 or embedding a titanium wire support within 

the engineered pinna.8  

This work was extremely successful in inducing cartilage development in vivo 

and creating engineered constructs with the shape and features of the pinna. However, 

hand carving and molding of the ears requires significant skill, similar to the existing 

challenges faced in autologous reconstructions. Seeding cells on the surface of fibrous 

scaffolds can result in heterogenous cell attachment, slowing the rate of scaffold 

remodeling. External and internal reinforcement of the construct enhances the final 

aesthetic outcome, but is costly in resources and may require additional surgery. 

Ultimately, a more scalable and accessible method of construct generation that better 

recapitulates the patient-specific anatomy would greatly enhance clinical utility. 
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2.5 A Background in 3D Printing 

Three-dimensional (3D) printing offers a unique opportunity to tissue engineer 

constructs with precise control over construct geometry. 3D printing is a technology 

used to manufacture objects of complex geometry in a layer-by-layer fashion based on 

predesigned 3D computer models. This technique first came to use in 1986 when 

Charles Hull was issued a patent for an “apparatus for production of three-dimensional 

objects by stereolithography”. 3D printing has since been used for the manufacturing of 

plastic and metal prototypes and parts, particularly in the automotive and aircraft 

industries. However, 3D printing was not applied to biomedical applications until 2003, 

when Thomas Boland et al. reported the adaption of a commercial desktop inkjet printer 

to allow for the printing of cells in three dimensions. The use of 3D printing technology 

applied to biological applications has since been termed bioprinting.  Bioprinting is 

characterized by the use of biomaterials and cells to produce 3D constructs for 

regenerative medicine and tissue engineering applications. The first commercial 

bioprinter was developed by Organovo and Invetech in 2009 and was intended for the 

development of tissues such as blood vessels.9 The field has since seen the development 

of many bioprinted tissues, including skin, heart valve, meniscus, and liver. The first 

application of cartilage printing was demonstrated by Cohen et. al in 2006.10 

There are three categories of bioprinters: extrusion, inkjet, and stereolithography 

(Figure 2.1). Inkjet bioprinters store the bioink, the biomaterial and/or cells, in a 

reservoir and use thermal- or piezoelectric-based mechanisms to expel one drop of the 

bioink at a time. This technique can be used with cell-laden biomaterials or pure cell 
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bioinks and some inkjet bioprinters have the capability of printing with multiple cell 

and material types concurrently. These printers are most conducive to low viscosity 

bioinks although this low viscosity requirement can limit the potential height of a 

printed construct. Inkjet bioprinters can achieve extremely fine resolution in the xy 

plane with precise control over cell and material placement. Inkjet bioprinters are 

relatively inexpensive and can be made by retrofitting a desktop inkjet printer.9,11 

 

Figure 2.1 Schematics illustrating the types of 3D bioprinting commonly applied 

to auricular tissue engineering. 

Extrusion bioprinters use pneumatic- or piston-driven methods to dispense the 

bioink through a nozzle in one continuous line. These bioprinters can print with cell-

laden biomaterials with high viscosities which makes them more conducive to printing 

larger (taller) constructs. Extrusion bioprinters are capable of printing with multiple 

material and cell types and printing relatively large constructs in a short amount of time. 

This print time is an important consideration when considering the viability of cells 

encapsulated in the construct. However, extrusion bioprinters also tend to have lower 

resolution compared to other bioprinters.9,11 
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Stereolithography utilizes a light source to photopolymerize the surface of a bath 

of liquid polymer. These bioprinters tend to be more expensive but can achieve 

extremely high resolution.  Some stereolithography bioprinters can be used with cells, 

but most are used to create scaffolds which can then be seeded with cells after printing. 

These bioprinters normally can only be used with one material type which prevents the 

printing of multi-material constructs. Some stereolithography bioprinters are limited as 

to the potential height of the printed construct.9,11 

A major advantage of 3D printing for tissue engineering is that bioprinting 

utilizes 3D computer models to manufacture constructs with complex geometries. These 

models can be based on the patient’s own anatomy to create constructs with patient-

specific geometry. These computer models can be developed based on images of the 

patient’s healthy contralateral ear. These images can then be converted into 3D 

computer models using standard computer-aided design (CAD) techniques. Such 

images can be obtained using traditional clinical imaging modalities such as CT or MRI 

scanning.10,12 These imaging techniques are already available in clinical settings and 

therefore would not require additional costs for equipment and training to make this 

tissue engineering process clinically applicable. Another imaging technique that could 

be used is 3D photogrammetry.13 While not a traditional clinical imaging modality, this 

technique is used in industry and could potentially be achieved using relatively 

inexpensive cameras. Once images of the patient’s ear are obtained, they can be 

converted into a 3D model which can be interpreted by the bioprinter to produce tissue 

engineered constructs with specific anatomical geometries (Figure 2.2). 
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Figure 2.2 Process for the manufacturing of bioprinted auricular implants. (A) 

Images are taken of the patient’s healthy, intact contralateral ear.  (B) 3D 

computer models are generated from imaging data. (C) Computer models are 

refined and flipped to depict the intended shape for the patient’s damaged, 

injured ear. (D) A STL or toolpath file is generated from the refined model. (E) 

The 3D bioprinter uses the STL file to print the intended geometry using cells 

and/or biomaterials. (F) An initial construct is generated. (G) This construct is 

then cultured in vitro or implanted in vivo for further tissue maturation. (H) The 

final construct after maturation. Images are unpublished work from the Bonassar 

lab at Cornell University 
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Several previous studies have shown that 3D computer models can successfully 

be obtained from various imaging modalities, and that these models can be used to 

generate 3D printed constructs of different tissues. Modalities such as CT or MRI 

scanning have been utilized to develop models of menisci14 and auricles.15,16 Auricular 

models have also been successfully created from less invasive 3D photography.13 

Current imaging technology has been proven to capably reproduce accurate computer 

models for bioprinting. 

2.6 “Indirect” 3D Printing 

While 3D printing can be used to directly manufacture tissue constructs, this 

technology can also be applied to other mechanisms of tissue formation. “Indirect” 3D 

printing refers to a process where plastic molds of the desired tissue are 3D printed for 

use in creating a construct. Just as in traditional 3D printing, anatomic data obtained 

from medical imaging modalities are used to create a solid model of the tissue. However, 

this model is then embedded in a solid “block” to create a negative space mold of the 

tissue. The block mold is then digitally divided into segments that are printed as separate 

pieces, typically from a common plastic such as acrylonitrile butadiene styrene.13  

 Once printed, tissues are formed within the mold by press-fitting15 or injection 

molding13 a scaffold material, producing a construct with a high degree of anatomic 

fidelity without the need for complex or expensive technology. The “indirect” nature of 

this process introduces additional steps compared to direct 3D printing, however the 

higher resolution of plastic printing and ability to perform post-processing on the printed 
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parts allows for increased precision and replication of anatomic shape fidelity. In 

addition, plastic 3D printers have become increasingly common and affordable in recent 

years, requiring less expertise to run compared to more complicated bioprinters, and the 

generated molds can be used under standard sterile conditions without requiring 

extensive training.  

2.7 Important Factors in Bioprinting 

There are two main factors to consider in formulating inks for bioprinting: the 

cells and the biomaterial. Cells can be primary chondrocytes, stem cells, or a co-culture 

of the two. Chondrocytes and co-cultures with stem cells have been shown to produce 

cartilage tissue and stem cells can be driven toward chondrogenic lineages when 

supplied with the necessary cytokine/growth factor stimulation. When used for 

bioprinting, the sensitivity of the cells to the printing process needs to be considered. 

Cells may undergo high temperatures, pressures, shear strains, and ultraviolet irradiation 

during some bioprinting processes. It is important to determine that the cells chosen are 

capable to surviving this process and do not exhibit any long-term effects from the 

process. 

There are several material properties that should be considered when choosing 

a potential biomaterial for bioprinting. These include the ability to be remodeled, 

potential cytotoxicity of degradation byproducts, biocompatibility, cell binding sites, 

robust mechanical properties, and printability. To be printable, the material often needs 

to undergo a phase-change such that the material is fluid enough that it can easily be 
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dispensed or extruded and then undergoes some change causing it to become more 

viscous and allowing it to form and maintain the intended shape. This phase change can 

be physically (thermal) or chemically (crosslinking) induced. In the case of 

stereolithography bioprinters, the biomaterial must undergo a phase change from liquid 

to solid. 

2.8 3D Printing of Cartilaginous Tissues 

Several previous studies have investigated the use of bioprinting to tissue 

engineering cartilage tissue. Extrusion bioprinting is the most common method used for 

cartilage tissue engineering, though cartilage tissue has also been successfully formed 

using inkjet bioprinting. Cartilage tissue has been formed using both synthetic17 and 

natural biomaterials18 and combinations of the two.19 Studies have also shown that 

bioprinting techniques can be used to print complex geometries such as ear, meniscus, 

nose, and intervertebral discs.10,14,20 They have also shown the ability to print with 

multiple materials to create IVD’s with distinct AF and NP regions,21 osteochondral 

constructs with distinct cartilage and bone regions,22 and auricles with distinct cartilage 

and adipose regions.23  

2.9 Review of 3D Printing of Ears and Ear Cartilage 

As 3D bioprinting research has progressed, the field has turned its sights on the 

challenge of recreating the human pinna. Like other forms of tissue engineering, 

researchers have investigated various approaches to generating ears, using different 3D 
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printing techniques, scaffold materials, cell sources, and outcome measures (Table 2.1). 

As previously discussed, the key obstacles to tissue engineering the pinna are replicating 

the complex anatomy in a patient-specific manner, enduring mechanical forces and 

maintaining shape fidelity after generating a construct, and developing the engineered 

scaffold into auricular cartilage tissue. The ability for 3D printing to utilize medical 

imaging data is a primary benefit in overcoming the first challenge, allowing for the 

rapid and accurate translation of a patient’s ear scan to be turned into a model, which 

can then be either directly or indirectly printed into a construct. The precision control 

of a 3D printer also is critical for following the complex contours of the pineal surface. 

In addition, 3D printing can utilize tailored bioinks with defined mechanical properties 

and can incorporate scaffold or sacrificial materials to improve stability of the 

constructs. 3D printing also provides a method to distribute cells in a heterogenous 

manner, allowing for multiple cell types, such as chondrocytes and adipocytes, to be 

included within the same construct. The generation of auricular cartilage tissue is of 

great importance to the clinical application of an engineering method, with both in vitro 

and in vivo development being a standard measure in more traditional forms of tissue 

engineering. 
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Table 2.1 Summary of 3D printed pinnae. Image Capture – MRI = magnetic 

resonance imaging, CAD = computer-aided design, CT = computed 

tomography. Cell Source – h = human, e = equine, b = bovine, r = rabbit, p = 

porcine, NC = nasoseptal chondrocytes, AC = articular chondrocytes, ADSC = 

adipose-derived stem cells, MSC = mesenchymal stem cells, AuC = auricular 

chondrocytes. Print Material – GelMA = gelatin methacrylic anhydride, PGS = 

polyglycerol sebacate, NP = nanoparticles, PCL = polycaprolactone, PEG = 

polyethylene glycol, HA = hyaluronic acid, P-F127 – Pluronic F127NFC = 

nanofibrillated cellulose, PGA = polyglycolic acid, PLA = polylactic 

acidVitro/Vivo – d = days, w = weeks, m = months. 
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 The use of imaging technology to guide patient-specific pinna regeneration is an 

area of much recent interest. While prior work utilized roughly carved ear structures,2 

3D printing requires a digital model of the desired structure. CAD drawings of the pinna 

have been applied by several researchers, as these 3D structures act as excellent 

demonstrations of the capacity for bioprinters to achieve complex outputs.20,23-25 

However, technologies exist to take medical images and digitally model the pinna 

surface, then 3D print a construct corresponding to a patient’s own anatomy. Images 

acquired by CT scan,15,21,26,27 MRI,16,18,28,29 and rapid 3D photography13,30 have all been 

successfully used to generate printed ear constructs with high anatomic fidelity. 

 Whether the printed image is from a patient or a generic ear, creating the detailed 

external structure is critical for the initial construct. To this end, most research has 

applied extrusion bioprinting towards the pinna (Figure 2.3A-C). Extrusion bioprinting 

balances several important factors such as high-output resolution, compatibility of cells 

within bioinks, and a wide array of customizable materials. Extrusion bioprinting also 

allows for multiple materials to be printed concurrently, allowing for the use of 

sacrificial materials such as PEG21,23,27 or Pluronic F12720,26 which can support the 

irregular structure of the pinna during the print, or the incorporation of supporting 

materials within the construct such as PCL23,26,31 or polaxamers.25 Additionally, the 

spatial control of dispensing provides a mechanism to heterogeneously distribute cells, 

such as embedding both chondrocytes and adipocytes to create a pinna with a fatty tissue 

lobule.23 Control of the construct geometry also enables the generation of constructs 
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designed to fill auricular cartilage defects, similar to current efforts to repair articular 

cartilage lesions.31  

 

Figure 2.3 Examples of ears generated by extrusion (A-C), inkjet (D), and 

indirect (E,F) printing. Human ears are scanned to form a digital image model, 

which can be converted to either a print path for direct bioprinting or a mold of 

the negative image is printed. Ear constructs are generated from a combination 

of scaffold materials, sacrificial supports, and cells. Constructs must then retain 

the large-scale organ shape and develop cartilage structure and properties during 

in vitro culture or in vivo implantation. (A) Adapted with permission from 

Mannoor et. al (24). Copyright 2013 American Chemical Society. (B) Adapted 

with permission from Lee et. al (23). Copyright 2014 IOP Publishing. (C) 

Reprinted by permission from Macmillan Publishers Ltd: Nature 

Biotechnology, Kang et. al (26), Copyright 2016. (D) Adapted with permission 

from Martinez et. al (18). Copyright 2016 Elsevier. (E) Adapted with permission 

from Liu et. al (15). Copyright 2010 Elsevier. (F) Adapted from Reiffel et. al 

(13). Copyright 2013 PLOS ONE. 
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In addition to extrusion printing, inkjet-like and laser-based stereolithography 

methods have been applied for engineering the pinna (Figure 2.3D-F). A microvalve 
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contact dispensing system was used to apply a solution of nanofibrillated cellulose 

mixed with alginate and nasoseptal chondrocytes within an extruded PCL framework to 

create an ear construct,18 demonstrating a combined printing method that could 

incorporate both mechanical stability and high cell viability throughout the construct. 

Stereolithography features incredibly high-resolution control of the construct geometry 

by using laser light to photocure the scaffold material. By combining photocurable PEG 

with biocompatible and biodegradable chitosan, a liquid resin was created that could be 

printed into an ear construct. However, this process is limited because cells must be 

seeded after construct generation, preventing a homogenous distribution through the 

final tissue.  

 While 3D bioprinting of the pinna is still at an early stage, the goals of different 

studies have primarily revolved around two main objectives: characterization of a 

specific bioink (and sometimes cell) formulation or the ultimate generation of auricular 

cartilage tissue. Bioink characterization is focused on demonstrating the printability, 

biocompatibility, and stability of various scaffold materials and printing methods. 

Critical to the success of this work is demonstrating a high cell viability (>90%) 

immediately after printing and determining the material additives or mixing ratios that 

provide the optimal mechanical properties.18,20,25,28,32 Demonstrating cartilage 

generation requires post-printing in vitro culture or in vivo implantation. This is 

important from both a macro- and micro-scale development, as tissue culture is 

necessary to observe maintenance of the anatomic morphology over time and 

remodeling of the scaffold material into auricular cartilage matrix components such as 
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collagen, proteoglycans, and elastin. Retention of the pinna morphology has been 

demonstrated in several studies by gross imaging after culture.18,24,26 In addition, 

research has shown that printed constructs display deposition of collagen and 

proteoglycans, indicating that cartilage development and remodeling has 

occurred.18,20,21,23,24,26,27,31  

 Indirect 3D printing has also been investigated as an alternative to direct 

bioprinting methods to incorporate patient-specific morphology. Indirect 3D printing 

methods all share a common ground, using medical imaging technologies such as CT 

scans,15 MRI,16 or 3D digital photography13,30 to 3D print a negative mold of the human 

pinna. These molds can then be filled with scaffold materials and cells using other tissue 

engineering approaches, such as press fitting,15 injection molding,13,30 or micro-

dispensing/spraying.16 Indirect printing has displayed excellent results forming initial 

ear constructs that maintain their morphology both in vitro15 and in vivo13,30 while also 

demonstrating cartilage tissue development.  

2.10 Future Scientific and Clinical Outlook 

Bioprinting of the pinna has seen many advances in recent years; however, 

several limitations must be overcome to achieve widespread clinical use. The primary 

goal of most ear 3D printing research has been recapitulating the complex geometry of 

the pinna, both by direct and indirect methods. Among the challenges in evaluating the 

successful tissue engineering of an ear construct are measuring the retention of the initial 

ear shape and the development of cartilage tissue during follow-up culture or 
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implantation. While several studies have also demonstrated some level of maintenance 

of ear morphology, only one has utilized a digital scanning modality to quantify changes 

over time.15 In addition, a limited number of studies used auricular chondrocytes as the 

cell source,13,26,27,30,31 which are cells specific to ear cartilage. Furthermore, only two 

studies looked for the presence of elastin in the engineered constructs, a marker that is 

specific to the elastic cartilage of the ear.13,30 Finally, one of the advantages of 3D 

bioprinting is the capacity to form heterogeneous organs composed of multiple tissue 

types. A fully printed pinna containing both cartilaginous and fatty tissue (for the lobule) 

has demonstrated successful incorporation of cells from multiple lineages, and this 

microscale control can be extended in further studies.23,27  

 Before a bioprinted pinna can be brought to the clinic, several regulatory hurdles 

must first be addressed. These regulations apply to all levels of the development of the 

engineered appendage, concerning the cell source, scaffold material, and manufacturing 

method.  For cells, decisions must be made regarding the type of cells used, their source, 

and expansion method. While auricular chondrocytes are the most direct choice, stem 

cells offer a more accessible source, although this would require a process of 

differentiation. Cells would also need to be isolated either autologously from the patient 

or from allogenic sources. Once acquired, cells will need to be expanded to large 

numbers to seed within the construct. Processes such as differentiation, isolation, and 

expansion must all be performed in an approved manner, similar to the current standards 

set for articular chondrocyte implantation. A main challenge in this regard is the lack of 

information on protocols to directly differentiate stem cells to auricular chondrocytes. 



48 

 The development of bioinks is a major area of interest in the field of bioprinting, 

and as a new field has yet to undergo evaluation from the Food and Drug Administration 

(FDA). Many new and novel biomaterials have been proposed for printing, utilizing 

different combinations of polymers, nanoparticles, cross-linking agents, and other 

components to maximize printability, cell viability, and capacity for tissue remodeling. 

However, for clinical relevance the ideal biomaterial will have already been FDA 

approved and used in the medical industry, which is limited to a few current materials 

such as alginate and collagen. Chosen materials must also receive approval for safety 

and efficacy and good manufacturing practices (GMP) formulations to scale up of 

manufacturing. 

 Current research bioprinting the pinna continues to demonstrate a wider array of 

potential cell sources, biomaterial compositions, and printer designs and methods. 

However, the next steps to bring these advancements to clinical practice are beyond the 

realm of academic research. The process of demonstrating adequate cell and material 

sources, as well as scalable and controlled methods of manufacture, falls into the hands 

of the biotechnology industry.  

2.11 Key Points for Clinical Practice 

• Current technology enables image-based reproduction of living shaped ear cartilage. 

• Variety of printing options to print living implants using biocompatible materials. 

• These methods have distinct advantages over current clinical practice: 

o Image-based fabrication 
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o High degree of reproducibility and scalability 

o Accessibility, enabling more physicians to engage in ear reconstruction 

• Translation of laboratory successes to clinical applications requires FDA framework 

of approved cells, materials, and manufacturing techniques. 
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CHAPTER 3. LONG-TERM MORPHOLOGICAL AND 

MICROARCHITECTURAL STABILITY OF TISSUE-ENGINEERED, PATIENT-

SPECIFIC AURICLES IN VIVO2 

3.1 Abstract 

Current techniques for autologous auricular reconstruction produce substandard 

ear morphologies with high levels of donor site morbidity, while alloplastic implants 

demonstrate poor biocompatibility. Tissue engineering, in combination with non-

invasive digital photogrammetry and CAD/CAM technology, offers an alternative 

method of auricular reconstruction. Using this method, patient-specific ears composed 

of collagen scaffolds and auricular chondrocytes have generated auricular cartilage with 

great fidelity following 3 months of subcutaneous implantation, however this short time 

frame may not portend long term tissue stability. We hypothesized that constructs 

developed using this technique would undergo continued auricular cartilage maturation 

without degradation during long-term (6 month) implantation. Full sized, juvenile 

human ear constructs were injection molded from high-density collagen hydrogels 

encapsulating juvenile bovine auricular chondrocytes and implanted subcutaneously on 

the backs of nude rats for 6 months. Upon explantation, constructs retained overall 

patient morphology and displayed no evidence of tissue necrosis. Limited contraction 

                                                 

2 B. P. Cohen, R. C. Hooper, J. Puetzer, R. Nordberg, O. Asanbe, K. A. Hernandez, J. A. Spector and L. 

J. Bonassar. Long term morphological and microarchitectural stability of tissue engineered, patient-

specific auricles in vivo. Tissue Eng. Part A. 22, 461 (2016) 
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occurred in vivo, however no significant change in size was observed beyond 1 month. 

Constructs at 6 months showed distinct auricular cartilage microstructure, featuring a 

self-assembled perichondrial layer, a proteoglycan rich bulk, and rounded cellular 

lacunae. Verhoeff staining also revealed a developing elastin network comparable to 

native tissue. Biochemical measurements for DNA, glycosaminoglycan, and 

hydroxyproline content and mechanical properties of aggregate modulus and hydraulic 

permeability showed engineered tissue to be similar to native cartilage at 6 months. 

Patient-specific auricular constructs demonstrated long-term stability and increased 

cartilage tissue development during extended implantation, and offer a potential tissue 

engineered solution for the future of auricular reconstructions. 

3.2 Author Contributions 

Benjamin Cohen collected and performed morphological, histological, biochemical, and 

mechanical analyses. Rachel Hooper, Ope Asanbe, and Karina Hernandez performed 

construct implantation and explantation and animal care. Jenny Puetzer and Rachel 

Nordberg generated constructs and performed histological and mechanical data 

collection. Jason Spector and Lawrence Bonassar conceived study design. Benjamin 

Cohen, Jason Spector, and Lawrence Bonassar designed the figures and wrote the 

manuscript. All authors critically revised and gave final approval of the manuscript. 
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3.3 Introduction 

Deformity of the auricle, or external ear, can result from congenital defects, 

oncologic resection, or traumatic injury.1,2 Current clinical practice utilizes autologous 

costal cartilage to fabricate auricular facsimiles with long-term stability;3,4 however, this 

method is limited by donor site morbidity,3–6 a complex surgical sculpting process,3–5,7 

and differing mechanical properties compared to elastic auricular cartilage.4,5 

Alternatively, alloplastic implants produce predictable shapes and eliminate donor site 

surgery3,8 but suffer from poor biocompatibility and high rates of infection and 

extrusion.3,6 A tissue engineering approach to auricular reconstructions would overcome 

the limitations of both autologous and alloplastic contemporary treatments.  

Towards this end, several tissue engineering methods have been applied to 

fabricate full scale auricular constructs. Several synthetic scaffolds, such as polyglycolic 

acid (PGA),3,5,6,9–11 polylactic acid (PLA),12 polycaprolactone (PCL),3,12 or copolymer 

combinations, have been applied with varying success. However, the degradation of 

these polymers has been reported to cause inflammatory reactions.3,4  Natural polymer 

scaffolds and hydrogels, such as alginate13 and fibrin,14 are easily molded and have high 

biocompatibility,4 but are limited by low stiffness, making them difficult to handle.15 

Chondrocytes encapsulated in alginate and then implanted also become 

fibrochondrogenic.16 In addition to scaffolds, choice of cell source is important. While 

articular or costal chondrocytes may be more abundant, these cells do not produce 

elastin fibers when implanted.17 Mesenchymal stem cells are also a potential source, but 

these require in vitro chondrogenic induction prior to implantation.18 
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 Despite the extent of auricular cartilage engineering, limitations still exist. Few 

groups have worked with methods that can apply patient-specific morphologies to 

engineer ear constructs,19,20 resulting in generic ears that must be surgically manipulated 

to reproduce particular aesthetics. Additionally, the maintenance of ear morphology 

following implantation often requires mechanical assistance, either through external 

stenting over the skin14 or internal plastic21 or metal10,22–24 support that is included with 

the implant. Our group has previously applied digital photogrammetry and computer-

assisted design/computer-aided manufacturing (CAD/CAM) techniques to fabricate 

molds replicating juvenile patient ears, a novel technique to recreate specific ear 

morphology.25 Ear constructs were then produced by injection molding of auricular 

chondrocytes encapsulated within high-density type I collagen hydrogels, which were 

implanted in vivo without external stenting or internal synthetic components. Following 

three months in vivo, these constructs maintained detailed morphological characteristics 

and developed structural features and mechanical properties similar to native auricular 

cartilage.25 

 Although our previous study demonstrated the potential of utilizing 

photogrammetric and CAD/CAM methods to produce patient-specific molds and 

constructs, the long-term stability (greater than three months) of the developing tissue 

in vivo has not been verified. In general, few studies utilizing complete human ear 

geometries have exceeded this time point,3,6,10,12,23,26 and none of these featured a 

collagen scaffold. Additionally, the biochemical composition of these constructs must 

be characterized. In order to further validate our tissue engineering approach for clinical 
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translation, an extended implantation interval must be explored. In this study, the long-

term stability of patient-specific engineered ear constructs in vivo was evaluated and the 

microstructural, biochemical, and mechanical properties were assessed following six 

months of implantation.  

3.4 Methods 

3.4.1 Ethics statement 

 All animal care and experimental procedures were in compliance with the Guide 

for the Care and Use of Laboratory Animals27 and were approved by the Weill Cornell 

Medical College Institutional Animal Care and Use Committee (protocol # 2011-0036).  

3.4.2 Isolation of chondrocytes 

 Bovine auricular chondrocytes were isolated as previously described.28 Briefly, 

ears were obtained from freshly slaughtered 1-3 day old calves (Gold Medal Packing, 

Oriskany, NY). Auricular cartilage was dissected from the surrounding skin and 

perichondrium under sterile conditions. Cartilage was diced into 1 mm3 pieces and 

digested overnight in 0.3% collagenase (Worthington Biochemicals Corp., Lakewood, 

NJ), 100 µg/ml penicillin, and 100 µg/ml streptomycin in Dulbecco’s modified Eagle’s 

medium (DMEM) (MediaTech Inc., Manassas, VA). Cells were filtered, washed, and 

counted the following day. 
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3.4.3 Construct design and mold fabrication 

 Molds for the generation of ear constructs were designed and fabricated as 

previously described.25 Briefly, high-resolution images of the ear of a five year-old 

female with informed consent were obtained using a Cyberware Rapid 3D Digitizer 

(3030 Digitizer, Monterey, CA). Images were processed using PlyEdit software 

(Cyberware, Inc., Monterey, CA), converted to stereolithography files, and imported 

into SolidWorks (Dassault Systems Corp, Waltham, MA) where the continuous three-

dimensional ear surface was embedded into a virtual block. This was used to design 7-

part molds which were printed out of acrylonitrile butadiene styrene (ABS) plastic using 

a Stratasys FDM 2000 3D printer (Eden Prairie, MN). Molds were sterilized by washing 

with Lysol® (Parsippany, NJ) followed by a 1-hour soak in 70% ethanol and 30 minutes 

of drying in a sterile biological safety cabinet before use. 

3.4.4 Implant fabrication 

 Collagen was extracted and reconstituted as previously described.29,30 At time of 

fabrication, stock collagen solution was returned to pH 7.0 and maintained at 300 mOsm 

by mixing with appropriate volumes of 1N NaOH (Mallinckrodt Baker, Inc., 

Phillipsburg, NJ), 10x phosphate buffered saline (PBS) (MediaTech), and 1x PBS 

(MediaTech) as previously described.30,31 This collagen solution was immediately 

mixed with cells suspended in media and injected into ear molds as previously 

described.25 Briefly, an 8 ml collagen-cell mixture, with a final collagen concentration 

of 10 mg/ml and a final cell concentration of 25x106 cells/ml13, was injected into the 
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molds and allowed to gel for 50 minutes at 37°C. After 50 minutes, the ear constructs 

were removed from the molds and cultured for 3-5 days in media composed of DMEM, 

10% fetal bovine serum (Gemini Bio-Products, Sacramento, CA), 100 µg/ml penicillin 

(MediaTech, Inc.), 100 µg/ml streptomycin (MediaTech, Inc.), 0.1 mM non-essential 

amino acids (Gibco, Grand Island, NY), 50 µg/ml ascorbic acid (Sigma-Aldrich, St. 

Louis, MO), and 0.4 mM L-proline (Sigma-Aldrich) prior to implantation. A total of 6 

cell-seeded samples were generated for the six month time point in this study. Those 

implanted constructs that were not complicated by wound infection or seroma formation 

were included in the analysis. 

3.4.5 In vivo implantation and explantation 

 Ear constructs were implanted as previously described.25 Briefly, ten-week old 

male athymic nude rats (RNU; Charles River, Wilmington, MA) were anesthetized via 

intraperitoneal injection of ketamine (80 mg/kg) and xylazine (8 mg/kg). The surgical 

sites were shaved and prepped and all animals received a subcutaneous injection of 

buprenorphine (0.1 mg/kg) and an intraperitoneal injection of cefazolin (11 mg/kg) prior 

to surgical manipulation. A small subcutaneous pocket overlying the dorsum was 

dissected and a construct was inserted and oriented such that the anterior surface was 

directed toward the overlying skin. Incisions were closed with metallic wound clips and 

a sterile occlusive dressing was placed prior to recovery from anesthesia.  

 Animals were sacrificed via CO2 asphyxiation followed by bilateral 

thoracotomy after 6 months. Constructs were harvested, weighed, and imaged. 
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Construct length was measured along the lobule-helix axis and construct width was 

defined as the largest dimension measured along an axis perpendicular to the lobule-

helix axis. Half of each specimen was snap-frozen in liquid nitrogen for biochemical 

and biomechanical analyses, while the remainder was fixed in 10% neutral buffered 

formalin for 48 hours and transferred to 70% ethanol prior to histologic analyses.  

3.4.6 Histologic analyses 

 The fixed portions of samples were dehydrated by sequential washes in ethanol, 

embedded in paraffin, cut into 5 µm sections, and stained with Safranin O/Fast green to 

assess proteoglycan distribution, Picrosirius red to assess collagen organization, and 

Verhoeff’s/Van Gieson to assess the presence of elastin fibers. Images were taken in 

brightfield at 100x and 200x using a Nikon Eclipse TE2000-S microscope (Nikon 

Instruments, Melville, NY) fitted with a SPOT RT camera (Diagnostic Instruments, 

Sterling Heights, MI). 

3.4.7 Biochemical analyses 

 Biochemical analyses were performed as previously described.32 Briefly, three 

samples were collected from each of the frozen 6 month ears, previously studied 1 and 

3 month ears,25 and native juvenile bovine ears. Samples were weighed, re-frozen, 

lyophilized, and weighed again. Samples were then digested with 1.25 mg/ml papain 

(Sigma-Aldrich) solution overnight at 60°C and analyzed for DNA content via the 

Hoechst DNA assay,33 sulfated glycosaminoglycan (GAG) content via a modified 1,9-
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dimethylmethylene blue (DMMB) assay,34 and collagen via a hydroxyproline assay.35 

Biochemical properties are reported normalized to the dry weight (DW) of the samples.  

3.4.8 Mechanical analysis 

 Six mm diameter by one mm height disks were cut from the central portion of 

each frozen ear, as well as from native juvenile bovine ears, using dermal biopsy 

punches. Confined compression testing was performed as previously described.13,25 

Briefly, samples were thawed in PBS containing protease inhibitors (Roche 

Diagnostics, Indianapolis, IN) and placed in a cylindrical confining chamber mounted 

in an ELF 3200 test frame (Enduratec, Eden Prarie, MN). Samples were compressed to 

50% of their original height in 10 steps of 50 µm each, with 5 minutes between steps to 

allow for full stress relaxation. Resultant stresses were recorded at 1 Hz and the temporal 

profiles of stress were fit to a poroelastic model of tissue behavior using custom 

MATLAB (MathWorks, Natick, MA) code to calculate the equilibrium modulus and 

hydraulic permeability.32 

3.4.9 Statistics 

 All size, biochemical, and mechanical data were analyzed by Kruskal-Wallis 1-

way ANOVA by ranks with Dunn’s method for post hoc analysis, with the exception of 

the hydraulic permeability, which underwent a logarithmic transform and 1-way 

ANOVA using Tukey’s t-test for post hoc analysis. ANOVA by ranks was used for data 

that failed a normality or equal variance test. A t-test was applied to compare the sizes 
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of implanted and non-implanted constructs. A value of p<0.05 was used as a threshold 

for statistical significance. All data are expressed as means plus one standard deviation.  

3.5 Results 

3.5.1 Ex vivo gross analyses 

Constructs maintained patient-specific geometry and ear-specific external features 

following long-term implantation. After 6 months, constructs maintained a visible 

projection through the dorsal skin of the rats and retained general shape definition. This 

was confirmed upon ex vivo inspection, which demonstrated that ear constructs 

maintained anatomic shape in comparison to the pre-implant constructs ( 

Figure 3.1). At 6 months constructs maintained definition of the lobule and helical rim 

structures, with the antihelix represented to a slightly lesser degree. Ear constructs 

showed no signs of necrotic cores and displayed healthy tissue through full thickness of 

the ear when inspected in cross-section (Figure 3.2).  
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Figure 3.1 Ex vivo gross analysis of injection molded ear before implantation 

(A) and explanted following 6 months in vivo (B) displaying maintained 

anatomic fidelity. Scale bar = 1 cm.  
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Figure 3.2 Ex vivo horizontal cross-section through the center of an ear construct 

6 months after implantation displaying healthy, living tissue through full 

thickness. Scale bar = 1 cm.  

The sizes of the post-harvest constructs were consistent for the 1, 3, and 6 month 

constructs. Neither the lengths nor widths at these time points displayed significant 

differences, with the mean lengths ranging from 3.32-3.50 cm and the widths from 2.01-

2.44 cm (p<0.05) (Figure 3.3). In contrast, when all implanted constructs were 

compared to the construct before implantation, the implanted ears significantly 

contracted to 65% of the pre-implant ear length of 5.18 cm (p<0.01), while the widths 

contracted to 78% of the initial 2.82 cm width.  
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Figure 3.3 Analysis of explanted construct length and width. Both the length (A) 

and width (B) of the postharvest constructs displayed no change following 1 

month in vivo, but the dimensions of all explanted constructs decreased 

compared to preimplantation 0-month constructs. n = 3-5, p < 0.05. 

3.5.2 Histological analyses 

Safranin O and Picrosirius red stains indicated the formation of distinct auricular 

cartilage microstructure. Staining with Safranin O revealed a profuse and consistent 

proteoglycan matrix surrounding rounded cell lacunae that was unchanged between 3 

and 6 months after implantation (Figure 3.4A-C). By 6 months, the tissue stained for 

proteoglycans and was almost indistinguishable from native auricular cartilage (Figure 

3.4D). Picrosirius red staining showed that the outermost tissue layer was composed of 

organized collagen bundles, and that the cells contained in this region were smaller and 

more fibroblast-like than the chondrocytes contained in the proteoglycan bulk (Figure 
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3.4E-G). Picrosirius red staining demonstrated a decreasing collagen composition 

within the deeper layers of the cartilage over time. The outer layering of collagen 

containing small, tightly packed cells closely resembles the perichondrial layer observed 

in the native bovine tissue (Figure 3.4H).  
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Figure 3.4 Histological staining of construct harvested after 1 (A, E, I), 3 (B, F, 

J) and 6 months (C, G, K) compared to native bovine auricular cartilage (D, H, 

L). Safranin O staining (with Fast Green counterstain) (A-D) displayed 

increasing proteoglycan deposition and development of cellular lacunae. 

Picrosirius Red staining (E-H) displayed the formation of bundled collagen 

fibers forming a PC layer. Verhoeff’s stain (I-L) indicates increasing 

development of EF in the tissue bulk. Microstructure of both 3- and 6-month 

constructs appears similar to native tissue (scale bar = 100 µm). EF, elastin 

fibers; PC, perichondrium.  

 The Verhoeff stain demonstrated a progressive increase in the deposition of 

elastin fibers over time. While staining was limited to small areas after 1 month in vivo, 

the intensity of the staining increased by the 3 month time point (Figure 3.4I,J). After 6 
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months the constructs maintained this dense staining for elastin fibers and displayed a 

more widespread and organized elastin matrix that approaches the highly developed 

structure seen in native tissue (Figure 3.4K,L). 

3.5.3 Biochemical analyses 

The pre-implant constructs, which contained only cells and collagen, had a 

significantly higher dry weight DNA content when compared to implanted constructs 

(p<0.001) (Figure 3.5A). The DNA content decreased during the first month in vivo, 

following which monotonic increases were observed. There was no significant 

difference between the engineered tissues at 3 and 6 months and the native bovine ear, 

with the 6 month ears attaining ~70% of the DNA content of native. 
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Figure 3.5 Biochemical analysis of constructs and native auricular cartilage 

normalized to dry weight. DNA (A) rapidly decreased after 1 month in vivo, but 

steadily rose to approach native amounts. Both GAG (B) and hydroxyproline 

(C) composition increased in vivo, reaching similar values to native content by 

3 months (n = 4-6). %, Significant difference from 0 month; #, significant 

difference from 6 month; *, significant difference from native (p < 0.05). GAG, 

glycosaminoglycan.  

 Ear constructs at 6 months displayed an almost 40-fold increase in GAG content 

as compared to the pre-implant constructs (p<0.05) and contain over 80% of the total 

for native tissue (Figure 3.5B). Both pre-implant and 1 month constructs had 

significantly less (p<0.05) proteoglycan deposition than 6 month and native tissue, 

while monotonic increases in GAG content were observed from 1 to 6 months of 

implantation. No observable GAG deposition occurred during the first month in vivo. 

 The hydroxyproline contents of all implanted constructs were not statistically 

different from native cartilage, with a monotonic increase observed through all time 

points (Figure 3.5C). After 6 months, engineered tissue had significantly higher content 
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when compared to pre-implanted constructs (p<0.05) and was within 15% of the native 

hydroxyproline amounts.  

3.5.4 Mechanical analysis 

The mechanical properties of the engineered ears improved from the soft, pre-

implant constructs following implantation. Although freshly molded constructs were 

durable enough for placement during subcutaneous surgery, they would tear under 

excessive force. Constructs explanted at 6 months, however, demonstrated the ability to 

deform significantly and elastically return to the original shape (Supplemental Movie 

3.1 and Supplemental Movie 3.2). 

 

Supplemental Movie 3.1 Demonstration of elastic response to deformation of ex 

vivo ear construct following 6-month implantation. 
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Supplemental Movie 3.2 Demonstration of elastic response to deformation of ex 

vivo ear construct following 6-month implantation. 

Mechanical analysis demonstrated that the 3 and 6 month constructs matched 

the equilibrium modulus and hydraulic permeability of native cartilage (Figure 3.6). The 

development of the tissue in vivo resulted in a significantly higher equilibrium modulus 

at 3 months compared to the pre-implant constructs, and all engineered tissues became 

stiffer with time in vivo. After 6 months, the engineered tissue constructs possessed 15x 

greater modulus than pre-implant and reached 71% of the value for native tissue 

(p<0.05). All in vivo tissues demonstrated lowered hydraulic permeability when 

compared to pre-implant constructs, with constructs after 3 and 6 months featuring a 

significantly lower permeability than after 1 month (p<0.05). No significant difference 

existed between the 3 month, 6 month, and native cartilage values.  
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Figure 3.6 Mechanical properties of ear constructs and native auricular cartilage. 

The aggregate modulus of implanted ears were significantly higher after 3 

months than the pre-implanted constructs and no difference existed between 3 

month, 6 month, and native tissue (A). The hydraulic permeability decreased 

significantly after both 1 and 3 months in vivo (B) (n = 4-6). %, significant 

difference from 0 month; &, significant difference from 1 month (p < 0.05).  

3.6 Discussion 

The purpose of this study was to verify the long-term stability of patient-specific 

ear constructs engineered using high-density collagen scaffolds without stenting or 

support of synthetic materials. The results of this study demonstrated that the engineered 

ear constructs retained a high degree of morphologic fidelity, developed auricular 

cartilage microstructure, and maintained or improved biochemical and mechanical 

properties when compared to constructs explanted at earlier time points. Following 6 
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months in vivo, the ear constructs also displayed structural organization and properties 

similar to native auricular cartilage tissue. 

 For a tissue engineered reconstructive implant such as the auricle, it is critical 

that the construct shape remains stable over a long interval in vivo and that degradation, 

inflammation, or invasion of other tissue types does not occur. Additionally, the 

continued development or maintenance of key auricular cartilage properties must be 

observed. While some studies found significant loss of gross morphology beyond 3 

months in vivo,3,6 our constructs maintained overall geometry and aesthetics at 6 

months, and the amount of contraction observed was comparable to other long-term 

implantations.12 Additionally, this was accomplished without the use of additional metal 

implants, which have been used in other studies to provide mechanical support for 

implantations beyond 3 months.10,23  

 Constructs in this study displayed key indicators of long-term auricular cartilage 

development. Proteoglycan deposition, appearance of cellular lacunae, and formation 

of the perichondrial layer was consistent with previous research,3,6,10,12,23 and a 

continuous elastin network was found similar to only one other tissue engineered ear 

study at a comparable time point.23 In contrast to other long-term studies, auricular 

constructs at 6 months displayed no signs of osteophyte development,6,10 necrosis,10 

fibrocartilage formation,10 or degradation at the periphery,26 despite the production of 

thicker cartilage tissue.23 Beyond the microstructure, biochemical and mechanical 

properties of native cartilage were also either reached or maintained through 6 months 

and were comparable to previously reported values.23 The initial observed reduction in 
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DNA content per dry weight at 1 month was likely a result of both decreasing cell 

number as the tissue approaches native cellular density and increasing matrix content as 

the encapsulated chondrocytes remodeled the collagen scaffold and deposited 

proteoglycans and elastin. While observed hydroxyproline values appear elevated, this 

is possibly due to cross-reaction of the assay to hydroxyproline present in both collagen 

and elastin.36,37 

 Although this study displayed the generation of auricular cartilage, certain 

limitations in our technique must still be addressed. While the engineered constructs did 

not contract further after 1 month in vivo, some contraction occurred shortly following 

implantation, and may have contributed to the loss of fine details of the patient-specific 

auricular morphology. Contraction is commonly observed in cell seeded collagen 

hydrogels,38,39 and a potential solution could be combined riboflavin/ultraviolet-A 

cross-linking, which has been demonstrated to significantly reduce collagen hydrogel 

contraction without loss of cell viability.39 Because the constructs seen here maintained 

overall ear geometry, an alternative option is enlarging the initial constructs to account 

for the contraction. Another area of improvement is in the initial mechanical properties. 

Before implantation, the constructs were durable enough for the surgical procedure, but 

were significantly less stiff than native cartilage and could potentially be damaged if 

exposed to high loads. We note that implantations in the murine model are performed 

under loose skin, while clinical implantation under human skin may apply increased 

forces on the early constructs. Again, riboflavin cross-linking can increase the stiffness 
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of the pre-implant hydrogel and reduce the risk of damage before tissue remodeling can 

occur.40,41  

A final hurdle for clinical translation of this technique is cell source and testing 

within immunocompetent hosts. This study utilized primary neonatal bovine auricular 

chondrocytes, which can be isolated in large enough numbers to produce full sized ears 

requiring approximately 200x106 cells. However, for clinical use, cells from a more 

mature, human source would be required. Further studies can apply human auricular 

chondrocytes, which can be acquired from a patient’s microtic ear remnant or a biopsy 

of the healthy contralateral ear, to the described scaffold and manufacture technique, 

however the in vitro expansion of chondrocytes can result in loss of chondrogenic 

capacity.42 Additionally, autologous mesenchymal stem cells offer a potential cell 

source that can undergo chondrogenic differentiation43 and can be obtained with 

minimally invasive surgery from the patient undergoing reconstruction.42 Improvements 

in chondrocyte expansion techniques and/or supplementation with MSCs can increase 

the number of autologous cells available.  

The success of the long-term implantation of these patient-specific auricular 

constructs has demonstrated the potential of this technique for tissue engineering 

auricular cartilage implants. The use of a non-invasive imaging modality allows for the 

application of this technique to a wide array of patients, and the type I collagen hydrogel 

scaffold promotes cartilage deposition without the potential of harmful degradation 

products or additional synthetic implant materials. The tissue engineered auricles 
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formed in this study offer a potentially superior clinical option to current autologous 

and alloplastic ear reconstruction procedures.  
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CHAPTER 4. TISSUE ENGINEERING THE HUMAN AURICLE BY AURICULAR 

CHONDROCYTE-MESENCHYMAL STEM CELL CO-IMPLANTATION3 

4.1 Abstract 

Children suffering from microtia have few options for auricular reconstruction. Tissue 

engineering approaches attempt to replicate the complex anatomy and structure of the 

ear with autologous cartilage but have been limited by access to clinically accessible 

cell sources. Here we present a full-scale, patient-based human ear generated by 

implantation of human auricular chondrocytes and human mesenchymal stem cells in a 

1:1 ratio. Additional disc construct surrogates were generated with 1:0, 1:1, and 0:1 

combinations of auricular chondrocytes and mesenchymal stem cells. After 3 months in 

vivo, monocellular auricular chondrocyte discs and 1:1 disc and ear constructs displayed 

bundled collagen fibers in a perichondrial layer, rich proteoglycan deposition, and 

elastin fiber network formation similar to native human auricular cartilage, with the 

protein composition and mechanical stiffness of native tissue. Full ear constructs with a 

1:1 cell combination maintained gross ear structure and developed a cartilaginous 

appearance following implantation. These studies demonstrate the successful 

engineering of a patient-specific human auricle using exclusively human cell sources 

                                                 

3 In revision for publication: B. P. Cohen, J. L. Bernstein, K. A. Morrison, J. A. Spector and L. J. Bonassar. 

Tissue engineering the human auricle by auricular chondrocyte-mesenchymal stem cell co-implantation. 

In revision for PLOS ONE 
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without extensive in vitro tissue culture prior to implantation, a critical step towards the 

clinical application of tissue engineering for auricular reconstruction. 
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interpreted the data. Benjamin Cohen, Jason Spector, and Lawrence Bonassar conceived 

the study design, designed figures, and wrote the manuscript. All authors critically 

revised and gave final approval of the manuscript. 
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4.3 Introduction 

For over two decades, tissue engineering the human auricle, or external ear, has 

been pursued as an alternative to existing methods of auricular reconstruction [1]. The 

current gold standard treatment for patients with significant deformation or damage of 

the auricle is autologous reconstruction using costal cartilage. This is a complex surgical 

technique employed by relatively few surgeons due to morbidity at the rib cartilage 

donor site and challenges in producing auricles with acceptable aesthetic results [2–4]. 

Although there are reports of successful reconstruction using prosthetic scaffolds, 

widespread adoption of this approach has been limited by poor biocompatibility and 

potential for extrusion [3]. These challenges have spurred interest in tissue engineering 

full-scale human auricles. Seeding auricular chondrocytes (AuCs) onto natural and 

synthetic scaffolds has generated tissue of various dimensions in vivo matching the 

structural [3,5–8], biochemical [3,5–7], and mechanical [5,6] properties of native 

auricular cartilage. Tissue engineered auricles can also exactly replicate the patient-

specific auricular anatomy by combining non-invasive imaging modalities with 

computer-assisted design/computer-aided manufacturing (CAD/CAM) technology 

[5,6,9], offering optimal aesthetic results.  

 Like the autologous reconstruction currently in practice, tissue engineering 

utilizes autologous cells from the patient to form the desired tissue, eliminating the risk 

of immune rejection. Currently, autologous articular chondrocytes are isolated, 

expanded, and re-implanted to repair focal defects of the articular cartilage, requiring 

the generation of less than 1 mL of tissue [10]. Auricular cartilage can be engineered in 
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a similar manner, however, a full-sized pediatric ear requires over 200 million cells and 

is ~10 mL in volume [11]. Monolayer expansion of isolated chondrocytes can result in 

dedifferentiation, limiting the capacity to generate robust cartilage [2,12], and 

potentially requires extensive 3D construct culture prior to implantation [9]. 

Alternatively, mesenchymal stem cells (MSCs) are multipotent cells capable of 

differentiation into chondrocytes, and can be readily obtained from bone marrow and 

expanded [13–15]. One method of using MSCs for cartilage generation is through co-

culture or co-implantation of the MSCs with the desired cell phenotype [16]. Co-culture 

of MSCs with various chondrocyte phenotypes generated cartilage tissue while reducing 

the chondrocyte requirement  [17–20]. However, little is known about the behavior of 

AuCs in combination with MSCs. The co-implantation of AuCs with MSCs [21–23] or 

adipose-derived stem cells [24] has generated cartilage in vivo, yet the impact of these 

studies is limited due to the use of non-human cells [21–23,25], a lack of markers 

specific to elastic cartilage [21,22], or the absence of mechanical evaluation [22,24].  

Here we use a combination of patient-derived AuCs and MSCs to generate 

human ear cartilage that matches the anatomic features, structure, composition, and 

mechanics of native auricular cartilage. We demonstrate that suitable amounts of human 

auricular cartilage can be acquired from standard otoplasty procedures, and that a 

sufficient number of AuCs can be isolated and expanded from this tissue to form a full-

sized ear construct. Additionally, we assessed whether the expanded AuCs could 

generate auricular cartilage in vivo, either alone or in combination with human MSCs, 

and if MSCs alone can differentiate and produce cartilage in the subcutaneous 
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environment. Finally, we formed human-shaped ear constructs containing a 1:1 

combination of AuCs and MSCs and investigated the shape retention and development 

of auricular cartilage structure following immediate implantation, without extensive in 

vitro culture. We report a robust and rapid process to generate anatomically shaped 

auricles using cells of exclusively human sources, demonstrating a clinically relevant 

tissue engineering alternative to autologous or alloplastic auricular reconstruction. 

4.4 Results 

4.4.1 Generation of full-sized human auricles from clinical cartilage remnants 

To demonstrate the capacity of patient-derived cells to generate ear cartilage, we 

combined our existing methods for auricular cartilage engineering with relevant cells of 

human origin. Cartilage samples for AuC isolation were derived from discarded 

otoplasty specimens (Figure 4.1A,B). Ear cartilage remnants were obtained from 8 

healthy patients (Supplemental Table 4.1) courtesy of the private practices of Drs. 

Charles Thorne and John Sherman with informed consent, exempt from IRB approval. 

Cells were isolated within 24 hours of surgery.  
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Figure 4.1 Human auricular cartilage engineering process. (A) High-resolution 

images of a pediatric ear were rapidly scanned, while human auricular cartilage 

was obtained from healthy donors. (B) The remnants of otoplasty procedures 

were cleaned of perichondrium and damaged tissue before digestion in 

collagenase. (C) Human AuCs were plated and expanded through passage 3. All 

data shown ± SD. (D) Images of the patient ear were converted to a continuous 

digital surface and edited to remove noise and enhance definition of external 

features. (E) Human AuCs were combined in a 1:1 ratio with human MSCs, 

encapsulated in type I collagen, and injected into patient-specific molds which 

were 3D printed based on the digital images. (F) Human AuCs and human MSCs 

were combined in ratios of 1:0, 1:1, and 0:1 AuC:MSC, encapsulated in type I 

collagen, and polymerized to form disc constructs 8 mm in diameter and 2 mm 

in thickness. 
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Supplemental Table 4.1 Demographics of the patient donor population. All cells 

from a single patient were used in either one set of disc constructs or one ear 

constructs 

Human AuCs were expanded through third passage (P3) before being 

encapsulated within engineered constructs. An average of 0.83±0.30 g (n = 8) of human 

auricular cartilage tissue was procured from otoplasty remnants (Figure 4.1B), from 

which an average of 8.3±2.3 million AuCs/g of tissue were isolated. By P3, the number 

of AuCs was 17.8 times the initial number of cells isolated (P < 0.05), for an average of 

over 115 million cells (Figure 4.1C). In parallel, we purchased and cultured 

commercially available human MSCs (RoosterBio Inc., Frederick, MD).  
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AuCs and MSCs were encapsulated into engineered constructs for two related 

studies. First, expanded AuCs were combined with MSCs to form disc constructs to 

compare monocellular to combined cellular implantation and to investigate progressive 

development over time. Discs were formed containing ratios of 1:0, 1:1, and 0:1 

AuC:MSC to act as ear cartilage surrogates (Figure 4.1F). In the second study, full-

scale, pediatric ear constructs were formed by combining AuCs and MSCs in a 1:1 ratio. 

Expansion of human AuCs resulted in greater than 100 million cells from a single 

patient’s donor tissue through P3, enough cells to generate a human ear construct when 

combined with human MSCs at a 1:1 cell ratio. To replicate the patient-specific 

morphology, we used established methods whereby scans of a normal pediatric ear were 

obtained and processed into a 3D digital surface (Figure 4.1D) which provided the 

negative space for an ear mold [11]. The molds were designed and 3D printed in several 

pieces to allow simple removal of generated constructs, as previously described [11]. 

All constructs were formed from high-density (10 mg/mL) type I collagen, which was 

chosen for its strong mechanical properties, limited contraction, and high cell viability 

and remodeling capacity [26,27]. For the 1:1 ears, AuCs were combined with MSCs 

then encapsulated in the collagen hydrogel, before being injected into the pediatric ear 

molds to form constructs (Figure 4.1E). Constructs were implanted subcutaneously into 

athymic nude mice (discs) or rats (ears) to provide an environment for in vivo maturation 

[1]. Animal care and experimental procedures were conducted under the guidelines of 

the Weill Cornell Medical College Institutional Animal Care and Use Committee. 
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 Following implantation, constructs containing AuC monoculture and 1:1 

combination of AuCs and MSCs maintained initial morphology and developed a 

cartilage-like appearance and texture, while discs containing MSCs alone demonstrated 

poor tissue development and did not maintain their shape (Figure 4.2A,B). At both 1 

and 3 months, AuC and 1:1 discs retained the original cylindrical geometry, and featured 

shiny, off-white color similar to auricular cartilage. Qualitatively, AuC and 1:1 discs 

demonstrated an elastic flexibility when handled. In contrast, the MSC discs contracted, 

with some approaching a spherical morphology, and displayed a rough exterior with 

little flexibility, more closely resembling fibrotic tissue rather than cartilage. Similar to 

the 1:1 disc surrogates, full-scale 1:1 ear constructs generated healthy cartilage tissue 

and maintained overall ear morphology after 3 months in vivo (Figure 4.2B). The 1:1 

ears featured a shiny, stiffened surface, and demonstrated elastic flexibility when 

handled and bent (Supplemental Movie 4.2). In addition, cross-sections of the ear 

constructs displayed formation of thick, robust cartilage-like tissue throughout the 

implant, with thicknesses as great as 1 cm (Figure 4.2B).  
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Figure 4.2 Gross examination of engineered cartilage. (A) Ex vivo gross analysis 

of engineered disc constructs. AuC and 1:1 AuC:MSC co-implanted constructs 

maintained cylindrical geometry and developed white, cartilage-like appearance 

after 1 and 3 months, while MSC discs contracted significantly. Scale bar = 5 

mm. (B) Ex vivo gross analysis of full-scale human ear constructs formed with 

1:1 AuCs to MSCs cell combination. Ear constructs maintained anatomic 

fidelity following 3 months in vivo and displayed no evidence of necrosis 

through the full thickness of the tissue. Scale bar = 1 cm. (C) AuC and 1:1 discs 

were significantly larger in height compared to MSC discs, and height decreased 

significantly in time for all groups. At 3 months, the diameter of the MSC discs 

was significantly less than AuC and 1:1 discs.  * indicates significant difference 

between cell groups, % indicates significant difference between cell groups at 3 

months, n = 8-9, P < 0.05 (D) 1:1 AuC:MSC full-scale ear constructs contracted 

in both length and width after 3 months in vivo. n = 7. Data in (C) and (D) 

displayed as mean + SD. 
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Supplemental Movie 4.2 Demonstration of full-scale ear bending. Elastic 

bending response of 1:1 ear construct following 3 month implantation. 

While all constructs contracted from initial dimensions, explanted AuC and 1:1 

discs featured significantly better maintenance of construct height and diameter 

compared to MSC discs. All discs were generated with a height of 2 mm and diameter 

of 8 mm. Following explantation, AuC and 1:1 discs showed superior retention in disc 

height and diameter compared to the discs containing MSCs alone (Figure 4.2C, P < 

0.05). After 3 months, AuC discs were 71% and 57% of the initial height and diameter, 

respectively, while 1:1 discs were 59% and 52%. MSC discs displayed extreme 

contraction to 34% and 26% of original disc height and diameter after 3 months, 

significantly more than the AuC or 1:1 groups (P < 0.05). Additionally, all disc heights 
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were lower at 3 months compared to 1 month (P < 0.05). Similarly, the 1:1 ear constructs 

experienced contraction during in vivo maturation. Ear construct length, measured along 

the lobule-helix axis, was 4.6 mm prior to implantation. The width of the ear, measured 

along the largest dimension perpendicular to the height axis [11], was initially 2.9 mm. 

Following 3 months in vivo, the length and width of the full-scale ear constructs 

decreased 54% and 52%, respectively (Figure 4.2D), which was more severe than the 

contraction observed in ears previously formed with bovine cells [11]. Despite these 

changes in dimension, the overall auricular shape of the construct was retained, in 

particular important features such as the helical rim, the anti-helix, and the lobule.  

4.4.2 Auricular cartilage microstructure in full-size human auricles 

A major challenge of engineering a large amount of cartilage is replicating the 

biochemical content and structure. Following the evaluation of the construct 

macrostructure, we next investigated whether the engineered tissues also displayed the 

micro-scale structure of auricular cartilage. Auricular cartilage extracellular matrix 

(ECM) is composed primarily of collagen, proteoglycans, and specific to elastic 

cartilage, a fibrous elastin network.  

 Engineered AuC discs, 1:1 discs, and 1:1 ear constructs displayed auricular 

cartilage microstructure similar to native tissue after 3 months in vivo. Native human 

auricular cartilage featured a collagen-rich perichondrial surface layer (Figure 4.3A), a 

central proteoglycan-rich tissue containing cellular lacunae (Figure 4.3B), and a dense 

network of elastin fibers surrounding the cells and spreading throughout the tissue 
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(Figure 4.3C). Disc constructs containing AuCs or the 1:1 combination featured a 

similar structure, including the formation of the perichondrial layer (Figure 4.3D,G), 

deposition of proteoglycans and formation of cell lacunae (Figure 4.3E,H), and 

development of an elastin fiber network (Figure 4.3F,I). By comparison, MSC discs 

completely lacked auricular cartilage formation. MSC discs were devoid of 

proteoglycans (Figure 4.3K) or elastin (Figure 4.3L), with only fibrous collagen 

remaining after 3 months (Figure 4.3J), indicating limited remodeling of the initial 

collagen matrix. AuC and 1:1 discs at 1 month displayed the formation of perichondrial 

layers and proteoglycan deposition, although elastin fiber formation was limited 

(Supplemental Figure 4.3). MSC discs at 1 month featured no evidence of cartilage 

development.  
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Figure 4.3 Recapitulation of auricular cartilage microstructure. Histological 

staining of native human auricular cartilage (A-C), disc constructs (D-L), and 

ear constructs (M-R) following 3 months in vivo. Picrosirius Red staining (A, 

D, G, J, M, P) displayed the formation of a perichondrium (PC) composed of 

collagen fibers at the perimeter of AuC and 1:1 disc and 1:1 ear constructs 

similar to native cartilage, while MSC discs were composed of fibrous collagen 

throughout. Safranin O staining with Fast Green counterstain (B, E, H, K, N, Q) 

displayed proteoglycan deposition and cell lacunae formation in AuC and 1:1 

disc and 1:1 ear constructs similar to native cartilage, with no proteoglycan 

deposition in MSC discs. Verhoeff’s stain (C, F, I, L, O, R) displayed the 

formation of a maturing elastin fiber (EF) network in AuC and 1:1 discs similar 

to native cartilage, with less mature fibers appearing in 1:1 ear constructs. No 

elastin was observed in MSC discs. Scale bar = 100 µm for (A-O) and 4 mm for 

(P-R). 
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Supplemental Figure 4.3 Engineered auricular cartilage microstructure after 1 

month. Histological staining of engineered disc constructs containing AuC:MSC 

ratios of 1:0 (A-C), 1:1 (D-L), and 0:1 (M-O) following 1 months in vivo. 

Picrosirius Red staining (A, D, G) displayed the formation of a perichondrium 

(PC) composed of collagen fibers on the perimeter of AuC and 1:1 discs, while 

MSC discs were composed of fibrous collagen throughout. Safranin O staining 

with Fast Green counterstain (B, E, H) displayed proteoglycan deposition and 

cell lacunae formation in AuC and 1:1 discs, with no proteoglycan deposition in 

MSC discs. Verhoeff’s stain (C, F, I) displayed limited formation of elastic 

fibers (EF) in AuC discs, while 1:1 and MSC discs did not display elastin fibers 

after 1 month. Scale bar = 100 µm. 
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Full-scale ear constructs containing a 1:1 combination of AuCs and MSCs also 

developed microstructural components closely resembling native auricular cartilage 

after 3 months, with evidence of healthy development throughout the nearly 1 cm thick 

tissue. Ear constructs featured a collagen-rich perichondrial layer (Figure 4.3M) and 

proteoglycan staining with cell lacunae (Figure 4.3N), similar in structure to native 

tissue, AuC discs, and 1:1 disc constructs. Following 3 months in vivo, the 1:1 ear 

constructs demonstrated staining for elastin fiber formation, however this was not as 

dense as native cartilage or the smaller disc constructs (Figure 4.3O). As the full ear 

constructs were much larger than the discs, we analyzed the full cross-section of the 

ears. The ear constructs demonstrated consistent formation of the fibrous perichondrial 

layer around the whole ear (Figure 4.3P). Staining for proteoglycans (Figure 4.3Q) and 

elastin (Figure 4.3R) was present heterogeneously throughout the tissue.  

4.4.3 Composition and mechanical properties of full-scale ears match those of 

native auricular cartilage 

The ear undergoes mechanical loading in the form of tension, compression, and 

bending under normal physiological conditions. As such, it is critical to demonstrate the 

mechanical properties and stability of engineered ear cartilage, which are directly 

related to the ECM composition of the tissue. Engineered constructs were analyzed for 

DNA content, representing cell concentration, [28] and the ECM components 

proteoglycans, measured by sulfated glycosaminoglycans (GAGs) [29], and collagen 

and elastin, measured by hydroxyproline [30,31]. DNA content was higher for all 

engineered tissues compared to native cartilage, although this difference was not 
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significant (Supplemental Figure 4.4A, P = 0.39). The water composition was 

significantly different between constructs, with MSC discs significantly less hydrated 

after 3 months when compared to AuC or 1:1 discs or 1:1 ears (Supplemental Figure 

4.4B, P < 0.05). We also measured the equilibrium modulus and hydraulic permeability 

of the tissue in confined compression [23,32]. 
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Supplemental Figure 4.4 Engineered cartilage water and cellular content. (A) 

The DNA content, representing cellular content of the tissue, was not 

significantly different between disc constructs, nor between discs and full ear 

constructs from native human ear. DNA content was normalized to tissue wet 

weight (ww). (B) Water content was significantly higher for AuC and 1:1 discs 

compared to MSC discs. At 3 months, the hydration of MSC discs was 

significantly less than other disc constructs and full ear constructs, but constructs 

were not significantly different from native ear cartilage. For all data, n = 6-9, 

solid gray line indicates native human auricular cartilage, dashed gray line 

indicates ± one standard deviation, * indicates significant difference in cell type, 

& indicates significant difference from AuC disc, 1:1 disc, and 1:1 ear at 3 

months, P < 0.05. Data are displayed as mean + one SD. No 1 month 1:1 ear 

constructs were included in this study. 

Monocellular AuC discs and combined cellular 1:1 discs and ears displayed 

GAG content similar to native human ear cartilage following 3 months in vivo. AuC 
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discs and 1:1 discs generated significantly more GAGs than MSC discs (Figure 4.4A, P 

< 0.001). The GAG content of AuC and 1:1 discs displayed an increasing trend with 

time, although no statistical difference was observed between 1 and 3 months (P = 0.13). 

At 3 months, AuC discs contained 158% the GAG content of native auricular cartilage, 

and 1:1 discs contained 125% native GAG content. MSC discs, however, contained only 

15% the GAG content of native cartilage, indicating almost no chondrogenic potential 

of the stem cells in isolation. Full-scale 1:1 ear constructs displayed GAG content at 3 

months similar to AuC and 1:1 discs, containing 76% that of native auricular cartilage, 

which was not significantly different (Figure 4.4A, P = 0.998).  
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Figure 4.4 Cartilage composition and biomechanics. (A) Glycosaminoglycan 

(GAG) deposition was significantly higher for AuC and 1:1 discs compared to 

MSC discs. The amount of GAG in AuC and 1:1 discs at 3 months and 1:1 ear 

constructs was similar to native human auricular cartilage. (B) Hydroxyproline 

content, representing both collagen and elastin, was significantly lower for AuC 

and 1:1 discs compared to MSC discs, and similar for AuC and 1:1 discs at 3 

months with 1:1 ear constructs and native cartilage. For both (A) and (B), n = 6-

9 and all data are normalized to tissue wet weight (ww). (C) Equilibrium 

modulus was similar for all disc and ear constructs compared to native human 

auricular cartilage. (D) The hydraulic permeability was similar for all disc 

constructs compared to native cartilage, but was significantly higher for 1:1 ear 

constructs compared to all other samples. For both (C) and (D), n = 2-4, † 

indicates that 3 month MSC samples were too small to undergo testing. For all 

data, solid gray line indicates native human auricular cartilage, dashed gray line 

indicates ± one standard deviation, * indicates significant difference in cell type, 

& indicates significant difference from AuC disc, 1:1 disc, and 1:1 ear at 3 

months, # indicates significant difference from AuC disc (3 month), 1:1 disc (3 

month), and native tissue, P < 0.05. Data displayed as mean + one SD. No 1 

month 1:1 ear constructs were included in this study. 
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After 3 months of implantation, the hydroxyproline contents of AuC discs, 1:1 

discs, and 1:1 ears were similar to native auricular cartilage. AuC discs at 3 months had 

104% of the hydroxyproline content of native cartilage, while 1:1 discs at 3 months had 

79% of the native hydroxyproline content (Figure 4.4B). By contrast, MSC discs, which 

failed to generate elastin or proteoglycans, contained 257% of the native hydroxyproline 

at 3 months, significantly higher than other disc groups (P > 0.05). The higher 

concentration of hydroxyproline corresponds to the dense collagen fibers observed in 

the MSC disc tissues in histology (Figure 4.3J). No differences with time were observed 

(P = 0.23). Ear constructs containing the 1:1 cell ratio did not display significantly 

different hydroxyproline contents from AuC or 1:1 discs (P = 0.83, P = 0.99, 

respectively). Ear constructs featured 61% of the hydroxyproline content of native 
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auricular cartilage, which was not significantly different, and may be a result of the less 

developed elastin network present in these tissues (Figure 4.4B, P = 0.94). 

 The equilibrium modulus of all disc and ear constructs was similar to that of 

native cartilage. The equilibrium modulus was not significantly different between the 

AuC, 1:1, and MSC discs (P = 0.14), and no differences were observed between time 

points (Figure 4.4C, P = 0.41). The MSC discs at 1 month had lower equilibrium moduli 

than the other disc constructs or native cartilage, but this difference was not significant. 

Three months following implantation, MSC discs had contracted to diameters less than 

the 3 mm minimum for the confined compression chamber used, and therefore could 

not be mechanically evaluated. Full-scale 1:1 ear constructs featured equilibrium moduli 

that were not significantly different from AuC or 1:1 disc constructs or native cartilage 

(Figure 4.4C, P < 0.74). In addition to confined compression, the gross flexibility of the 

full ear constructs was investigated through bending. Bending of the constructs by hand 

following explanation demonstrated the elastic properties of the engineered 1:1 ears 

(Supplemental Movie 4.2). 

 AuC, 1:1, and MSC discs displayed similar hydraulic permeability to that of 

native auricular cartilage, while 1:1 ears were significantly greater. Hydraulic 

permeability is a measure of the ease with which water moves through the tissue, and 

an indicator of the density of the proteoglycan network. The hydraulic permeability of 

the disc constructs showed no significant differences between time points (Figure 4.4D, 

P = 0.20), but was significantly different between AuC and 1:1 discs (P = 0.02). All 

disc constructs were within 26% the permeability of native cartilage. Full-scale ear 
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constructs displayed a significantly higher hydraulic permeability than discs or native 

ear cartilage, featuring a permeability 261% higher than native tissue after 3 months in 

vivo (Figure 4.4D, P < 0.05).  

4.5 Discussion 

The objective of this study was to generate a full-scale human auricular cartilage 

implant using cells derived from a clinically accessible amount of donor ear cartilage 

by utilizing human MSCs to supplement human AuCs. The data from this study show 

that engineered constructs fabricated using a 1:1 ratio of human AuCs and MSCs 

generated cartilage in vivo that was equivalent to native auricular cartilage and 

constructs containing solely AuCs, whereas constructs with only MSCs failed to 

generate cartilage tissue. Based on these promising results, we generated full-scale ear 

constructs using exclusively human cells in a 1:1 AuC:MSC ratio, which generated 

native-like auricular cartilage following 3 months of subcutaneous implantation. 

Currently, one of the main obstacles to translating large-scale tissue and organ 

engineering to the clinic is obtaining a sufficient cell source of autologous cellular 

components. Our previous work successfully demonstrated the potential of combining 

CAD/CAM technology and injection molding using high density collagen to produce 

patient-specific tissue engineered auricles [5,11]. However, the translational impact of 

those studies was limited by the use of neonatal bovine cartilage as the cell source. The 

optimal clinical cell source is autologous AuCs, isolated from either the microtic 

cartilage remnant [9,21,33] or a non-deforming biopsy of the contralateral ear, yielding 
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approximately 1 g of elastic cartilage [34], similar to those used in this study. Samples 

this size provided ~10 million cells, similar to previous findings [35], but still 

insufficient to populate a pediatric-sized ear requiring >200 million cells [5,11]. Human 

AuCs proliferate in vitro, but like other chondrocytes, can dedifferentiate when cultured 

in monolayer [2]. Expansion through third passage, as performed here, provided ~115 

million AuCs, only half of the requirement to produce a human ear. As such, there exists 

a need for an alternative, clinically accessible cell source to replace or supplement AuCs 

in auricular cartilage engineering. 

The burden of acquiring large numbers of AuCs can be reduced by combining 

them with MSCs, which are readily available from bone marrow and expand to great 

numbers in culture [14,15]. Almost 40 studies have utilized MSCs for the clinical repair 

of cartilage, primarily articular cartilage [36]. Co-culture of MSCs with articular 

chondrocytes [19], meniscal fibrochondrocytes [17,18], and nucleus pulposus cells [20] 

all resulted in enhancement of cartilage development. Co-culture and co-implantation 

of MSCs with AuCs has also been demonstrated with animal cells [23,25] and human-

animal cell hybrids [21,22]. Only one previous co-implantation study combined both 

AuCs and stem cells of human origin, co-implanting AuCs with adipose-derived stem 

cells [24]. Similar to previous co-implantation studies, we observed comparable 

auricular cartilage generation between monocellular AuC and combined cellular 

implanted discs, while we also demonstrated that co-implantation of human cells can be 

extended to a full-scale ear construct.  
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Importantly, this study demonstrated that auricular cartilage generated in the 1:1 

discs was similar in structure, biochemical development, and mechanical properties to 

both discs containing 100% AuCs and native human auricular cartilage after only 3 

months in vivo. Based on these studies, we fabricated full-scale ear constructs containing 

exclusively human cells using the 1:1 co-implant ratio. Histologic analyses of the 1:1 

ear constructs demonstrated the generation of auricular cartilage in vivo, including the 

development of key structures such as the perichondrial layer, a proteoglycan rich 

interstitium, and formation of cellular lacunae. Although the elastin network was not as 

well developed as those of the disc constructs at the 3 month time point, the appearance 

of early elastin fibers is a critical indicator of the auricular cartilage phenotype. The 

level of elastin development is also in agreement with the findings of other studies that 

examined full-scale engineered ear constructs with non-100% human cell sources at 

similar time points [7,23]. Most importantly, the 1:1 ear constructs featured similar 

biochemical and mechanical properties to native auricular cartilage.  

In comparison to other auricular cartilage co-implantation studies, our work 

improved cellular efficiency and demonstrated potential for long-term stability of the 

engineered cartilage. Previous research has focused on increasing the ratio of MSCs 

used to supplement AuCs, with ratios up to 3:7 AuCs to MSCs generating cartilage [24]. 

However, these constructs also required an initial cell concentration of 50 million 

cells/mL, twice the density of the constructs in the present study. The full-scale ear 

constructs presented here required only 12.5 million AuCs/mL, less than the 25 million 

AuCs/mL needed for a monocellular implants [11] or the 15 million AuCs/mL [24] 
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achieved in other co-implant work. Over the course of life, auricular cartilage does not 

undergo the same mechanical loading as hyaline or fibrocartilage, but the auricle still 

endures deformation in the form of bending, compression, and tension. Engineered 

constructs are also exposed to tension of the skin during implantation and development. 

Unlike previous co-implant studies [22,24], this study further characterized the 

compressive properties of the engineered cartilage, finding the tissue to be mechanically 

similar to native ear cartilage, and subjected the ear constructs to bending, with the ears 

elastically returning to their initial conformation. These data demonstrate that the 

engineered constructs remain mechanically stable under mechanical stress during the 

development period in vivo, and that they feature sufficient stiffness to endure 

mechanical exposure following reconstruction. 

To the best of our knowledge, only one previous study has combined AuCs and 

MSCs to form an auricle [21], and no group has previously reported the use of both 

chondrocytes and stem cells from human sources to generate human ear-shaped 

auricular cartilage. These data demonstrate the clinical viability of human cell sources 

and the co-implant framework to fabricate a tissue engineered auricle. We isolated 

human AuCs from ear cartilage samples of less than 1 gram, taken from a diverse 

population of donors, all of which were expanded through three passages without losing 

the capacity to generate auricular cartilage in vivo. In contrast, previous studies found 

that expanded human AuCs failed to generate cartilage in vivo when cultured with 

primary cells or in medium conditioned by primary cells [37], and failed to develop 

elastin when cultured with or without serum [34]. Pellet cultures of microtia-derived 
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AuCs at P3 also displayed a decline in chondrogenic phenotype during in vitro culture 

[21]. Disc constructs containing solely human AuCs at P3 in this study formed tissue 

similar to native auricular cartilage, without the need of growth factor treatments during 

expansion or in vitro culture. However, discs containing solely human MSCs failed to 

generate auricular cartilage during subcutaneous implantation, further reinforcing the 

findings that neocartilage formation and chondrogenic differentiation of the MSCs in 

the co-implant constructs is directed by the inclusion of AuCs [23,24]. 

The process of tissue engineering a human auricle described here closely 

parallels current clinical techniques for repairing focal defects of articular cartilage, 

which has been in clinical practice for two decades. Initial autologous chondrocyte 

implantation (ACI) procedures, developed to treat large defects, isolated and cultured 

autologous articular chondrocytes before implanting them within the site of injury in 

the patient [10]. This process was further enhanced by seeding or embedding the 

autologous cells within a membrane or scaffold, such as collagen, prior to implantation, 

and is now in clinical trials within the United States and available clinically in Europe 

[10,38,39]. Like ACI, we isolated chondrocytes from healthy cartilage, then expanded 

these chondrocytes before encapsulating them in a collagen matrix and implanting the 

full construct. However, the process of forming a full-scale ear implant requires 

significantly greater tissue generation compared to ACI. The pediatric 1:1 auricles 

generated ~5 mL of cartilage after 3 months in vivo, a much greater amount than the 

0.5-2 mL of tissue needed to fill large defects of the articular surface [40,41]. One other 

study has generated a similarly sized auricle using a clinical biopsy of ear cartilage as 
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an initial cell source, generating tissue with auricular cartilage structure following 

implantation in 5 pediatric human patients [9]. The construct generation process 

required a 12 week period of in vitro culture prior to implantation for the seeded cells 

to attach, infiltrate, and expand within the synthetic polymer scaffold, significantly 

delaying the time to patient delivery. In contrast, by using a high-density collagen 

hydrogel with cells encapsulated homogeneously, we can go directly from construct 

generation to implantation without the need for extensive time in culture. Additionally, 

the clinical application of the co-implantation method is supported by the increasing use 

of MSCs in clinical trials of articular cartilage repair, demonstrating the accessibility 

and safety of MSCs for cartilage engineering and regeneration [42].  

While the successful generation of auricular cartilage in this study is 

encouraging, several limitations must still be addressed. The auricle is an external organ 

which funnels sound into the ear canal, and deformation can result in conductive hearing 

loss [43]. In addition, the abnormal appearance associated with auricular deformation 

can cause significant psychological distress in pediatric patients [43]. All disc and ear 

constructs in this study displayed significant contraction from the initial dimensions 

during subcutaneous implantation, with the discs displaying a greater reduction in size 

compared to similar constructs containing cells of bovine origin [23]. The ear constructs 

shrank to nearly half of the pre-implantation size, and this contraction may have also 

contributed to the loss of some patient-specific morphological details. Contraction is 

commonly observed in cell seeded collagen constructs [5,27,44], and can be addressed 

in several manners. Potential solutions include enlarging the initial constructs to account 
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for contraction or the addition of a cross-linking agent such as riboflavin [44,45], which 

has been demonstrated to reduce contraction without affecting cell viability. 

Additionally, in vitro culture of the constructs prior to implantation could allow for early 

maturation of the construct without exposure to compression or tension from the skin. 

Culture under hypoxic conditions has been shown to increase proteoglycan and type II 

collagen synthesis and increase lysyl oxidase crosslinking, which could enhance initial 

mechanical properties and prevent further contraction from occurring [12,46–48].  

Additionally, implantation for longer time points and increased sample number 

could improve the significance of this study. The elastin network for the engineered 

discs was not as dense at 3 months as that of native tissue. However, the fibers stained 

much more strongly than for discs after only 1 month in vivo, while the perichondrial 

layer and proteoglycans were already apparent at this time. This corresponds with the 

slow turnover time of elastin relative to other matrix molecules [49], and elastin fibers 

may develop further with increased time in vivo. The 1:1 ear constructs displayed 

heterogeneous deposition of proteoglycans and elastin with a lower GAG content 

relative to native auricular cartilage tissue, which may be a result of the increased tissue 

thickness limiting diffusion and nutrient access. However, the presence of healthy cells 

within the tissue and the development trend observed from 1 to 3 months in the disc 

constructs indicates that these tissues could generate more proteoglycan-rich tissue with 

mature elastin fibers over time. We have previously observed similar results in longer-

term implantation studies of ear constructs containing bovine cells, where by 6 months 

the ears featured auricular cartilage microstructure throughout the tissue [5,6]. 
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Implantations for longer time points are also critical to demonstrate the stability of these 

tissue engineered ears. Finally, other co-implantation studies have investigated up to 1:4 

AuCs to MSCs to generate auricular cartilage [21,22,24], although a ratio of 1:9 AuCs 

to MSCs failed to produce cartilaginous tissue [25]. The success of the 1:1 constructs in 

this study may extend to lower ratios, allowing for more significant supplementation 

with the clinically accessible MSCs.  

Beginning with a small, clinically relevant sample of patient ear cartilage, a large 

number of AuCs were isolated and expanded without the loss of chondrogenic 

phenotype. These were then combined with MSCs, which are obtainable with minimally 

invasive surgery from the patient. By combining these cell sources, we recreated a 

human-shaped, patient-specific ear, that generated human auricular cartilage following 

implantation. The results of this study demonstrate the feasibility of tissue engineering 

human auricles as a superior clinical option for auricular reconstruction. 

4.6 Materials and Methods 

4.6.1 Experimental design 

 This study was designed to investigate the hypothesis that human mesenchymal 

stem cells (MSCs) could be combined with human auricular chondrocytes (AuCs) to 

generate auricular cartilage tissue in vivo. Full-sized, pediatric ear constructs were 

generated with a combination of AuCs and MSCs to demonstrate tissue generation on a 

clinically relevant scale and retention of the human ear aesthetic following maturation. 
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Cylindrical disc constructs were generated and implanted as surrogates for full-sized ear 

constructs to compare tissue generation of cell combinations to monocellular constructs 

featuring either human AuCs or human MSCs. Tissue generation was determined by 

gross morphology and structural, compositional, and mechanical development. Sample 

size for the disc constructs were based on previous studies [23], and sample size for the 

ear constructs were based on availability of human cartilage tissue. Data collection 

following 1 and 3 month implantation time points was predetermined. Constructs 

complicated by wound infection or seroma formation were excluded from analysis. No 

outliers were excluded from analyses, but biochemical data were square root 

transformed and hydraulic permeability data were log transformed prior to statistical 

analyses. For disc constructs, each sample was tested once for biochemical and 

mechanical data. Ear constructs were sampled and tested in at least triplicate for 

biochemical and mechanical data. Human ear tissue was acquired from 3 separate 

patients for disc constructs and 5 separate patients for ear constructs, with a single 

source line of human MSCs used for all constructs. Statistical analyses took into account 

host animal as a random variable. Investigators were not blinded in this study.  

4.6.2 Ethics statement 

 All animal care and experimental procedures were in compliance with the Guide 

for the Care and Use of Laboratory Animals [50] and were approved by the Weill 

Cornell Medical College Institutional Animal Care and Use Committee (protocol # 

2011-0036). Animals were stored in an approved xenograft room for immunodeficient 

animals and kept in clear plexiglass/vented boxes with pellet food and water provided 
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ad libitum. Animals were housed together prior to surgery (3-4 per cage) then singly 

following implantations. The facility was kept at 21°C with a 12 hour light/dark cycle. 

All animals were given environmental enrichment with paper bedding and nylabones.  

Human ear cartilage remnants were obtained by Drs. Charles Thorne and John Sherman 

at their private practices. Tissue samples used were not collected for the purpose of the 

study and were considered clinical waste. Based on the consultation with Human 

Research Protection Program and Division of Research Integrity at Weill Cornell 

Medicine, it was determined that the use of this tissue was not considered human 

subjects research and did not require IRB review.  

4.6.3 Isolation and expansion of human auricular chondrocytes  

 Human auricular chondrocytes were isolated based on methods previously 

described [11]. Briefly, ear cartilage remnants from otoplasty procedures were obtained 

in New York City and received in Ithaca, NY on the same day as surgical excision 

(Table S1). Auricular cartilage was dissected from the perichondrium under sterile 

conditions. Samples of cartilage from a subset of patients were fixed for histological 

staining or frozen for biochemical and mechanical analyses. Cartilage for chondrocyte 

extraction was diced into 1 mm3 pieces and digested overnight in 0.2% collagenase 

(Worthington Biochemicals Corp., Lakewood, NJ), 100 µg/ml penicillin, and 100 µg/ml 

streptomycin in Dulbecco’s modified Eagle’s medium (DMEM) (MediaTech Inc., 

Manassas, VA).  
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AuCs were filtered, washed with 1x phosphate buffered saline (PBS) 

(MediaTech) with 100 µg/ml penicillin and 100 µg/ml streptomycin, and counted the 

following day. AuCs were plated at approximately 10,000 cells/cm2 and cultured in 

DMEM containing 10% fetal bovine serum (FBS) (Gemini Bio-Products, Sacramento, 

CA), 100 µg/ml penicillin, 100 µg/ml streptomycin, and 0.1 mM non-essential amino 

acids under 5% pCO2 and 37 °C. AuCs were expanded through third passage (P3), using 

0.25% trypsin (MediaTech) to release cells between passages.  

4.6.4 Expansion of human mesenchymal stem cells  

 A human mesenchymal stem cell line (Lot 0017, RoosterBio Inc., Frederick, 

MD) was expanded under 5% pCO2 and 37 °C to population doubling level 14-15. Cells 

were expanded in hBM-MSC High Performance Media (RoosterBio Inc.). MSCs were 

released with 0.25% trypsin and washed with PBS with 100 µg/ml penicillin and 100 

µg/ml streptomycin between passages.  

4.6.5 Hydrogel disc construct fabrication 

 Collagen was extracted and reconstituted as previously described [51,52]. At the 

time of fabrication, stock collagen solution was returned to pH 7.0 and maintained at 

300 mOsm by mixing with appropriate volumes of 1N NaOH (Sigma-Aldrich, St. Louis, 

MO), 10x PBS, and 1x PBS as previously described [26]. Collagen solution was 

immediately mixed with cells suspended in PBS and formed into disc constructs as 

previously described [17,23]. Briefly, cell suspensions were formed with AuC:MSC 
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ratios of 1:0, 1:1, and 0:1. Neutralized collagen was then homogeneously mixed with 

the cell suspensions for a final cell concentration of 25 x 106 cells/mL and collagen 

density of 10 mg/mL. The collagen hydrogel was extruded between two glass plates 

spaced 2 mm apart and allowed to undergo thermal gelation at 37 °C for 1 hour. 

Following gelation, 8 mm diameter disc constructs were formed using a dermal biopsy 

punch and placed in the same media used for cell expansion. Constructs were implanted 

within 48 hours.  

4.6.6 Pediatric ear construct fabrication 

 A pediatric ear mold and collagen hydrogel ear constructs were formed as 

previously described [11]. Briefly, neutralized collagen solution was immediately 

mixed with a cell suspension containing AuCs and MSCs in a 1:1 ratio. The collagen 

hydrogel with a final cell concentration of 25 x 106 cells/mL and collagen density of 10 

mg/mL was injected into ear molds and allowed to undergo thermal gelation at 37 °C 

for 1 hour. Following gelation, ear constructs were removed from the molds and 

cultured for a maximum of 1 week in media composed of DMEM, 10% FBS, 100 µg/ml 

penicillin, 100 µg/ml streptomycin, and 0.1 mM non-essential amino acids prior to 

implantation.  

4.6.7 Construct implantation and explantation 

 Disc constructs were implanted as previously described [23]. Briefly, 10-week 

old male athymic nude mice (NU/NU; Charles River, Wilmington, MA) weighing 
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between 20-25 g were anesthetized and prepped. Three 1 cm incisions were made on 

the dorsum of each mouse to create a subcutaneous pocket and one of the 1:0, 1:1, and 

0:1 AuC:MSC ratio discs was implanted in each pocket per mouse. Animals were 

sacrificed 1 or 3 months after implantation. Discs were harvested, weighed, imaged, and 

measured for final height and diameter. A representative set of specimens were fixed in 

10% neutral buffered formalin for 48 hours and transferred to 70% ethanol prior to 

histologic analyses. The remainder were snap frozen in liquid nitrogen for biochemical 

and biomechanical analyses. A total of 77 discs (24 1:0, 27 1:1, and 26 0:1 AuC:MSC) 

were recovered. Implants complicated by seroma formation were excluded from 

analyses. 

 Ear constructs were implanted as previously described [5,11]. Briefly, 10-week 

old male athymic nude rats (RNU; Charles River, Wilmington, MA) weighing between 

300-400 g were anesthetized and prepped. A subcutaneous pocket overlying the dorsum 

was dissected and a single 1:1 AuC:MSC cell ratio ear construct was implanted. 

Animals were sacrificed 3 months after implantation. Constructs were harvested, 

weighed, imaged, measured, and halved. Construct measurements were performed as 

previously described [11]. Briefly, length was measured along the lobule-helix axis, and 

width was defined as the largest distance measured perpendicular to the lobule-helix 

axis. Half of each specimen was fixed in 10% neutral buffered formalin for 48 hours 

and transferred to 70% ethanol prior to histologic analyses. The remainder was snap 

frozen in liquid nitrogen for biochemical and biomechanical analyses. A total of 6 ear 



119 

constructs were recovered. Implants complicated by seroma formation were excluded 

from analyses. 

 A total of 27 mice and 8 rats were used in this study, all drug and test naïve. 

There were no indications of animals having trouble recovering from the implantations, 

nor did any animals display signs of illness. Animals were monitored daily for the first 

3 days post-implantation, then three time per week until sacrifice. No animals died 

without euthanasia as a result of experimental procedures. Both mice and rats were 

sacrificed by CO2 asphyxiation. Rats also received a pneumothorax creation. Anesthesia 

was administered intraperitoneally and consisted of ketamine and xylazine cocktail 

dosed by weight, and analgesia by buprenorphine and meloxicam dosed by weight. 

Ketamine/xylazine cocktail was chosen to provide ample time for surgical procedures 

with limited side effects and administered for fast onset. Dosing for mice was 80-100 

mg/kg IP (ketamine) and 10-12.5 mg/kg IP (xylazine. Dosing for rats was 40-100 mg/kg 

IP (ketamine) and 5-13 mg/kg IP (xylazine). During surgery, animals were observed for 

visible signs of distress, including increased respiration, blink reflex, or reaction to toe 

and tail pinch. If the level of anesthesia was found to be inadequate, a booster dose of 

half the original amount was given and the animal was reassessed. Animal vitals and 

condition were recorded in an anesthesia log every 15 minutes. Surgical prep included 

shaving and prep with betadine and alcohol. The duration of surgeries was 

approximately 30 minutes. Surgeries were performed in the afternoon in a biosafety 

cabinet in a xenograft room controlled for animals with increased sterility needs. Sutures 

were removed 11 days post-operation.  
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4.6.8 Histological analyses 

 Fixed samples were dehydrated by sequential washes in ethanol, embedded in 

paraffin, and cut into 5 µm sections. Sections were stained with Safranin O/Fast green 

to assess proteoglycan distribution, Picrosirius red to assess collagen organization, and 

Verhoeff’s/Van Gieson to assess the presence of elastin fibers. Images were taken in 

brightfield at 100x, 200x, and 400x using a Nikon Eclipse TE2000-S microscope (Nikon 

Instruments, Melville, NY) fitted with a SPOT RT camera (Diagnostic Instruments, 

Sterling Heights, MI). Scans of 1:1 full ear constructs were also taken using an Aperio 

ScanScope CS2 at 20x magnification (Leica Biosystems Inc, Buffalo Grove, IL).  

4.6.9 Biochemical analyses 

 Biochemical analyses were performed as previously described [53]. Briefly, full 

discs were collected for the disc constructs or three samples collected from each ear for 

the full-scale ear constructs. Samples from human ear cartilage remnants were also 

collected and analyzed. Samples were weighed, frozen, lyophilized, and weighed again. 

Samples were then digested with 1.25 mg/ml papain (Sigma-Aldrich) solution overnight 

at 60°C and analyzed for DNA content via the Hoechst DNA assay [28], sulfated 

glycosaminoglycan (GAG) content via a modified 1,9-dimethylmethylene blue 

(DMMB) assay [29], and collagen and elastin via a hydroxyproline assay [30,31]. 

Biochemical properties are reported normalized to sample wet weight (WW). 
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4.6.10 Mechanical analysis 

 Three mm diameter by one mm height cylinders were cut from the central 

portion of each disc construct, or three samples were taken from each ear construct using 

dermal biopsy punches. Cylinders were also taken from human ear cartilage remnants. 

Confined compression testing was performed as previously described [23,32]. Briefly, 

samples were thawed in PBS containing protease inhibitors (Roche Diagnostics, 

Indianapolis, IN) and placed in a cylindrical confining chamber mounted in an ELF 

3200 test frame (Enduratec, Eden Prarie, MN). Samples were compressed to 50% of 

their original height in 10 steps of 50 µm each, with 5 minutes between steps to allow 

for full stress relaxation. Resultant stresses were recorded at 1 Hz and the temporal 

profiles of stress were fit to a poroelastic model of tissue behavior using custom 

MATLAB (MathWorks, Natick, MA) code to calculate the equilibrium modulus and 

hydraulic permeability [53]. 

4.6.11 Statistical analysis 

All statistical analysis was performed using RStudio (RStudio, Boston, MA). 

AuC expansion data was analyzed by a one-way ANOVA on ranks with Dunn’s Method 

pairwise multiple comparison. Engineered disc constructs were analyzed using a mixed 

effect model with random (mouse) and fixed (time, cell group) effects with a Tukey post 

hoc test. Fixed effect interaction term was removed when non-significant to simplify 

model. Disc constructs at 3 months were also compared to full ear constructs at 3 months 

and native human auricular cartilage by one-way ANOVA with Tukey post hoc test. All 
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data are represented as mean plus one standard deviation. P values < 0.05 are considered 

statistically significant. 
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CHAPTER 5. TISSUE ENGINEERING AURICULAR CARTILAGE USING LATE 

PASSAGE HUMAN AURICULAR CHONDROCYTES4 

5.1 Abstract 

The significant shortcomings associated with current autologous reconstructive options 

for auricular deformities have inspired great interest in a tissue engineering solution. A 

major obstacle in the engineering of human auricular cartilage is the availability 

sufficient autologous human chondrocytes. A clinically obtainable amount of auricular 

tissue (i.e. 1 g) only yields approximately ten million cells, where 25 times this amount 

is needed for the fabrication of a full-scale pediatric ear. It is thought that repeated 

passaging of chondrocytes leads to de-differentiation and loss of the chondrogenic 

potential. However, little to no data exists regarding the ideal number of times that 

human auricular chondrocytes can be passaged in a manner that maximizes the cellular 

expansion while minimizing dedifferentiation. Human auricular chondrocytes (HAuCs) 

were isolated from discarded otoplasty specimens. The HAuCs were then expanded and 

cells from passage 3, 4, and 5 were encapsulated into 8mm diameter discs made from 

type I collagen hydrogels with a cell density of 25 million cells/mL. The constructs were 

implanted subcutaneously in the dorsa of nude mice and harvested after 1 and 3 months 

for analysis. Constructs containing passage 3, 4, and 5 chondrocytes all maintained their 

                                                 

4 J. L. Bernstein,* B. P. Cohen,* A. Lin, A. Harper, L. J. Bonassar, and J. A. Spector. Tissue engineering 

auricular cartilage using late passage human auricular chondrocytes. Ann Plast Surg. 80, S168 (2018) 

* - co-first authors 



130 

original cylindrical geometry. After 3 months in vivo, the diameters of the P3, P4, and 

P5 discs were 69±9%, 67±10%, and 73±15% of their initial diameter, respectively. 

Regardless of the passage number, all constructs developed a glossy white cartilaginous 

appearance, similar to native auricular cartilage. Histologic analysis demonstrated 

development of an organized perichondrium composed of collagen, a rich proteoglycan 

matrix, cellular lacunae, and a dense elastin fibrin network by Safranin-O and 

Verhoeff’s stain. Biochemical analysis confirmed similar amounts of proteoglycan and 

hydroxyproline content in late passage constructs when compared to native auricular 

cartilage. These data indicate that late passage human auricular chondrocytes (up to 

passage 5) form elastic cartilage that is histologically, biochemically, and 

biomechanically similar to native human elastic cartilage and have the potential to be 

used for auricular cartilage engineering.  

5.2 Author Contributions 

Benjamin Cohen, Jaime Bernstein, and Alexandra Lin collected, analyzed, and 

interpreted the data. Alice Harper performed construct implantation and explantation 

and animal care. Benjamin Cohen, Jaime Bernstein, Lawrence Bonassar, and Jason 

Spector conceived the study design, designed figures, and wrote the manuscript. All 

authors critically revised and gave final approval of the manuscript.  
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5.3 Introduction 

Microtia is the most common congenital auricular anomaly, occurring in as 

many as 17 per 10,000 births.1,2 If left uncorrected, auricular disfigurement can cause 

significant psychological distress and impact psychosocial function as a child matures.2-

7 In addition to congenital absence or malformation of the ear, acquired auricular 

deformities secondary to trauma or oncologic resection occur in 1 per 500 people 

annually.2,8,9  

 The current gold standard for reconstruction of auricular defects is the use of 

autologous costal cartilage harvested from the abdomen, meticulously sculpted to 

recapitulate the native auricle, and implanted under the periauricular skin.10,11 The 

benefits of this approach include the lack of antigenicity of the autologous construct and 

therefore long-term stability.1,12-14 Despite these advantages, significant drawbacks 

remain and have been tolerated for lack of a better alternative. First, harvesting of costal 

cartilage is a painful procedure for a young child to endure and frequently leaves the 

patient with a visible chest deformity.15,16 Further, fibrous costal cartilage poorly mimics 

the mechanical properties of elastic auricular cartilage, resulting in inflexible and rigid 

tissue. Finally, this procedure requires tremendous technical expertise, as accurately 

sculpting a patient specific auricular facsimile is tremendously difficult.12,17,18 

 Given the difficulties associated with autologous ear reconstruction, surgeons 

and researchers have long sought a tissue engineering solution for auricular 

reconstruction. Such a strategy would entail several components, including an 
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appropriate cell source (i.e. patient derived auricular chondrocytes), the means to render 

the patient’s normal auricle in three dimensions with a high resolution, as well as the 

capability to then transform that image into a three-dimensional biocompatible scaffold. 

The scaffold, comprised of naturally derived and/or synthetic biocompatible and 

biodegradable materials, provides a supportive environment for the deposition of elastic 

cartilage matrix by chondrocytes which results in the transformation of the scaffold into 

auricular neocartilage while maintaining the original geometry. 

 The ideal cell source for this strategy would be autologous auricular 

chondrocytes (AuCs) derived from the patient’s microtic ear or, if necessary, from a 

small biopsy of the patient’s unaffected, contralateral conchal bowl.19 However, the use 

of patient specific AuCs is limited by their availability. A biopsy of ~1 g of auricular 

cartilage provides ~ 10 million cells,19 significantly less than the 200-250 million 

required to form a full-scale pediatric auricle.20,21 In our previous work, we have found 

that 1 gram of elastic cartilage can be expanded to generate ~138 million AuCs after 

three passages. Whether human AuCs may be expanded further to the requisite number 

needed to fabricate a full scale ear scaffold, remains unknown.20 Most previous studies 

reported that chondrocytes rapidly de-differentiate into fibroblast-like cells when 

expanded beyond the second passage, ultimately losing chondrogenic capacity.22-24 

These studies, however, used articular chondrocytes isolated either from non-human 

animals or from discarded arthroplasty procedures.23,25-27 Relatively few studies have 

investigated the use of late passage auricular chondrocytes to engineer elastic 

neocartilage and none have used only late passage chondrocytes as their sole cell source 

but instead mixed passaged chondrocytes with cryopreserved P0 cells or the addition of 
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various types of supplemented media in vitro.13,28-30 Herein, we examine the capacity of 

using late passage (P3-P5) human auricular chondrocytes (HAuCs) in standard cell 

culture conditions to form elastic cartilage in vivo.  

5.4 Materials and Methods 

5.4.1 Ethics Statement 

 All animal care and experimental procedures were in compliance with the Guide 

for the Care and Use of Laboratory Animals31 and were approved by the Weill Cornell 

Medical College Institutional Animal Care and Use Committee (protocol # 2011-0036). 

Ear cartilage remnants were obtained by surgeons within their private practices with 

informed consent, and thus exempt from IRB approval. 

5.4.2 Isolation of human auricular chondrocytes 

 Human auricular chondrocytes (AuCs) were isolated as previously 

described.20,21,32 Briefly, ear cartilage was obtained from otoplasty procedures (a 14-

year old female and a 12-year old male). Under sterile conditions, auricular cartilage 

was dissected from the surrounding perichondrium, diced into 1 mm3 pieces, and 

digested overnight in 0.2% collagenase (Worthington Biochemicals Corp., Lakewood, 

NJ), Dulbecco’s modified Eagle’s medium (DMEM) (MediaTech Inc., Manassas, VA), 

100 μg ml−1 penicillin, and 100 μg ml−1 streptomycin. The following day, AuCs were 

filtered, washed with 1x phosphate buffered saline (PBS) (MediaTech) with 100 μg ml−1 

penicillin and 100 μg ml−1 streptomycin, and counted.  
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5.4.3 Passaging of human auricular chondrocytes 

 AuCs were plated at ~10,000 cells/cm2 and cultured in DMEM with 10% fetal 

bovine serum (Gemini Bio-Products, Sacramento, CA), 100 μg ml−1 penicillin, 100 μg 

ml−1 streptomycin, and 0.1 mM non-essential amino acids under 5% pCO2 and at 37 

°C. AuCs were expanded and split 3:1 at each passage using 0.25% trypsin (MediaTech) 

to release. At passages three, four, and five (P3, P4, P5 respectively), a portion of the 

AuCs were encapsulated into hydrogel discs, as outlined in the following section. 

5.4.4 Hydrogel disc construct fabrication 

 Type I collagen stock was extracted from rat tails, lyophilized, and reconstituted 

as previously described.33,34 At the time of construct fabrication, collagen stock solution 

was neutralized to a pH of 7.0 and maintained at 300 mOsm by mixing with the 

appropriate volumes of 1N NaOH (Sigma-Aldrich, St. Louis, MO), 10x Phosphate 

Buffered Saline (PBS), and 1x PBS as previously described.35 Cells from P3, P4, or P5 

were mixed with neutralized collagen and formed into discs as previously described.32 

Briefly, AuCs were resuspended in PBS and homogeneously mixed with neutralized 

collagen for a final cell density of 25 million cells ml-1 and collagen density of 10 mg 

ml-1. The cellularized collagen was then extruded between two glass plates to form 2 

mm thick sheet gels and allowed to undergo thermal gelation for 1 hour at 37 °C. 

Subsequently, an 8 mm dermal biopsy punch was used to create uniform diameter 

hydrogel discs, which were placed in the same media used for cell expansion and 

implanted within 48 hours. 
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5.4.5 Construct implantation and explantation 

 Hydrogel constructs were implanted as previously described.32 Briefly, 10-week 

old male athymic nude mice (NU/NU; Charles River, Wilmington, MA) were 

anesthetized and prepped. Four medial vertical incisions, 2 on each side, were made on 

the dorsum of each mouse, followed by minimal dissection of the subcutaneous tissue 

to create pockets just large enough to accommodate 1 disc. Four discs from a single 

passage (P3, P4, or P5) were implanted into each mouse, with one disc per subcutaneous 

pocket. Incisions were closed with interrupted nylon sutures, and an overlying sterile, 

occlusive dressing was placed prior to reversal from anesthesia.  

 At 1 and 3 months, animals were sacrificed using carbon dioxide asphyxiation 

with cervical dislocation. Discs were harvested, weighed, measured in height and 

diameter, and imaged. One disc per mouse was fixed in 10% neutral buffered formalin 

for 48 hours and then transferred to 70% ethanol for histologic analyses. The remaining 

discs were flash frozen in liquid nitrogen for biochemical and biomechanical analyses. 

A total of 94 discs were explanted for analysis, 32 from P3, 32 from P4, and 30 from 

P5. 

5.4.6 Histological analyses 

 Formalin-fixed samples were dehydrated via sequential washes in ethanol, 

embedded in paraffin, and cut into 5 μm thick sections. Sections were stained with 

Safranin O/Fast green to assess proteoglycan distribution, Picrosirius red to assess 

collagen organization, and Verhoeff’s/Van Gieson to assess presence of elastin fibers. 
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Images were taken in bright-field at 100×, 200×, and 400× using a Nikon Exlipse 

TE2000-S microscope (Nikon Instruments, Melville, NY) fitted with a SPOT RT 

camera (Diagnostic Instruments, Sterling Heights, MI).  

5.4.7 Biochemical analyses 

 Biochemical analyses were performed as previously described.36 Briefly, frozen 

disc constructs were thawed, weighed, frozen, lyophilized, and re-weighed. Samples 

were digested with 1.25 mg ml-1 papain (Sigma-Aldrich) solution at 60°C overnight, 

and analyzed for DNA content via the Hoechst DNA assay,37 sulfated 

glycosaminoglycan (GAG) content via a modified 1,9-dimethylmethylene blue 

(DMMB) assay,38 and collagen and elastin via a hydroxyproline assay.39-41 Biochemical 

properties were reported normalized to sample wet weight (WW).  

5.4.8 Mechanical analysis 

 Three mm diameter by one mm height cylinders were cut from the center of each 

frozen disc construct. Confined compression testing was performed as previously 

described.32,42 Briefly, samples were thawed in PBS containing protease inhibitors 

(Roche Diagnostics, Indianapolis, IN) and placed in a cylindrical confining chamber 

mounted in an ELF 3200 test frame (Enduratec, Eden Prarie, MN). Samples were 

compressed to 50% of their original height in 10 steps of 50 μm, with 5 minutes between 

steps to allow for full stress relaxation. Resultant stresses were recorded at 1 Hz and the 

temporal profiles of stress were fit to a poroelastic model of tissue behavior using 
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custom MATLAB (MathWorks, Natick, MA) code to calculate the equilibrium modulus 

and hydraulic permeability.36  

5.4.9 Statistical analysis 

 Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, Inc, 

San Jose, CA). Data were analyzed by 2-way ANOVA with Tukey’s post hoc analysis. 

A value of P < 0.05 was used as a threshold for statistical significance. All data are 

expressed as means plus one standard deviation.  

5.5 Results 

5.5.1 Gross Analysis 

 Disc constructs from all passages (P3, P4, and P5) maintained a cylindrical 

geometry following both 1 and 3 months of implantation. Collagen hydrogel discs were 

translucent and ranged from colorless to pink prior to implantation (Figure 5.1A), 

whereas after 1 and 3 months in vivo all constructs developed a white, shiny auricular 

cartilage like appearance (Figure 5.1B). Prior to implantation, the disc constructs were 

soft and required delicate manipulation, but after explantation, all discs featured gross 

flexibility similar to native auricular cartilage when handled. 
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Figure 5.1 Gross images of tissue engineered disc constructs prior to (A) and 

following (B) implantation. Implanted constructs with AuCs from all passages 

displayed gross shape retention after 1 and 3 months in vivo, with all constructs 

generating shiny, white, cartilage-like appearances. All scale bars = 4 mm. Pre-

implant disc containing P3 AuCs. 

Although all disc constructs experienced some contraction after 3 months in vivo, the 

contraction was consistent between the various cell passages and all passages generated 

nearly equivalent amounts of auricular cartilage. The diameters of the P3, P4, and P5 

discs were 69±9%, 67±10%, and 73±15% of their initial diameter, respectively.  

Although the diameters at 3 months were consistently significantly higher than the 

diameters at 1 month, no differences existed between the various passages disc diameter 

at 3 months (P > 0.05, Figure 5.2A), likely reflecting the different patient cell sources 

used for the 1 and 3 month time points. P3, P4, and P5 discs retained 55±6%, 59±11%, 

and 47±9% of initial construct height, respectively (Figure 5.2B). Three-month discs 

with P5 cells displayed significantly less height retention compared to discs at 1 month 
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or discs with P4 cells, but importantly were not different from P3, 3 month discs (P > 

0.05). In addition to maintaining geometry, all constructs generated a final explant mass 

between 16.4 and 24.5 mg, with no significant differences between the various cell 

passage discs or time points (P > 0.05, Figure 5.2C) 
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Figure 5.2 Analysis of disc construct geometry (A,B) and amount of cartilage 

tissue generation (C). All constructs contracted from initial dimensions. No 

significant differences observed between passage groups or time points for final 

tissue mass. * indicates significant difference from P3 within time point. % 

indicates significant difference from P4 within time point. # indicates significant 

difference from 1 month within passage number. Bar indicates significant 

difference for all constructs from 1 month. P < 0.05, n = 10-16. 
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5.5.2 Histologic Analyses 

 Implanted disc constructs generated auricular cartilage-specific extracellular 

matrix and microstructure following 3 months in vivo. Picrosirius red staining showed 

the formation of bundled collagen fibers along the construct surface in discs from all 

passages, resembling the perichondrial layer characteristic of native ear cartilage 

(Figure 5.3A-C). The bundling of collagen was also apparent after only 1 month in vivo 

(Supplemental Figure 5.1A-C). Safranin-O staining showed the formation of rich 

proteoglycan matrix within the interior bulk of the disc tissue after 3 months for all 

passages (Figure 5.3D-F). In addition, all discs displayed development of cellular 

lacunae within proteoglycan-dense tissue, while cells within the perichondrium were 

smaller, bearing a resemblance to fibroblasts. Verhoeff’s staining showed the 

development of a nascent elastin fiber network in the interior of the tissue in disc 

constructs from all passages at 3 months (Figure 5.3G-I). In contrast, after only one 

month in vivo, P3, P4, and P5 discs displayed less dense staining for proteoglycans, 

with no evidence of elastin fiber formation at this time point (Supplemental Figure 5.1D-

I). 
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Figure 5.3 Histological evaluation of auricular cartilage microstructure in disc 

constructs following 3-month implantation. Constructs from P3, P4, and P5 all 

displayed similar microstructural components and organization after 3 months. 

Picrosirius Red staining (A-C) displayed formation of bundled collagen fibers 

at the tissue surface, resembling a perichondrial layer (PC). Safranin-O staining 

(D-F) revealed deposition of rich proteoglycan matrix within discs. Verhoeff 

staining (G-I) showed initial formation of an elastic fiber (EF) network within 

the bulk of the cartilage tissue. All scale bars = 100 µm. All images taken of 3-

month constructs. 
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Supplemental Figure 5.1 Histological evaluation of auricular cartilage 

microstructure in disc constructs following 1-month implantation. Constructs 

from P3, P4, and P5 all displayed similar microstructural components and 

organization after 3 months. Picrosirius Red staining (A-C) displayed formation 

of bundled collagen fibers at the tissue surface, resembling a perichondrial layer 

(PC). Safranin-O staining (D-F) revealed limited deposition of proteoglycan 

matrix. Verhoeff staining (G-I) showed no development of an elastin fiber 

network within discs after 1 month. All scale bars = 100 µm. All images taken 

of 1-month constructs.   
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5.5.3 Biochemical Analyses 

 Implanted disc constructs demonstrated maturation towards auricular cartilage 

biochemical composition, in terms of water, cellular, proteoglycan, collagen, and elastin 

content. Discs containing P5 AuCs were 92 ± 2% and 92 ± 2% water at 1 month and 3 

months, respectively, significantly higher than those with P3 (86 ± 3% and 86 ± 4%) or 

P4 (84 ± 6% and 85 ± 6) cells (Figure 5.4Figure 4A, P < 0.05). DNA normalized to 

construct wet weight (WW) was analyzed to represent cellular content. After 3 months, 

discs displayed 1.7 ± 1.2, 3.4 ± 1.7, and 1.7 ± 2.4 µg DNA per mg WW for P3, P4, and 

P5, respectively (Figure 5.4Figure 4B). In total, the DNA content of constructs after 3 

months was significantly higher than at 1 month (P < 0.05). 

Figure 5.4 Biochemical composition of generated auricular cartilage tissue in 

implanted disc constructs. Constructs maintained water content (A) from 1 to 3 

months, featured increased DNA (B) and glycosaminoglycan (GAG) (C) content 

between time groups, and displayed no significant differences in hydroxyproline 

content (D), representative of collagen and elastin, between time or passage 

groups. * indicates significant difference from P3 within time point. % indicates 

significant difference from P4 within time point. # indicates significant 

difference from 1 month within passage number. Bar indicates significant 

difference for all constructs from 1 month. DNA, GAG, and hydroxyproline 

content normalized to construct wet weight (WW). P < 0.05, n = 10-12. 
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Disc constructs developed key auricular cartilage extracellular matrix 

components during in vivo maturation. All constructs displayed development of 

proteoglycan content, measured by sulfated glycosaminoglycans (GAG), after 1 and 3 

months of implantation. GAG content normalized to WW was significantly higher in 

discs after 3 months compared to 1 month, with P3 discs containing 7.8±5.5 µg/mg, P4 

containing 8.9 ± 5.6 µg/mg, and P5 containing 9.9 ± 2.6 µg/mg (Figure 5.4C, P < 0.05). 

Collagen and elastin composition, measured by hydroxyproline content, was present in 
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all implanted discs, with no statistical difference observed between time points or cell 

passage number (Figure 5.4D, P < 0.05). 

5.5.4 Mechanical Analysis 

 Disc constructs displayed increased mechanical stiffness following 

implantation. Through confined compression testing, auricular cartilage formed from 

all cell passages displayed equilibrium moduli, indicative of stiffness, on the order of 

hundreds of kPa, showing cartilage maturation (Figure 5.5). Constructs at 3 months 

displayed significantly higher equilibrium moduli compared to 1 month discs (P < 0.05) 

while no differences were observed between cell passages.  

 

Figure 5.5 Mechanical analysis of tissue engineered disc constructs following 

implantation. The equilibrium modulus, representative of tissue compressive 

stiffness, increased significantly between 1- and 3-month implantation of disc 

constructs. # indicates significant difference from 1 month within passage 

number. Bar indicates significant difference for all constructs from 1 month. P 

< 0.05, n = 8-12. 
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5.6 Discussion 

In this study, we set out to determine whether late passage (P3-P5) auricular 

chondrocytes cultured under standard conditions could be used to engineer auricular 

cartilage in vivo. These data indicate that human AuCs expanded as far as the fifth 

passage successfully generate robust auricular cartilage as demonstrated by the 

elaboration of gross cartilage-like appearance with retention of overall construct shape, 

and the development of elastic cartilage with the microstructure, biochemical and 

mechanical properties similar to human elastic cartilage. After three months, all disc 

constructs developed key auricular cartilage matrix structures, including a perichondrial 

layer, dense proteoglycan deposition, cellular lacunae, and elastin fibers, similar to those 

observed in native human auricular cartilage13,28 and in previous tissue engineered 

auricular cartilage containing cells of bovine origin.21,32  

We have previously demonstrated successful generation of auricular cartilage 

by combining collagen hydrogels with bovine cells, utilizing both AuCs alone20,21 and 

in combination with mesenchymal stem cells.32 However, clinical translation of 

auricular cartilage tissue engineering requires cells of human origin. Autologous human 

AuCs can be acquired from a patient, either from a microtic ear remnant43 or the healthy 

contralateral conchal bowl.19 This small amount (~1g) of cartilage tissue would only 

yield ~10 million AuCs,19 meaning that a significant challenge remains in generating a 

full-size human ear, which requires over 200 million cells to produce.20,21  

It has been commonly accepted that chondrocyte expansion beyond second 

passage results in dedifferentiation, marked by decreased deposition of chondrogenic 
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matrix materials (i.e. type II collagen) and increased fibroblastic behavior (i.e. type I 

collagen deposition).22,24 This change in phenotype may result from chondrocytes being 

removed from their physiologic three-dimensional cartilage matrix and placed in a two-

dimensional monolayer, which abrogates normal extrusion of extracellular matrix 

components.23,44 However, with minimal exceptions, most of these data were obtained 

from studies of articular chondrocytes.    

Not surprisingly, the few studies that did utilize late passage human auricular 

chondrocytes, were no more optimistic in their assessment of their utility for cartilage 

engineering. Mandl et al19 found that human AuC expanded through P4 had 

significantly decreased GAG content and type II collagen expression with passaging, as 

less than 20% of cells stained positive for type II collagen by P4.  Angela et al44 explored 

the de-differentiation of extensively expanded human AuCs, finding that cells incubated 

in vitro for greater than 6 weeks were significantly less likely to generate healthy 

cartilage tissue following implantation. However, because this study did not report 

passage number, and the cartilage tissue generated was characterized only by gross 

appearance and deposition of elastin fibers, without quantitative measurement of 

biochemical and biomechanical maturation, it is difficult to assess the true effect of late 

passaging on the cell phenotype.44  

Perhaps because of established dogma regarding the use of late passaged 

chondrocytes, several other studies that have explored AuC expansion did not analyze 

chondrocyte behavior beyond the third passage. Expansion of human ear, nasal, and rib 

chondrocytes through the second passage found significant decreases in collagen type 

II mRNA levels between P1 and P2, and did not attempt further expansion.30 Another 
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study used both sheep and human AuCs, in which the cells were isolated and expanded 

through P3, then combined with primary (P0) AuCs and implanted in mice.28 While the 

sheep P0-P3 combination generated auricular cartilage, the human cell implants 

generated fibrous tissue containing no type II collagen, proteoglycans, or elastin. 

Similarly, other groups have investigated the chondrogenic capacity of AuCs by 

combining of passaged chondrocytes with primary cells, however all were still limited 

to only two passages, which will not produce sufficient yield to generate large 

engineered tissue.25,26   

Alternatively, several investigators have accepted the hypothesized de-

differentiation process and have attempted to salvage 2D expanded AuCs by returning 

them to three-dimensional culture conditions in hopes of coaxing chondrocytes into a 

more differentiated phenotype, with varying degrees of success.22,23,25-27 Others have 

used growth factors to prevent de-differentiation.27,45 Tseng et al28 found that expanding 

human AuCs in basic fibroblast growth factor conditioned media failed to prevent 

dedifferentiation by P3.    

To the best of our knowledge, the current study provides the first evidence that 

human auricular chondrocytes can be passaged up to 5 times in monolayer culture and 

still retain the ability to produce robust human auricular cartilage within a three-

dimensional construct in vivo. The use of late passage auricular chondrocytes may be 

crucial for successful translation of auricular tissue engineering strategies, as it allows 

for expansion of patient specific donor chondrocytes to the requisite number needed to 

engineer a full-scale ear construct. The successful generation of auricular cartilage from 

extensively expanded AuCs, in contrast to previous published literature, may reside in 
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both our abundant experience working with primary human tissue (a factor which 

involves a steep learning curve and is not available to all laboratories) and the use of 

human tissue samples from healthy pediatric patients.  

Despite this success, certain limitations must still be overcome. Although the 

disc constructs retained cylindrical geometry following implantation, there was 

significant loss of volume. In addition, time points beyond 3 months are necessary to 

demonstrate long-term stability of the generated tissue.  

In summary, contrary to previously published findings, we have demonstrated 

that late passage human auricular chondrocytes can produce robust elastic cartilage that 

is equivalent to native tissue. As a result of the geometrically increased number of AuC 

available after each passage, a sufficient number of autologous auricular chondrocytes 

may now be available from each patient to allow for fabrication of a full sized auricular 

scaffold.  
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CHAPTER 6. EFFECTS OF HYPOXIA ON THE DEVELOPMENT OF TISSUE-

ENGINEERED AURICULAR CARTILAGE5 

6.1 Abstract 

Tissue engineering offers a promising alternative for autologous costal cartilage 

grafts for auricular reconstruction. Engineered constructs containing auricular 

chondrocytes (AuCs) effectively generate native-like auricular cartilage when 

implanted but fail to maintain the large size and complex anatomical detail of a human 

ear. Studies have demonstrated that in vitro expansion and 3D culture under hypoxic 

(<10% pO2) conditions of articular chondrocytes promotes the expression of 

chondrogenic markers and development of cartilage tissue. This study aims to determine 

the effects of hypoxia during AuC expansion and 3D culture of AuC-laden collagen 

hydrogels on the retention of initial construct geometry and generation of cartilage 

tissue. Primary (non-expanded) AuCs were encapsulated in high-density type I collagen 

hydrogels and cultured under hypoxic (1% or 5% pO2) or normoxic (20% pO2) 

conditions. Additionally, AuCs were expanded under hypoxia (5% pO2) or normoxia 

prior to construct formation and subsequent 3D culture under 5% or 20% pO2. Discs 

containing primary AuCs cultured at 5% pO2 displayed almost no change in initial 

construct diameter after 4 weeks, a 6% improvement over discs cultured in 20% pO2. 

                                                 

5 In preparation for submission: B. P. Cohen, B. S. Gold, and L. J. Bonassar. Effects of Hypoxia on the 

Development of Tissue-Engineered Auricular Cartilage. ACS Biomater Sci Eng. 

Submitting to ACS Biomaterials Science and Engineering 
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Discs cultured at 1% pO2 featured a significantly higher equilibrium modulus compared 

to 20% pO2. All discs containing primary AuCs featured glycosaminoglycan deposition 

and collagen remodeling to form auricular cartilage-like microstructure. AuCs which 

underwent 5% pO2 expansion followed by 5% pO2 3D culture displayed the best 

retention of diameter, most tissue mass generated, and highest glycosaminoglycan 

content after 2 weeks. Hypoxia during both AuC expansion and 3D construct culture 

prevented loss of construct morphology and promoted cartilage component deposition 

and mechanical stiffening. These results demonstrate the promising potential of hypoxia 

to tissue-engineered auricular cartilage a relevant clinical treatment. 

6.2 Author Contributions 

Benjamin Cohen and Brandon Gold collected, analyzed, and interpreted the 

data. Benjamin Cohen and Lawrence Bonassar conceived the study design, designed 

figures, and wrote the manuscript. All authors critically revised and gave final approval 

of the manuscript.  
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6.3 Introduction 

Congenital defects, traumatic injury, and resection of diseased tissue can all 

result in deformation or damage to the human auricle.1 Current options for clinical 

reconstruction of the external ear include autologous costal cartilage grafts, which 

require a high level of surgical skill, produce inelastic fibrocartilage, and feature donor 

site morbidity.2,3 Alternatively, alloplastic implants provide consistent, well-defined 

morphologies,4 but are prone to infection and extrusion and do not provide elastic 

mechanical properties.2,3  

 Tissue engineering auricular cartilage through a combination of autologous cells 

and biocompatible scaffold materials offers a path for auricular reconstruction with a 

high degree of aesthetic quality and reproduction of native tissue properties. A variety 

of both synthetic2,5–7 and natural8–11 scaffold materials have been combined with 

auricular chondrocytes (AuCs) to generate tissue that resembles the structure, 

composition, and mechanics of native auricular cartilage. Advances in digital imaging 

technologies such as computed tomography (CT),12,13 magnetic resonance (MR),14 and 

3D photogrammetry10 combined with manufacturing techniques including press-

fitting,13,15 injection molding,6,10 and 3D printing12,14 allow for high-fidelity replication 

of patient-specific ear morphology in constructs prior to implantation.  

 Despite success generating the complex auricular anatomy, a major hurdle in 

tissue engineering is maintaining the intended size and shape during in vitro and in vivo 

growth. Shape retention can be improved through the addition of support structures, 
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such as external plastic stents mimicking the ear shape placed over the skin,9,15 inclusion 

of secondary scaffold materials to reinforce the implant structure,6,16,17 or the integration 

of slowly degrading polymers within the construct.13 However, external stents may 

become uncomfortable in the clinical setting,16 implanting non-degradable materials 

necessitates additional surgeries for removal or increases the risk of extrusion,13 and 

many of these materials significantly increase manufacturing cost. The degradation of 

stiff polymers occurs over the course of years, inhibiting tissue remodeling, and the 

degradation products can be pro-inflammatory.1,13 Natural polymer hydrogels, such as 

collagen, provide a biocompatible, pro-chondrogenic matrix that can be accurately 

molded or printed into auricular constructs. Such constructs are remodeled in vivo by 

the encapsulated cells into auricular cartilage that is almost indistinguishable from 

native tissue.10,11 By using a high-density collagen hydrogel, initial constructs were 

sufficiently robust for implantation and retained overarching auricular shape and some 

key anatomic feature. However, significant contraction and loss of patient-specific 

detail was observed,10,11 adversely affecting the clinical impact of this technique and 

necessitating a method to improve shape maintenance without the deleterious effects of 

internal and external supports. 

 Cartilage is an avascular tissue that exists naturally in a state of hypoxia, or low 

oxygen tension, as low as 1% pO2.
18 In contrast, most cell and tissue culture occurs at 

atmospheric oxygen levels (~20% pO2, normoxia). Due to this, researchers have 

extensively applied hypoxia during cartilage tissue engineering to prevent 

dedifferentiation of chondrogenic cells during expansion19–22 and to enhance cartilage 



159 

generation during 3D culture,22–25 primarily focusing on articular chondrocytes and 

articular cartilage engineering. Hypoxia also increases collagen and elastin cross-

linking through the upregulation of lysyl oxidase (LOX), which in turn enhances 

mechanical properties.26 Collagen hydrogel constructs are actively remodeled by the 

constituent cells, resulting in contraction due to internal traction forces,27,28 but the 

prevention of fibroblastic dedifferentiation may alleviate these forces. In addition, ~10 

million AuCs can be isolated from a clinically feasible biopsy of auricular cartilage,29,30 

yet a full-sized human ear requires ~200 million cells to generate.10,11 As such, 

expansion of AuCs is a critical step to acquire a sufficient cell yield for generating a 

large construct such as the human ear.31  

However, the effects of oxygen tension during AuC expansion and 3D culture 

on the resulting tissue formation have not been explored. In addition, the effects of 

hypoxic culture on the contraction and mechanical property development of cell-laden 

collagen hydrogels has not yet been determined. We hypothesize that in vitro exposure 

to low oxygen tensions during both monolayer cell expansion and 3D construct culture 

will improve maintenance of construct size and geometry and accelerate the 

development of cartilage composition and mechanical properties. Here, we apply 

oxygen tensions as low as 1% pO2 to AuCs during expansion and upon encapsulation 

in type I collagen hydrogel constructs and characterize the changes in morphological, 

structural, compositional, and mechanical development in vitro. 
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6.4 Methods 

6.4.1 Isolation and expansion of bovine auricular chondrocytes 

 Bovine auricular chondrocytes (AuCs) were isolated as previously described.32 

Briefly, ears were obtained from freshly slaughtered 1-3 day old calves (Gold Medal 

Packing, Oriskany, NY). Auricular cartilage was dissected from the surrounding skin 

and perichondrium under sterile conditions. Cartilage was diced into 1 mm3 pieces and 

digested overnight in 0.2% collagenase (Worthington Biochemicals Corp., Lakewood, 

NJ), 100 µg/mL penicillin, and 100 µg/mL streptomycin in Dulbecco’s modified 

Eagle’s medium (DMEM) (MediaTech Inc., Manassas, VA). Cells were filtered, 

washed with 1x phosphate buffered saline (PBS) (MediaTech) containing 100 µg/mL 

penicillin and 100 µg/mL streptomycin, and counted the next day.  

 For experiments using primary, unpassaged (P0) AuCs, isolated cells were 

directly encapsulated into constructs (see below). For experiments utilizing expanded 

cells, AuCs were expanded as previously described.31 Briefly, AuCs were plated at 

approximately 10,000 cells/cm2 and cultured in DMEM containing 10% fetal bovine 

serum (FBS) (Gemini Bio-Products, Sacramento, CA), 100 µg/mL penicillin, 100 

µg/mL streptomycin, and 0.1 mM non-essential amino acids (Gibco, Grand Island, NY). 

AuCs were cultured under 5% pCO2 and 37 °C, either under standard oxygen conditions 

(normoxia, 20% pO2) or low-oxygen conditions (hypoxia, 5% pO2) in a Heracell Vios 

160i oxygen-controlled incubator (Thermo Scientific, Waltham, MA). AuCs were 

released with 0.25% trypsin and washed with PBS with 100 µg/mL penicillin and 100 
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µg/mL streptomycin between passages. AuCs were used for construct formation at 

second passage (P2). Media changes were performed at normoxia.  

6.4.2 Disc construct fabrication 

 Collagen was extracted and reconstituted as previously described.33,34 At time of 

fabrication, stock collagen solution was returned to pH 7.0 and maintained at 300 mOsm 

by mixing with appropriate volumes of 1N NaOH (Sigma-Aldrich, St. Louis, MO), 10x 

PBS, and 1x PBS as previously described.27 Collagen solution was immediately mixed 

with AuCs suspended in PBS and formed into disc constructs as previously 

described.35,36 Briefly, neutralized collagen was homogenously mixed with the AuC cell 

suspension for a final cell concentration of 25 x 106 cells/mL and a final collagen density 

of either 5 mg/mL or 10 mg/mL. The collagen hydrogel was extruded between two glass 

plates spaced 2 mm apart and allowed to undergo thermal gelation at 37 °C for 1 hour. 

Following gelation, 8 mm diameter disc constructs were formed using a dermal biopsy 

punch. Construct fabrication was performed at normoxia. 

6.4.3 Construct culture  

 All constructs were cultured in the same media used for cell expansion (see 

above). For discs containing unpassaged (P0) AuCs, both 5 mg/mL and 10 mg/mL 

collagen density constructs were generated. These constructs were divided and cultured 

in either 1%, 5% (hypoxia) or 20% (normoxia) pO2 for 2 or 4 weeks (Figure 6.1A). A 

total of 194 constructs were generated (51 10mg/mL-20%, 45 5mg/mL-20%, 24 
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10mg/mL-5%, 24 5mg/mL-5%, 28 10mg/mL-1%, 22 5mg/mL-1%), with additional 

constructs collected with no culture period (zero week) for baseline measurements.  

 

Figure 6.1 Flow of cells and constructs in hypoxia experiments. (A) One-stage 

hypoxia experimental set up, featuring hypoxic exposure at range of oxygen 

tensions (1-20% pO2) only during 3D tissue culture. (B) Two-stage hypoxia 

experimental set up, featuring hypoxic exposure (5% pO2) at both 2D cell 

expansion and 3D tissue culture. All two-stage hypoxia constructs formed with 

10 mg/mL collagen density. Zero-week samples taken for normalizations and 

control data. 
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 For discs containing P2 AuCs, all constructs were generated at 10 mg/mL 

collagen density. Constructs were divided and cultured in either 5% (hypoxia) or 20% 

(normoxia) pO2 for 1 or 2 weeks, forming four groups based on the combination of cell 

expansion and 3D culture oxygen environment (20% → 20%, 20% → 5%, 5% → 20%, 

5% → 5%) (Figure 6.1B). A total of 78 constructs were generated (20 – 20% → 20%, 

19 – 20% → 5%, 20 – 5% → 20%, 19 – 5% → 5%), with additional constructs collected 

with no culture period (zero week) for baseline measurements.  

 At designated time points, discs were removed from culture, weighed, measured 

for diameter and height, and imaged. A subset of discs was fixed in 10% neutral buffered 

formalin for 48 hours and then transferred to 70% ethanol for histologic analyses. 

Remaining discs were frozen for biochemical and biomechanical analyses.  

6.4.4 Histological analyses 

 Fixed samples were dehydrated by sequential washes in ethanol, embedded in 

paraffin, and cut into 5 µm sections. Sections were stained with Safranin O/Fast green 

to assess proteoglycan distribution, Picrosirius red to assess collagen organization, and 

hematoxylin and eosin to assess cell distribution and phenotype. Images were taken in 

brightfield at 100x and 200x using a Nikon Eclipse TE2000-S microscope (Nikon 

Instruments, Melville, NY) fitted with a SPOT RT camera (Diagnostic Instruments, 

Sterling Heights, MI). Full section scans were also taken using an Aperio ScanScope 

CS2 up to 200x magnification (Leica Biosystems Inc, Buffalo Grove, IL). 
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6.4.5 Biochemical analyses 

Biochemical analyses were performed as previously described.37 Samples were 

weighed, frozen, lyophilized, and weighed again. Samples were then digested with 1.25 

mg/ml papain (Sigma-Aldrich) solution overnight at 60°C and analyzed for DNA 

content via the Hoechst DNA assay,38 sulfated glycosaminoglycan (GAG) content via a 

modified 1,9-dimethylmethylene blue (DMMB) assay,39 and collagen via a 

hydroxyproline assay.40 Biochemical properties are reported normalized to sample wet 

weight (ww). 

6.4.6 Mechanical analyses 

 Three mm diameter by one mm height cylinders were cut from the central 

portion of each disc construct. Confined compression testing was performed as 

previously described.8,35 Briefly, samples were thawed in PBS containing protease 

inhibitors (Roche Diagnostics, Indianapolis, IN) and placed in a cylindrical confining 

chamber mounted in an ELF 3200 test frame (Enduratec, Eden Prarie, MN). Samples 

were compressed to 50% of their original height in 10 steps of 50 µm each, with 5 

minutes between steps to allow for full stress relaxation. Resultant stresses were 

recorded at 1 Hz and the temporal profiles of stress were fit to a poroelastic model of 

tissue behavior using custom MATLAB (MathWorks, Natick, MA) code to calculate 

the equilibrium modulus and hydraulic permeability.37 
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6.4.7 Statistical analysis 

 Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, Inc, 

San Jose, CA). Data were analyzed by two-way analysis of variance with Tukey post 

hoc analysis. A value of p < 0.05 was used as a threshold for statistical significance. 

Data are expressed as mean plus/minus 1 standard deviation for primary cell 

experiments or mean plus 1 standard deviation for P2 cell experiments.  

6.5 Results 

6.5.1 Hypoxic exposure during 3D culture of primary AuC constructs 

 Culture of AuC-laden, collagen hydrogel discs in 5% pO2 increased retention of 

construct diameter (Figure 6.2). After both 2 and 4 weeks of culture, constructs across 

all oxygen tensions and containing either 5 or 10 mg/mL initial collagen density 

maintained cylindrical morphology and displayed little difference in gross appearance 

(Supplemental Figure 6.1). Quantitative analysis of disc geometry showed constructs 

cultured at 5% pO2 displayed 6% better retention of initial diameter compared to 20% 

pO2 and 10% better than 1% pO2 (p < 0.05 and p < 0.01, respectively) and an 8% 

improvement in diameter maintenance for 10 mg/mL collagen discs compared to 5 

mg/mL (Figure 6.2A, p < 0.001). Of note, all constructs averaged at least 80% 

maintenance of original construct diameter. Quantifying the height retention of the 

discs, 5 mg/mL collagen discs cultured at 1% pO2 lost more height than those cultured 

at 5% pO2 (p < 0.005), although neither hypoxic condition was different from normoxic 



166 

culture (Figure 6.2B). Constructs cultured for 2 weeks displayed similar trends to 4-

week data (Supplemental Figure 6.2A,B). Normalized diameter at 2 weeks was not 

significantly different between hypoxic groups (1% and 5%) but was improved 

compared to 20%. 
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Figure 6.2 Quantification of size and mass as a function of 3D culture oxygen 

tension for 4-week constructs. Construct diameter was significantly higher under 

5% pO2 (A), but no differences were observed for height (B) or mass (C). 

Percentage of construct weight composed of water was higher for 5% pO2 

compared to 1% pO2 (D). Diameter, height, and mass are normalized to pre-

culture construct values. D0 = initial disc diameter, H0 = initial disc height, M0 = 

initial disc wet mass. Bar indicates significant difference between pO2, & 

indicates significant difference between collagen density. p < 0.05, n = 4-26 
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Supplemental Figure 6.1 Gross appearance of disc constructs after 2- and 4-

week culture in oxygen tensions ranging from 1-20%. No differences were 

observed in construct geometry, color, or luster between groups. Scale bar = 5 

mm 
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Supplemental Figure 6.2 Quantification of size and mass as a function of 3D 

culture oxygen tension for 2-week constructs. Construct diameter was 

significantly higher under hypoxia compared to normoxia (A), but no 

differences were observed for height (B). Mass was higher for 1% compared to 

20% (C) and water content was higher for 5% compared to 1% (D). Diameter, 

height, and mass are normalized to pre-culture construct values. D0 = initial disc 

diameter, H0 = initial disc height, M0 = initial disc wet mass. Bar indicates 

significant difference between pO2, & indicates significant difference between 

collagen density. p < 0.05, n = 4-26 
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Retention of overall mass and percentage of wet mass for disc constructs was not 

definitively different when cultured under hypoxic conditions, as compared to 

normoxia. Within the 5 mg/mL collagen constructs, there was a significantly lower mass 

retention at 5% pO2 compared to 1% pO2 (p < 0.01), however overall differences as a 

function of oxygen tension were not observed (Figure 6.2C). Constructs cultured at 5% 

pO2 displayed an 11% increase in water content compared to those at 1% pO2 (Figure 

6.2D, p < 0.01). Among 10 mg/mL constructs, discs cultured in 1% pO2 had 

significantly less water content than those in 5% or 20% pO2 (p < 0.001). Constructs 

cultured for 2 weeks displayed similar trends to 4-week data (Supplemental Figure 

6.2C,D). 

 Discs from all oxygen tension and collagen density groups displayed 

development of cartilage structural components (Figure 6.3). Safranin O staining for 

proteoglycan deposition, a key component of cartilage, was positive in all discs, with 

more staining occurring in 5 mg/mL discs and discs cultured above 1% pO2 (Figure 

6.3A). All constructs displayed banding of collagen at construct surface under 

Picrosirius Red staining, indicative of remodeling of the matrix and forming a 

heterogeneous collagen microstructure within the engineered tissues (Figure 6.3B, 

arrows). Initially formed from collagen hydrogels, all discs stained positive for collagen, 

with 10 mg/mL discs staining more densely and displaying increased presence of 

collagen banding through the central bulk. Constructs containing 5 mg/mL collagen 

appeared to have an increased density of cells throughout the matrix, as indicated by 

hematoxylin and eosin staining (Figure 6.3C). All constructs featured a heterogenous 
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mix of both round cells featuring a chondrocyte-like phenotype and elongated cells more 

similar to fibroblasts. Constructs also showed dense collections of small cells bundled 

at the surface of the tissues.  

Figure 6.3 Microstructural composition of engineered cartilage discs containing 

primary AuCs cultured under 1-20% pO2 at 4 weeks. (A) Safranin O stain 

showing proteoglycan deposition. (B) Picrosirius Red stain showing collagen 

structure. Arrows indicate collagen banding at construct surface. Scale bar = 500 

µm. (C) Hematoxylin and eosin showing cell phenotype and localization. Circle 

indicates round chondrocyte phenotype, rectangle indicates elongated fibroblast 

phenotype. Scale bar = 500 µm for (A) and (B), 100 µm for (C). 
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 Biochemical composition of cultured constructs was dependent on initial 

collagen density but not oxygen tension. DNA content normalized to wet weight (ww) 

was 56% higher in 5 mg/mL discs than 10 mg/mL (p < 0.05), and within the 5 mg/mL 

discs, those cultured at 5% pO2 had a significantly lower DNA ww compared to 20% 

pO2 (Figure 6.4A, p < 0.05). GAG deposition, previously observed histologically, was 

confirmed in all constructs (Figure 6.4B). GAG ww was higher for 5 mg/mL constructs 
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compared to 10 mg/mL constructs (p < 0.005), and although the highest GAG deposition 

was observed in constructs cultured at 20% pO2, this difference was not significantly 

higher than either 1% or 5% hypoxia. Constructs cultured for 2 weeks displayed similar 

trends to 4-week data (Supplemental Figure 6.3A,B). 

  



174 

 

Figure 6.4 Biochemical and mechanical properties as a function of 3D culture 

oxygen tension for 4-week constructs. DNA (A) and glycosaminoglycans 

(GAG) (B) content were higher for 5 mg/mL discs compared to 10 mg/mL. Discs 

cultured at 1% pO2 were significantly stiffer than other oxygen conditions (C) 

and had a lower hydraulic permeability than discs cultured in 5% pO2 (D). DNA 

and GAG reported normalized to sample wet weight (ww). Bar indicates 

significant difference between pO2, & indicates significant difference between 

collagen density. p < 0.05, n = 5-15 
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Supplemental Figure 6.3 Biochemical and mechanical properties as a function 

of 3D culture oxygen tension for 2-week constructs. No differences were 

observed for DNA content (A), and glycosaminoglycans (GAG) (B) content 

were higher for 5 mg/mL discs compared to 10 mg/mL. No differences were 

observed between discs for equilibrium modulus (C), while hydraulic 

permeability was higher for 5% compared to 20% pO2 (D). DNA and GAG 

reported normalized to sample wet weight (ww). Bar indicates significant 

difference between pO2, & indicates significant difference between collagen 

density. p < 0.05, n = 4-15 

Although cell and sulfated glycosaminoglycan (GAG) content was not different 

for varying oxygen tensions, the most severe case of hypoxia (1%) generated the most 
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mechanically stiff tissues. The equilibrium modulus, representative of construct 

stiffness under compression, for constructs cultured at 1% pO2 was 45% and 29% higher 

than the modulus at 5% and 20% pO2, respectively (Figure 6.4C, p < 0.05). Despite 

differences in initial construct collagen density, no differences in stiffness were 

observed between 5 and 10 mg/mL collagen after 4 weeks. Hydraulic permeability, 

which measures the capacity for water transport through the tissue, was significantly 

lower for constructs in 1% hypoxia compared to 5% hypoxia, but no differences were 

observed when compared to normoxia culture (Figure 6.4D, p < 0.05). Constructs 

cultured for 2 weeks displayed similar trends to 4-week data (Supplemental Figure 

6.3C,D). No differences were observed in equilibrium modulus between oxygen 

condition groups at 2 weeks, while hydraulic permeability was higher for 5 mg/mL 

collagen discs (p < 0.05).  

6.5.2 Combined hypoxic exposure during AuC expansion and 3D construct culture  

 Culture under 5% pO2, both for monolayer expansion of AuCs and 3D construct 

culture, significantly enhanced shape retention and overall mass generation of 

engineered disc constructs (Figure 6.5). All constructs retained overall cylindrical 

geometry and displayed similar color and luster following 2 weeks in vitro, however 

20%→20% constructs were noticeably more contracted than other contracts during 

gross examination (Figure 6.5A). Quantifying the change in diameter, with 5%→5% 

discs displaying 30% improved retention compared to discs expanded and cultured 

completely in normoxia, while also retaining 7% more diameter than discs containing 

normoxia expanded cells (20%→5%, p < 0.05) and 16% more than discs with cultured 



177 

in normoxia with hypoxia expanded cells (5%→20%, p < 0.001) (Figure 6.5B). 

Interestingly, the 20%→20% group displayed the greatest height retention, although all 

groups were greater than 90% of the initial height after 2 weeks and no significant 

differences were observed (Figure 6.5C). 

Figure 6.5 Shape and mass maintenance of constructs containing cells expanded 

in either hypoxia (5% pO2) or nomoxia (20% pO2), followed by 3D culture in 

either hypoxia or normoxia. (A) Gross images of disc constructs following in 

vitro culture show maintenance of cylindrical geometry. Quantification of 

diameter (B) displays significant increase in retention with hypoxic expansion 

or culture, but no effects were observed for construct height (C). Final disc mass 

(D) increased with hypoxia during expansion or culture but did not affect 

percentage of water composition (E). Diameter and height normalized to pre-

culture construct values. Images and data from 2-week culture. Scale bar = 5 

mm. D0 = initial disc diameter, H0 = initial disc height. * indicates significant 

difference from 20% pO2 3D culture. # indicates significant difference from 

20% pO2 2D expansion. p < 0.05, n = 7-10 
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 The final mass of disc constructs after 2 weeks in vitro was higher when either 

cell expansion or 3D culture was conducted under hypoxia, despite all constructs 

featuring a similar level of water content. Compared to 20%→20% constructs, 5%→5% 

discs had 106% greater mass and were also 37% and 28% higher than 5%→20% and 

20%→5% constructs, respectively, demonstrating a significant effect of hypoxia under 

both exposure conditions (Figure 6.5D, p < 0.001). Although the mass was different 

among culture conditions, the percentage of mass composed of water was similar for all 
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groups, ranging between 90-93% (Figure 6.5E). Constructs cultured for only 1 week 

displayed similar results as 2-week discs (Supplemental Figure 6.4). Unlike at 2 weeks, 

5%→20% discs had a slightly larger diameter and mass as compared to 20%→5%.  
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Supplemental Figure 6.4 Shape and mass maintenance of constructs containing 

cells expanded in either hypoxia (5% pO2) or nomoxia (20% pO2) followed by 

1-week of 3D culture in either hypoxia or normoxia. Quantification of diameter 

(A) displays significant increase in retention with hypoxic expansion or culture, 

but no effects were observed for construct height (B). Final disc mass (C) 

increased with hypoxia during expansion or culture but did not affect percentage 

of water composition (D). Diameter and height normalized to pre-culture 

construct values. Data from 1-week culture. Scale bar = 5 mm. D0 = initial disc 

diameter, H0 = initial disc height. * indicates significant difference from 20% 

pO2 3D culture. # indicates significant difference from 20% pO2 2D expansion. 

p < 0.05, n = 7-10 
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Hypoxia during 3D construct culture resulted in increased GAG composition but 

did not affect mechanical properties (Figure 6.6). All constructs at 2 weeks featured 

heterogeneous distributions of cells throughout, with areas containing rounded cells 

with chondrocyte-like phenotypes (Supplemental Figure 6.5). Constructs 3D cultured 

under 5% pO2 had higher amounts of DNA but were not significantly different than the 

20% 3D culture groups (Figure 6.6A). All construct groups featured GAG deposition, 

with the combination of hypoxia during both cell expansion and 3D culture generating 

almost twice as much GAG as 20%→20% discs and 61% more GAG than those 

featuring hypoxia expanded cells and then cultured under normoxia (5%→20%, p < 

0.01) (Figure 6.6B). No differences were observed in the equilibrium modulus or 

hydraulic permeability between expansion or culture groups (Figure 6.6C,D). No 

differences were observed between groups after only 1 week of culture (Supplemental 

Figure 6.6).  
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Figure 6.6 Biochemical and mechanical properties of constructs containing cells 

expanded in either hypoxia (5% pO2) or normoxia (20% pO2), followed by 3D 

culture in either hypoxia or normoxia. DNA (A) content per construct were not 

different between oxygen conditions, but total GAG content (B) per construct 

was significantly higher for discs containing cells expanded in hypoxia then 

further cultured in hypoxia. The equilibrium modulus (C) and hydraulic 

permeability (D) were not significantly different between culture conditions. 

Data from 2-week culture. * indicates significant difference from 20% pO2 3D 

culture. p < 0.05, n = 5-7 
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Supplemental Figure 6.5 Hematoxylin and eosin stain showing cell phenotype 

and localization for constructs containing hypoxia (5% pO2) expanded AuCs 

and/or 3D construct culture. Constructs cultured for 1 week. Circle indicates 

round chondrocyte phenotype. Scale bar = 100 µm 
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Supplemental Figure 6.6 Biochemical and mechanical properties of constructs 

containing cells expanded in either hypoxia (5% pO2) or normoxia (20% pO2) 

followed by 1 week of 3D culture in either hypoxia or normoxia. Total DNA (A) 

and GAG (B) content per construct were not different between oxygen 

conditions. Equilibrium modulus (C) and hydraulic permeability (D) were not 

significantly different between oxygen conditions. Data from 1-week culture. p 

< 0.05, n = 5-7 
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6.6 Discussion 

The objective of this study was to investigate the effect of low oxygen tension 

on the prevention of contraction and development of cartilage properties in tissue-

engineered auricular constructs. The data show that exposure to hypoxia improved 

overall maintenance of construct dimensions and mechanical stiffness without loss of 

cellular content or inhibition of cartilage remodeling and matrix deposition. Hypoxic 

culture conditions of 5% pO2 enhanced diameter retention and 1% pO2 increased 

mechanical stiffness compared to normoxia. Hypoxia did not reduce DNA content or 

inhibit proteoglycan deposition and collagen remodeling. Combined expansion and 3D 

culture of AuCs under 5% pO2 also increased retention of construct diameter, resultant 

construct mass, and proteoglycan content after 2 weeks.  

 As imaging and biofabrication technologies have developed, the ability to 

accurately replicate patient-specific morphologies in tissue-engineered constructs has 

dramatically improved, however maintaining complex anatomical geometries during in 

vitro culture and in vivo implantation has remained a challenge. Both external9,15 and 

internal6,16,17 support structures have shown the potential to improve shape maintenance, 

however these solutions present new clinical challenges to patient comfort, 

manufacturing cost, and biocompatibility. High-density collagen hydrogel constructs 

containing bovine or human AuCs have consistently demonstrated successful 

generation of auricular cartilage tissue following in vivo growth, but also loss of 

morphological detail and contraction as great at 50%.10,11,31,35 Contraction was observed 

to occur within 1 month of implantation, with constructs remaining stable as far out as 



186 

6 months,11 indicating that changes in morphology occur early in construct development 

and that early intervention to prevent such changes would likely persist to longer times. 

Discs containing 10 mg/mL collagen cultured at 5% pO2 displayed almost no change in 

diameter after 4 weeks of culture and less than a 30% decrease in construct height, 

demonstrating the potential for a brief period of in vitro culture, in particular under 

hypoxia, to combat the contraction of engineered constructs. All cultured constructs also 

displayed increases in stiffness compared to an initial equilibrium modulus of ~10 kPa,11 

increasing nearly 4-fold for constructs cultured in 1% pO2 after 4 weeks. This increase 

in mechanical stability may also improve the retention of geometry and detail in 

subsequent implantation, allowing the constructs to resist mechanical compression from 

surrounding tissues. All constructs containing primary AuCs also displayed 

proteoglycan deposition and remodeling of the collagen structure to form banded 

collagen fibrils along the periphery, reminiscent of the perichondrial layer found in 

native auricular cartilage.11 These structural developments are indicative that the low 

oxygen tension does not result in a loss of anabolic activity by the encapsulated cells.  

 Hypoxia has predominantly displayed enhancement of cartilage development in 

tissue engineering, however these effects may be dependent on scaffold presence and 

material. Primary bovine articular chondrocytes cultured at 5% pO2 in alginate beads 

displayed increased type II collagen staining compared to cultures at 21% pO2,
23 while 

another study of primary bovine articular chondrocytes cultured in alginate at 2% pO2 

observed increased type II collagen and GAG deposition over 17 days of culture.24 This 

effect was also observed in scaffold free 3D culture, as primary rat articular 
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chondrocytes cultured for 3 days in spheroids under 5% pO2 displayed increased type 

II collagen and aggrecan expression at both the protein and mRNA level when compared 

to normoxia.25 Unlike the results shown here, these studies observed more significant 

effects of low oxygen tension on primary chondrocytes in 3D culture, particularly in 

terms of matrix deposition. However, an important distinction is the composition, or 

absence, of a 3D scaffolding material. While most previous studies of hypoxia combined 

with 3D chondrocyte culture have used alginate23,24 or pellet19–22,25 culture, constructs 

presented here were formed with type I collagen hydrogels. Bone-marrow derived 

mesenchymal stem cells (MSCs) cultured in type I collagen at 5% pO2 have previously 

been shown to express chondrogenic phenotypes, marked by increased type II collagen 

and GAG production,41 while adipose-derived stem cells in type II collagen hydrogels 

under 1% pO2 increase GAG synthesis.42 To the best of our knowledge, no research into 

the combined effects of collagen hydrogel encapsulation with hypoxic conditions for 

the 3D culture of chondrocytes has been performed. Collagen hydrogel density played 

a significant factor in construct outcomes, with higher density collagen better 

maintaining disc geometry but resulting in lower DNA and GAG content after 4 weeks. 

In addition, hypoxia can influence collagen cross-linking through LOX,26 indicating that 

the presence of a collagen hydrogel may have interactive effects with exposure to 

hypoxia.  

 A critical component to the clinical translation of auricular cartilage tissue 

engineering is in vitro expansion of AuCs. AuCs isolated from both healthy and 

microtic13,43,44 auricular cartilage have shown the capacity to generate engineered 
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neocartilage, however this harvested tissue only contains ~10 million cells/g29 and a 

clinically feasible biopsy is limited to less than 1 g of tissue.30 During extensive 

monolayer expansion, chondrocytes can undergo dedifferentiation, or a loss of 

chondrogenic phenotype, marked by an inability to generate neocartilage when returned 

to a 3D matrix.23,45 While the effects of long-term expansion and the level of 

dedifferentiation experienced by AuCs specifically is unclear, engineered constructs 

containing passage 5 AuCs contracted significantly in vivo.5,31 Here, we see that AuCs 

expanded under 5% pO2 better retain disc diameter and generate increased tissue mass, 

regardless of oxygen tension in 3D culture. Further, the biochemical composition and 

mechanical properties of constructs with hypoxia-expanded cells are equivalent or 

superior to normoxic constructs as well. This supports findings of enhanced GAG 

content of micromass cultures of hypoxia-expanded articular chondrocytes, although 

interestingly, the application of hypoxia during 3D culture reduced GAG content, unlike 

what was observed here.19 In another study of articular chondrocytes, cells expanded 

under normoxia and then pellet cultured at 5% pO2 displayed the greatest mass and 

GAG content.21 Yet another study of articular chondrocytes found that 3D pellet culture 

at 5% pO2 significantly increased proteoglycan and type II collagen deposition and 

mRNA expression, but no dependence on the oxygen tension during monolayer 

expansion.22 Similarly, nucleus pulposus cells demonstrated higher expression of type 

II collagen and aggrecan when expanded and 3D cultured under hypoxia or expanded 

under normoxia followed by hypoxic 3D culture.20 In addition, MSCs expanded and 

subsequently 3D cultured  at 5% pO2 have shown increased GAG production and 

compressive stiffness.46 Collectively, this indicates that while exposure to hypoxia 
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seems to consistently generate improvement in engineered cartilage development, there 

may exist a further dependence on other variables, such as cell type, 3D culture 

scaffolding, and level of hypoxia.  

 The results of this study demonstrate that 5% hypoxia during the 3D culture of 

bovine AuCs in collagen hydrogels improves the shape retention of disc constructs 

compared to 20% pO2, but that 1% resulted in significantly less maintenance of the 

diameter. As such, there appears to be a non-linear relationship between oxygen tension 

and outcomes such as diameter, composition, and mechanics, and further study is 

necessary to determine what level of hypoxia ceases to be beneficial for auricular 

cartilage tissue engineering. This study found that low oxygen tension during 3D culture 

following expansion of AuCs enhanced shape retention and GAG deposition, however 

such culture did not affect the compressive stiffness and was not significant enough to 

be detected in histological staining after 2 weeks. In collagen-based hydrogels, it is 

possible at short time points that the collagen structure and water content dominate the 

mechanical properties of constructs. Longer time points may allow for further GAG 

synthesis and matrix remodeling, allowing for better visualization of proteoglycan and 

collagen structure and more apparent effects in the construct mechanics. Finally, 

auricular cartilage undergoes changes with age47 and exhibits differences between 

species.48 It is possible that human AuCs will behave differently in response to hypoxia 

compared to the neonatal bovine AuCs utilized here, and further studies with human 

cells can provide further clinical relevance. 
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 Maintaining the complex anatomy of the human ear is a primary challenge that 

must be overcome to make tissue engineering the auricle clinically feasible. The 

application of hypoxia during AuC expansion and to 3D culture improved size retention, 

enhanced mechanical stiffness, and increased GAG deposition in engineered auricular 

cartilage. Hypoxia is also easily implemented in the cell expansion and tissue 

manufacturing process. The results of this study indicate that low oxygen tension during 

in vitro cell expansion and construct culture prevents contraction and loss of detail of 

tissue-engineered constructs and promotes early cartilage development. Such data 

demonstrate great potential for hypoxia to support tissue engineering as a potential 

solution to the challenge of human auricular reconstruction. 
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CHAPTER 7. CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 Conclusions 

 The work presented in this dissertation has demonstrated the clinical potential 

and feasibility of tissue engineering for human auricular reconstruction. Using non-

invasive bioimaging and additive manufacturing, the Bonassar lab has shown the ability 

to generating patient-specific, tissue-engineered auricles from high-density type I 

collagen. The results seen here display the stability of cartilage generated by these 

constructs while showing multiple options for clinical cell sourcing and characterizing 

an environmental stimulus which can be utilized to prevent contraction and stimulate 

tissue growth. This was accomplished through long-term implantation of auricular 

constructs, co-implantation of auricular chondrocytes (AuCs) with mesenchymal stem 

cells (MSCs), extensive in vitro expansion of AuCs, and application of low oxygen 

tension during in vitro culture of AuCs and AuC-laden constructs. Ultimately, we have 

generated a tissue-engineered human auricle that retains patient-specific morphology 

and develops auricular cartilage properties similar to native ear tissue, all while utilizing 

cell sources and manufacturing techniques feasible for clinical and industrial use.  

Tissue engineering offers a promising alternative to autologous costal cartilage 

for auricular reconstruction, and the aims of this dissertation address the challenges in 

designing a clinically feasible tissue-engineered auricle. First, patient-specific auricular 

constructs formed from high-density type I collagen hydrogels demonstrated long-term 

stability when implanted for out to 6 months, generating auricular cartilage and retaining 
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overall ear morphology (Chapter 3). Next, MSCs were investigated as an accessible cell 

source for auricular cartilage generating and successfully formed a full-size human 

auricle when combined in a 1:1 ratio with AuCs (Chapter 4 and Appendix A). Then, 

AuCs were expanded through fifth passage and found to retain the ability to generate 

auricular cartilage in vivo (Chapter 5). Finally, the effect of hypoxia during the 

expansion and 3D culture of AuCs to prevent construct contraction was investigated 

(Chapter 6). In this chapter, the main findings of this dissertation and future directions 

of this work will be discussed.   

7.2 Long-term stability of tissue-engineered auricles 

 Since the first published image of an ear growing on the back of a rat over twenty 

years ago,1 both patients and popular science have been waiting for the tissue-

engineered auricle to move from a scientific novelty to a clinical reality. In tissue 

engineering, a replacement tissue is formed by combining cells with a biomaterial 

scaffold, where the scaffold provides appropriate chemical and mechanical properties 

for the cells to flourish and the cells in turn remodel the scaffold and assemble the 

desired tissue components and structure. Manufacture and materials processing 

techniques can be applied to accurately control scaffold geometry and composition, 

allowing for design of anatomically-complex structures. In addition, biological stimuli 

in the forms of growth factors, chemical cues, or mechanical loading can influence and 

control tissue development. 
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 In Chapter 3, we demonstrated that full-sized ear constructs generated with high-

density type I collagen as a scaffold retained overall auricular morphology while 

developing high-quality auricular cartilage tissue that was stable up to 6 months in vivo. 

Previous work had established that biomedical imaging and computer-assisted 

design/computer-aided manufacturing (CAD/CAM) techniques could be applied to 

fabricate molds specific to a patient’s ear morphology, and that type I collagen ear 

constructs which accurately replicated this complex aesthetic could be formed by 

injection molding.2 Here, we found that the geometrical, microstructural, compositional, 

and mechanical properties all remained similar between 3 and 6 months in vivo, and that 

the constructs at 6 months featured cartilage with properties similar to native auricular 

cartilage tissue. Despite the occurrence of construct contraction within the first month 

of implantation, construct size did not change between 1 and 6 months, indicating that 

contraction and loss of morphology stabilizes early in the construct development 

process. In addition, this long-term study displayed improved retention of overall ear 

morphology when compared to other works extending to similar time points.3,4 Type I 

collagen was also mechanically robust enough to undergo the implantation process 

without damage and maintained auricular morphology in vivo without the addition of 

external5,6 or internal7–9 supporting material structures.  

 This study supports the clinical potential for high-density type I collagen as a 

scaffold material for auricular cartilage tissue engineering and the viability of 

biomedical imaging, CAD/CAM techniques, and scalable manufacturing methods for 

generation of constructs with complex anatomical features. A primary challenge in the 
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field of tissue engineering is developing consistent tissue formation that remains stable 

during long-term implantation, both in geometry and healthy tissue structure. The 

results of this work demonstrate that a large, anatomically complex structure such as the 

human ear can retain morphology during implantation and generate mature cartilage 

tissue within 6 months in vivo, displaying properties indicative of permanent stability at 

this time point. This work is followed up with the application of cells of human origin 

in Chapter 4.  

7.3 Stem Cells and Auricular Cartilage Tissue Engineering 

 Auricular cartilage tissue engineering research has prominently featured AuCs 

as a cell source for seeding constructs, and AuCs have demonstrated the capacity to 

generate auricular cartilage in vivo.3,8,10–12 However, AuCs are a limited cell source that 

may not be available in sufficient numbers to populate a large construct such as a 

pediatric ear. MSCs are a promising alternative cell source, as they can be easily 

obtained and expanded and are capable of undergoing chondrogenic differentiation,13,14 

but little research into the use of MSCs towards the engineering of auricular cartilage 

exists.  

 In Chapter 4 and Appendix A, we demonstrated that MSCs combined with AuCs 

in a 1:1 ratio generate auricular cartilage following 3-month implantation. The 1:1 co-

implantation of AuCs and MSCs produced cartilage with similar structure, composition, 

and mechanics to both native tissue and engineered cartilage produced by AuCs alone. 

Furthermore, co-implantation proved successful for both bovine cells, featuring 
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unexpanded AuCs, and human cells, containing expanded AuCs from human donors 

and commercially available bone-marrow derived MSCs. Most importantly, the reduced 

AuC requirement as a result of 1:1 MSC supplementation allowed for the generation of 

full-sized pediatric human ear constructs containing exclusively human cells, which 

maintained the general ear morphology during implantation and developed native-like 

auricular cartilage after 3 months in vivo. 

  This was the first study to generate auricular cartilage through the combination 

of both MSCs and AuCs from human sources, and the first example of a complete, 

patient-specific auricle generated using a co-implantation of human AuCs with human 

stem cells. Like prior co-implant studies, the supplementation of stem cells reduced the 

chondrocyte requirement while producing equivalent cartilage to AuCs alone. 

Conversely, MSCs implanted alone within a type I collagen hydrogel and without 

culture in a chondrogenic medium failed to generate cartilage tissue following 

subcutaneous implantation, indicating that AuCs are required to direct neocartilage 

formation. Only one other study has formed an auricle of equivalent size, also utilizing 

AuCs as a primary cell source.12 While constructs generated here were directly 

implanted after manufacture and generated quality auricular cartilage after 3 months, 

previous constructs formed using synthetic polymer scaffolds required 12 weeks of in 

vitro culture prior to implantation, following which cells were heterogeneously 

distributed and limited cartilage development had occurred.12 

 These studies display a process for generating a tissue-engineered human auricle 

using a clinically feasible initial number of AuCs and in a manner similar to current 
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clinical techniques for repair of articular cartilage defects. Autologous chondrocyte 

implantation (ACI) procedures use expanded autologous articular chondrocytes to fill 

large defects in the articular cartilage surface,15 and similar procedures where the cells 

are embedded within a scaffold are currently undergoing clinical trials within the United 

States.16,17 Likewise, in this study, AuCs were isolated and expanded to regenerate large 

volumes of cartilage tissue in vivo, indicating a clear path towards the clinical use of 

this method for auricular reconstruction. 

7.4 Extensive Expansion of Auricular Chondrocytes 

 In Chapter 4, we isolated human AuCs from 8 donors and expanded them 

through third passage (P3) to reach ~100 million cells per patient. This number was 

sufficient to generate a pediatric auricle when combined in a 1:1 ratio with human 

MSCs, however this is dependent on an initial yield of ~1 gram of ear cartilage and ~10 

million AuCs. Previous dogma within the cartilage engineering community stated that 

chondrocytes undergo dedifferentiation, indicated by an inability to generate cartilage 

tissue in 3D culture, following second passage.18,19 However, we found that AuCs at P3 

encapsulated in type I collagen hydrogels and implanted for 3 months generated tissue 

with similar microstructure, composition, and mechanical properties as native auricular 

cartilage, indicating that the combined system of a collagen hydrogel scaffold and 

signaling from the subcutaneous environment successfully redifferentiated expanded 

AuCs. 
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 Chapter 5 of this dissertation showed that AuCs expanded through fifth passage 

(P5) formed robust tissue-engineered auricular cartilage following subcutaneous 

implantation, featuring similar maintenance of construct geometry and structural, 

compositional, and biomechanical property development to P3 and P4 AuCs. This data 

contrasts previous studies, where AuCs expanded through P4 and cultured in vitro in 

alginate beads were found to have decreasing production of glycosaminoglycans 

(GAGs) and type II collagen expression with passage number.20 However, the lack of 

in vivo maturation may play a significant role in the unsuccessful redifferentiation of P4 

AuCs, as subcutaneous implantation has consistently been  found to generate superior 

cartilage tissue as compared to in vitro culture. Another study combined human AuCs 

expanded to P3 with P0 AuCs and seeded them onto porous type I collagen sheets, 

which failed to generate cartilage tissue after implantation for 6 weeks.21 Although this 

construct design and maturation is more similar to ours, fibrous collagen sheets may be 

less compliant to cellular remodeling compared to hydrogels, inhibiting chondrogenic 

remodeling from the AuCs. Additionally, the average human donor age was almost 40 

years old, as compared to 13 in our study, and auricular cartilage undergoes significant 

changes in properties with age.22 The capacity for AuCs to generate auricular cartilage 

at fifth passage is critical to ensure sufficient cell yield for the generation of large tissue-

engineered auricular constructs.  
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7.5 Impact of Hypoxia on Shape Retention and Development of Auricular 

Cartilage Constructs 

 In Chapters 3-5, AuCs or a combination of AuCs with MSCs encapsulated 

within a type I collagen hydrogel generated tissue resembling the microstructural, 

compositional, and biomechanical properties of native auricular cartilage following 

implantation. In Chapter 3 and Chapter 4, full-sized pediatric ear constructs were 

implanted, and in Chapter 4 and Chapter 5, smaller disc constructs were utilized as 

surrogates for the larger ears to increase the number of samples without significant 

increases to material cost. Both ear and disc constructs retained overall morphology 

following in vivo maturation, however all constructs exhibited significant reduction in 

size and, in the case of full ears, fine anatomic detail. 

 For all implanted constructs, we noted that contraction occurred between 

implantation and one month in vivo, with size remaining stable when implantation was 

extended to later time points. This indicates that the mechanism of contraction is only 

active early in the construct development and is shut off once a certain level of tissue 

generation has occurred. Encapsulated cells naturally bind to and exert traction forces 

upon collagen scaffolds, resulting in contraction of the overall construct.23-25 This may 

be the result of the initial fibroblastic phenotype assumed by the chondrocytes following 

seeded or encapsulation23 and exacerbated for passaged cells, which have undergone 

further dedifferentiation during expansion.  
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 In Chapter 6, we investigated the potential for low oxygen exposure during in 

vitro expansion and 3D culture of AuCs to prevent construct contraction and promote 

cartilage development. Hypoxia has been extensively applied during the expansion and 

culture of articular chondrocytes and other chondrogenic cells to redifferentiate cells 

and induce chondrogenic behavior, such as proteoglycan and collagen matrix 

deposition. This is attributed to the replication of the native cartilage environment, 

which exists in a state of 1-5% pO2.
26,27

  

We found that hypoxia improved maintenance of construct size and 

development of mechanical properties in AuC-laden hydrogel constructs. We also found 

that expansion of AuCs under hypoxia and subsequent 3D culture of the AuCs under 

hypoxia enhanced diameter retention, mass generation, and proteoglycan content. After 

only 2 weeks of culture, constructs featured a mix of chondrogenic phenotypes, ranging 

from rounded, lacunae forming chondrocytes to cells with an elongated, more-

fibroblastic appearance. This observed redifferentiation may have an impact in the 

overall improved size retention observed across all in vitro cultured constructs in 

comparison to prior implants. In order to determine a possible mechanism of action for 

the change in observed contraction, we investigated the expression of α-smooth muscle 

actin (SMA) in these constructs (see Appendix B). SMA was expressed in all cultured 

collagen constructs, however no dependence on oxygen concentration was observed. In 

addition, constructs were formed from both 10 mg/mL and 5 mg/mL type I collagen to 

investigate the effect of initial construct mechanics on the resulting cell-based 

contraction. Similar to previous observations, higher density, stiffer collagen hydrogels 
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contracted less.25 Interestingly, DNA and GAG content were higher for the lower 

density 5 mg/mL gels, indicating that despite the increased contractile behavior, a less 

stiff substrate may have improved chondrogenic properties for AuCs.  

Although hypoxia provided modest improvements in shape retention and 

mechanical stiffness when applied only during 3D culture but did not induce improved 

matrix development in the form of increased GAG deposition. Hypoxia during both 

expansion and 3D culture did elevate GAG deposition, but the level of construct 

remodeling was not sufficient to affect the mechanical properties of the constructs, 

which were still dominated by the collagen matrix and water content. In fact, despite 

the general tendency for low oxygen to prevent dedifferentiation and induce cartilage 

generation, this is not a consistently observed effect.27 The influence of hypoxia is 

dependent on the type of chondrocyte, extend of dedifferentiation, scaffold composition, 

and level of control of oxygen concentration.  

The lack of observed differences in several outcome measures across the various 

hypoxia treatment led us to reevaluate the data. First, a power analysis of both the only 

3D hypoxia culture and the combined expansion and 3D hypoxia culture revealed that 

several comparisons were underpowered. For the 4-week cultured, 3D hypoxia samples, 

two-way ANOVAs run on the heights, mass, DNA content, and GAG content were 

below 0.5 power for comparisons made between oxygen conditions. The 2-week 

cultured, hypoxic expansion and 3D conditions groups featured powers below 0.2 for 

the height, water content, DNA, GAG, and mechanical properties. This indicates that 

our results feature significant room for type II error, and that significant effects of the 
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hypoxic conditions may be lost. Moving forward, this power analysis can guide 

experimental setups to ensure sufficient sample numbers to derive potential effects of 

hypoxia on the expansion and 3D culture of AuCs. 

Additionally, the large variability seen within this data set prompted us to 

examine the linear relationships between key outcome measures (see Appendix B). We 

ran a linear regression analysis comparing the normalized diameters of the constructs to 

the height, mass, DNA content, and GAG content within each sample, as well as the 

relationship between the GAG content with the DNA content and the equilibrium 

modulus. These regressions revealed significant correlations. Most interestingly, 

contraction in the construct diameter was found to correlate inversely with DNA 

content, while GAG deposition was directly correlated to the amount of DNA present. 

This indicates that cell density, represented by DNA, plays a significant and competing 

in the morphological maintenance and cartilage development of these constructs. 

Additionally, GAG deposition did not correlate with equilibrium modulus, further 

underscoring that the mechanical properties at these time points are dominated by the 

collagen matrix.  

The use of low oxygen tensions during AuC expansion and 3D culture reduced 

contraction of collagen hydrogels, addressing a major challenge in the tissue 

engineering of large, complex tissue constructs. The retention of morphology and early 

indications of cartilage tissue development indicate that in vitro hypoxic culture, which 

can be easily implemented in the construct manufacturing process, offers great potential 
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to support tissue-engineered auricular cartilage as an alternative for clinical ear 

reconstruction. 

7.6 Future Directions 

 The research contained in this dissertation addresses several of the challenges 

facing the clinical translation of a tissue-engineered auricular reconstruction technique, 

bringing this method to the edge of medical application. However, further research can 

still improve the quality, accessibility, and efficiency of auricular cartilage tissue 

engineering. Future directions of this field should focus on continued enhancement of 

construct shape retention, reduced reliance on AuCs as a cell source, and increased 

automation of the construct formation process.  

7.6.1 Improving maintenance of ear morphology 

 In Chapter 3 and Chapter 4 we showed that auricular constructs can be formed 

from high-density type I collagen to accurately replicate a patient-specific morphology, 

and that these constructs developed robust, native-like auricular cartilage following 

implantation. However, these constructs also featured significant contraction while in 

vivo, resulting in loss of both aesthetic detail and volume of tissue generated. Chapter 6 

demonstrated that exposing AuCs to hypoxia during both expansion and 3D culture 

alleviated contraction of hydrogel constructs, improving construct shape maintenance 

and mass without negatively impacting cartilage development. 
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 Despite the positive effects observed with hypoxic exposure, further pathways 

can still be explored. First, implantation of constructs within an immunocompetent host 

may necessitate further shape maintenance. Immunodeficient rats and mice have seen 

standard use as living “bioreactors” for cartilage tissue engineering, however 

implantation of auricular cartilage constructs within immunocompetent animals has 

shown advanced inflammatory reactions,3,28 construct contraction,28 and reduced GAG 

deposition29 when compared to allogenic mouse hosts. Additionally, the skin of mice 

and rats is looser than that of humans, producing less external compressive force upon 

underlying constructs. Future work could use rabbit, ovine, or porcine hosts for both 

AuC isolation and long-term subcutaneous implantation, utilizing the construct 

generation technique described in Chapter 3 combined with the hypoxic culture 

investigated in Chapter 6 prior to implantation. During implantation, the construct 

should also be positioned under the subcutaneous tissue in a manner to provide similar 

external force as would be applied in a clinical setting. 

 A second branch of further work would attempt to increase our understanding 

of the mechanism of hypoxia on auricular cartilage development and the interaction of 

hypoxia with scaffold material. The effect of hypoxia on AuCs see in Chapter 6 were 

not as extreme as would be expected based on previous research applying hypoxia to 

the expansion and 3D culture of articular chondrocytes. A primary difference between 

the study presented here and prior work is the use of high-density type I collagen as a 

matrix material for 3D culture. The majority of hypoxia research in cartilage 

engineering has 3D cultured cells in either alginate scaffolds or matrix-free pellets. 
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Alginate is a bio-inert material, lacking the ligands necessary for cell attachment and 

interaction,30 and cell pellets only feature cell-cell contact which may influence cell 

phenotype by preventing attachment and spreading on a substrate material.31  

 Finally, linear regression analysis of the hypoxia data demonstrated that reduced 

cell density resulted in improved diameter retention within the hydrogel constructs. 

However, reduced cell content was also correlated with a reduction in GAG deposition. 

Proteoglycans are a key component of auricular cartilage, and we have previously 

observed that proteoglycan deposition occurs more rapidly in implanted constructs. A 

potential line future research could investigate the capacity for cell density reduction to 

further reduce contraction in vivo, and the limit of cell reduction that still provides 

sufficient cartilage deposition during this development.  

Our work has already demonstrated the usefulness of high-density type I 

collagen as a scaffold material for auricular cartilage tissue engineering. The interactive 

effects of hypoxic exposure on AuCs embedded in a variety of materials (or in a pellet 

with no additional material) may elucidate a further mechanism of action for how 

hypoxia reduces construct contraction and subsequent loss of fine detail. If it is 

determined that the capacity for hypoxia to affect contraction is dependent on cell 

attachment to the scaffold, it is possible that inhibiting cell attaching integrins and other 

receptors could further support construct shape maintenance.  
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7.6.2 Increasing utilization of cells from highly accessible sources 

 The results of Chapter 4 and Appendix A demonstrate that 50% replacement of 

AuCs with MSCs will generate engineered auricular cartilage with quality equivalent to 

both AuCs alone and native tissue. However, several other studies of AuC co-

implantation that ratios as high as 1:4 AuCs:stem cells can generate cartilage tissue,32–

34 but a combination of 1:9 AuCs:MSCs produced only fibrous tissue growth.35 

Although AuCs are available in the microtic remnant, patients with anotia (complete 

absence of an ear) have no damaged tissue to donate, and taking even a 1 gram biopsy 

of the contralateral ear may be challenging for very young patients (or impossible for 

patients with double anotia or extensive traumatic injury). Lowering the amount of 

AuCs required to generate a construct improves the clinical accessibility of this 

technique, and this can be done by increasing the ratio of MSCs to AuCs for engineered 

constructs. 

  Going further, determining the mechanism of auricular cartilage generation in 

combined-cell constructs is still not fully understood. In addition to the potential for 

chondrogenic differentiation, MSCs can behave as trophic mediators by synthesizing 

and releasing a wide array of growth factors and cytokines for regional cell signaling.14 

As such, it is unclear if the MSCs in our co-implant experiments are differentiating 

under guidance of the included AuCs, promoting chondrogenic remodeling through 

trophic mediation of the AuCs, or a mixture of both effects. Previous work in the lab 

has observed that MSCs shift from a fibroblastic to a chondrocytic size and morphology 

after 15 days of in vitro co-culture with meniscal fibrochondrocytes, indicative of a shift 
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to a chondrogenic phenotype and revealing possible differentation.36 Looking at the 

secretome of both the AuCs and MSCs will also provide information on the growth 

factors and other cytokines that may impact auricular cartilage-specific differentiation 

of MSCs. This would provide protocols for guided differentiation of these more 

accessible cells, further reducing the need for autologous auricular cartilage donation. 

7.6.3 3D Printing of Auricular Constructs 

 In Chapter 2 we discussed the current state of research toward 3D printing the 

human auricle and identified that the next obstacles that must be overcome for clinical 

translation are identifying cell and material sources that can pass through regulatory 

approval and designing scalable and controllable manufacturing pathways. Although 

these challenges are best addressed at the level of biotechnology industry, advancements 

in direct 3D printing are critical to the clinical application of tissue engineering for 

auricular reconstruction and are worth mentioning here. Bioprinting incorporates 

image-based fabrication technology with a highly scalable and reproducible system of 

manufacture by maximizing automation and minimizing opportunities for human error. 

Bioprinting also will improve accessibility of clinical reconstructive treatments, 

eliminating the need for surgeons to acquire experience in highly challenging practices 

such as autologous costal cartilage reconstruction. Development of new biomaterials 

which maximize printability and cell viability and further improvement to the resolution 

of 3D bioprinters will open new opportunities for auricular cartilage tissue engineering 

research. 
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7.7 Significance 

 Damage and deformation of the auricle afflicts thousands of patients worldwide, 

and current reconstructive treatments fail to accurately replicate the patient-specific 

aesthetic, generate elastic cartilage, or minimize surgical invasiveness and morbidity. 

Clinical translation of a tissue-engineered auricle will provide a reconstructive option 

which matches the morphological, structural, compositional, and biomechanical 

properties of the native ear with minimal discomfort or risk to the patient. The work 

presented demonstrates the long-term stability of engineered ear constructs, identifies 

multiple clinically feasible pathways for acquiring sufficient host cells, and examines a 

scalable, clinically viable cell regulator that can maintain construct geometry and 

promote early cartilage development. This dissertation furthers our understanding of 

auricular cartilage tissue engineering and brings us to the doorstep a clinical method for 

the generation of a tissue-engineered human auricle. 
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APPENDIX A. OPTIMIZING CELL SOURCING FOR CLINICAL TRANSLATION 

OF TISSUE ENGINEERED EARS6 

A.1 Abstract 

Background: Currently, the major impediment to clinical translation of our previously 

described platform for the fabrication of high fidelity, patient-specific tissue engineered 

ears is the development of a clinically optimal cell sourcing strategy. A limited 

autologous auricular chondrocyte (AuC) supply in conjunction with rapid chondrocyte 

de-differentiation during in vitro expansion currently makes clinical translation more 

challenging. Mesenchymal stem cells (MSC) offer significant promise due to their 

inherent chondrogenic potential, and large availability through minimally invasive 

procedures. Herein, we demonstrate the promise of AuC/MSC co-culture to fabricate 

elastic cartilage using 50% fewer AuC than standard approaches. 

Methods: Bovine auricular chondrocytes (bAuC) and bovine MSC (bMSC) were 

encapsulated within 10 mg/mL type I collagen hydrogels in ratios of bAuC:bMSC 

100:0, 50:50, and 0:100 at a density of 25 million cells/mL hydrogel.  One mm thick 

collagen sheet gels were fabricated, and thereafter, 8 mm diameter discs were extracted 

                                                 

6 K. A. Morrison, B. P. Cohen, O. Asanbe, X. Dong, A. Harper, L. J. Bonassar, and J. A. Spector. 

Optimizing cell sourcing for clinical translation of tissue engineered ears. Biofabriation. 9(1), 2016 
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using a biopsy punch.  Discs were implanted subcutaneously in the dorsa of nude mice 

(NU/NU) and harvested after 1 and 3 months.   

Results:  Gross analysis of explanted discs revealed bAuC:bMSC co-culture discs 

maintained their size and shape, and exhibited native auricular cartilage-like elasticity 

after 1 and 3 months of implantation.  Co-culture discs developed into auricular 

cartilage, with viable chondrocytes within lacunae, copious proteoglycan and elastic 

fiber deposition, and a distinct perichondrial layer.  Biochemical analysis confirmed that 

co-culture discs deposited critical cartilage molecular components more readily than did 

both bAuC and bMSC discs after 1 and 3 months, and proteoglycan content significantly 

increased between 1 and 3 months.    

Conclusion: We have successfully demonstrated an innovative cell sourcing strategy 

that facilitates our efforts to achieve clinical translation of our high fidelity, patient-

specific ears for auricular reconstruction utilizing only half of the requisite auricular 

chondrocytes to fabricate mature elastic cartilage. 

A.2 Author Contributions 

Benjamin Cohen, Kerry Morrison, and Ope Asanbe collected, analyzed, and 

interpreted the data. Xue Dong and Alice Harper performed construct implantation and 

explantation and animal care. Benjamin Cohen, Kerry Morrison, Lawrence Bonassar, 

and Jason Spector conceived the study design, designed figures, and wrote the 

manuscript. All authors critically revised and gave final approval of the manuscript. 
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A.3 Introduction 

Microtia is the most common congenital anomaly of the external ear with a 

reported incidence of 0.83 to 17.4 per 10,000 births, occurring more frequently in males 

(2 or 3:1) and Asians (Figure 7.1) [1,2,3]. Microtia encompasses a wide spectrum of 

phenotypic variability, ranging from mild structural abnormality to complete absence of 

the ear (anotia) [3]. Even minor deformity results in significant psychological distress 

due to perceived disfigurement, and the resultant negative effects on psychosocial 

functioning are well described [4,5].  

 

Figure 7.1 Representative image of pediatric microtia. Note the remnant of 

elastic cartilage suitable for harvest and expansion of human auricular 

chondrocytes (red arrow). 
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Currently, autologous reconstruction, in which costal cartilage is harvested, 

sculpted to recreate the three-dimensional structure of the auricle, and implanted under 

the peri-auricular skin, is the gold standard for reconstruction of microtia [6]. However, 

the use of autologous costal cartilage incurs numerous drawbacks, which contribute to 

frequent suboptimal aesthetic outcomes. These disadvantages include: a limited donor 

site supply [6,7,8,9], substantial donor site morbidity [6,7,8,9,10,11,12], inherent 

technical difficulty of sculpting patient-specific auricular facsimiles [7,9,13], and the 

fact that rib fibrocartilage lacks the biomechanical properties of native auricular elastic 

cartilage [7,14]. Alternatively, synthetic polymers, such as porous polyethylene 

(Medpor®), have been evaluated for use as a scaffold in auricular reconstruction.  

Benefits of their use include ample supply, consistency in behavior, and the capacity to 

be precisely sculpted into the desired shape [6,12]. However, these synthetic polymers 

are severely limited by an increased susceptibility to infection, risk of extrusion, 

complications secondary to poor biocompatibility, and unproven longevity [6,11,12]. 

Much like rib cartilage, these polymers lack the flexibility of auricular cartilage, and 

further their use mandates harvest of the temporoparietal fascia, resulting in additional 

donor site morbidity. As a result, only a minority of reconstructive surgeons currently 

pursue alloplastic options [15].  

For these reasons, a tissue engineering solution has long been sought for 

auricular reconstruction, as this would obviate many of the aforementioned drawbacks 

of conventional approaches. Previously, our group pioneered the use of digital 

photogrammetry and computer-assisted design/computer-aided manufacturing 
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(CAD/CAM) technology to design and to produce high anatomic fidelity, patient-

specific auricular cartilage frameworks that were microstructurally, biochemically, and 

mechanically indistinguishable from native auricular cartilage after 3 months in vivo 

[16]. Subsequently, we confirmed the long-term stability of our patient-specific 

auricular constructs after 6 months in vivo portending effective permanence [17].   

Although these high anatomic fidelity, patient-specific tissue engineered ears 

validated the utility of our approach using digital photogrammetry and CAD/CAM 

technology, these proof of concept studies utilized bovine auricular chondrocytes 

(bAuC) [16,17]. The current inability to obtain a clinically relevant number of viable, 

minimally passaged human auricular chondrocytes (HAuC) from pediatric patients 

necessitates an alternative cell sourcing strategy that aims to augment the limited HAuC 

supply or circumvent their use altogether.   

Mesenchymal stem cells hold promise as an alternative source due to their 

inherent chondrogenic potential, ability to release chondrogenic/chondrotrophic factors, 

and availability in large numbers through reliable, minimally invasive procedures 

[18,19,20,21]. Yet, to date there is a paucity of research evaluating the cartilage-forming 

capacity of MSC/AuC co-cultures and co-implantations [22,23,24]. In this study, we 

co-implanted bAuC and bMSC within hydrogels composed of the same high density 

type I collagen utilized for the fabrication of our patient-specific, tissue engineered ears 

in order to evaluate the efficacy of this cell sourcing strategy to generate auricular 

cartilage in vivo utilizing fewer chondrocytes. 
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A.4 Methods 

A.4.1 Ethics Statement 

 All animal care and experimental procedures were in compliance with the Guide 

for the Care and Use of Laboratory Animals [25], and were approved by the Weill 

Cornell Medical College Institutional Animal Care and Use Committee (Protocol No. 

2011-0036).  

A.4.2 Isolation of Chondrocytes 

Bovine auricular chondrocytes (bAuC) were isolated as previously described 

[26]. Briefly, as in our previous work [16,17], ears were obtained from freshly 

slaughtered 1-3 day old calves (Gold Medal Packing, Oriskany, NY).  Under sterile 

conditions, auricular cartilage was sharply dissected from the surrounding skin and 

perichondrium.  Subsequently, cartilage was diced into 1mm3 pieces and digested 

overnight in 0.3% collagenase (Worthington Biochemicals Corp., Lakewood, NJ), 

Dulbecco’s modified Eagle’s medium (DMEM) (MediaTech Inc., Manassas, VA), 100 

µg/mL penicillin, and 100 µg/mL streptomycin.  Thereafter, cells were filtered, washed, 

and counted the following day.  
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A.4.3 Source of Mesenchymal Stem Cells  

Bovine MSC (bMSC) were isolated from the tibial trabecular bones of 1-3 day 

old calves (Gold Medal) [46,47], with isolation performed within 48 hours of animal 

slaughter. bMSC were cultured and expanded to Passage 3 [48].  

A.4.4 Collagen Extraction 

Type I collagen for hydrogels was extracted from rat tails, lyophilized, and 

reconstituted, as previously described [27,28].  Briefly, tendons were removed from 7-

8 month old mixed gender Sprague-Dawley rat tails (Pel-Freez Biologicals, Rogers, 

AR), suspended in 75 ml of 0.1% acetic acid/gram of tendon for a minimum of 72 hours, 

and then promptly centrifuged for 90 minutes at 8920 rpm.  Thereafter, the clear type I 

collagen supernatant was collected, lyophilized with vacuum at <0.01mbar for a 

minimum of 72 hours, and subsequently stored at -4°C until use.  This lyophilized 

collagen was reconstituted to a stock solution of 20 mg collagen/mL 0.1% acetic acid. 

A.4.5 Hydrogel Scaffold Fabrication and In Vivo Implantation 

The 20 mg/mL type I collagen stock solution was diluted to 10 mg/mL, 

neutralized to pH 7.0, and maintained at 300 mOsm by mixing with the appropriate 

volumes of 1N NaOH, 10x phosphate buffered saline (PBS) (MediaTech), and 1x PBS 

as previously described [27,29]. Next, bAuC and bMSC were encapsulated within the 

10 mg/mL type I collagen in 3 bAuC:bMSC ratios: 100:0, 50:50, and 0:100, with each 

hydrogel containing a total cell density of 25 million cells/mL hydrogel.  The 
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cellularized hydrogels were then extruded into 2 mm thick sheet gels, and allowed to 

undergo thermal gelation at 37°C for 1 hour.  Thereafter, 8 mm diameter discs were 

extracted using a biopsy punch, and subsequently implanted subcutaneously in the dorsa 

of nude, athymic mice for 1 or 3-month time points, respectively.  A total of 10 discs of 

each type (10 100:0, 10 50:50, and 10 0:100 bAuC:bMSC) were fabricated and used in 

this study.  

A.4.6 In Vivo Studies   

For disc implantation, 10-week old male nude, athymic mice (NU/NU; Charles 

River, Wilmington, MA) were anesthetized via intraperitoneal injection of ketamine and 

xylazine.  The surgical sites were shaved, prepped, and draped in sterile fashion.  Three 

horizontal, 1 cm incisions were made on the dorsum of each mouse followed by minor 

dissection of the subcutaneous areolar tissue to create small subcutaneous pockets to 

accommodate discs.  One 100% bAuC, one 50:50 bAuC:bMSC, and one 100% bMSC 

disc was implanted per pocket, per animal. Incisions were closed with interrupted nylon 

sutures, and an overlying sterile, occlusive dressing was placed prior to recovery from 

anesthesia.  

Animals were sacrificed via carbon dioxide (CO2) asphyxiation with subsequent 

cervical dislocation 1 or 3 months after implantation.  Discs were harvested, weighed, 

and imaged. Half of the specimens were snap-frozen in liquid nitrogen for biochemical 

and biomechanical analyses, while the remainder of the specimens were fixed in 10% 
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neutral buffered formalin for 48 hours, and transferred to 70% ethanol prior to histologic 

analyses. 

A.4.7 Histologic Analyses 

Following formalin fixation, discs were dehydrated with sequential ethanol 

washes in a Vacuum Infiltration Processor (SAKURA VIP Tek Tissue Processor), 

embedded in paraffin, and cut into 5 μm thick sections.  Then, sections were stained 

with the following: Safranin O/Fast green to assess proteoglycan distribution, 

Picrosirius red to assess collagen organization, and Verhoeff’s/Van Gieson to assess the 

presence of elastin fibers. Images were taken in brightfield at 100x and 200x using a 

Nikon Exlipse TE2000-S microscope (Nikon Instruments, Melville, NY) fitted with a 

SPOT RT camera (Diagnostic Instruments, Sterling Heights, MI). 

A.4.8 Biochemical Analyses 

Biochemical analyses were performed as previously described [30]. Briefly, 

three samples were collected from each of the frozen 1 and 3 month ear discs as well as 

from juvenile bovine ears. Samples were weighed, re-frozen, lyophilized, and weighed 

again.  Samples were then digested with 1.25 mg/mL papain (Sigma-Aldrich) solution 

at 60°C overnight, and subsequently analyzed for DNA content via the Hoechst DNA 

assay [31], GAG content via a modified 1,9-dimethylmethylene blue (DMMB) assay 

[32], and collagen via a hydroxyproline assay [33]. Biochemical properties are reported 

normalized to the wet weight (ww) of the samples.  
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A.4.9 Biomechanical Analysis 

Confined compression testing was performed as described previously [16]. 

Briefly, samples were thawed in PBS supplemented with protease inhibitors, and placed 

in a cylindrical confining chamber mounted in an ELF 3200 test frame (Enduratec, Eden 

Prairie, MN). The minimum diameter for samples tested was 3 mm. Samples were 

compressed to 50% of their original height in 10x50 µm steps with 5 minutes between 

steps to allow for full stress relaxation. Resultant stresses were recorded at 1 Hz, and 

the temporal profiles of stress were fit to a poroelastic model of tissue behavior using 

custom MATLAB (MathWorks, Natick, MA) code to calculate the equilibrium 

modulus. 

A.4.10 Statistics 

All size and biochemical data were analyzed by 2-way ANOVA with Tukey’s 

post hoc analysis. A value of p<0.05 was used as a threshold for statistical significance. 

All data are expressed as means plus one standard deviation. 

 

A.5 Results 

A.5.1 Ex Vivo Gross Analyses 

After 1 month of subcutaneous implantation, 100% bMSC discs appeared 

somewhat translucent and soft without cartilage-like pliability.  Furthermore, they 
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appeared smaller than their original size.  In contrast, both 100% bAuC discs and 50:50 

bAuC:bMSC co-implant discs formed healthy, grossly cartilage-like tissues, appearing 

shiny white with demonstrable cartilage-like flexibility. Additionally, both 100% bAuC 

discs and 50:50 bAuC:bMSC discs maintained their original morphology and size 

(Figure 7.2).  

 

Figure 7.2 Gross analysis of engineered discs revealed that 100% bAuC and 

50:50 bAuC:bMSC co-culture discs resembled mature, shiny white cartilaginous 

tissues with native cartilage-like elasticity, and demonstrated size fidelity even 

after 3 months of implantation. 100% bMSC discs significantly resorbed (scale 

bar = 5mm, original disc size = 8mm). 

Gross analysis of discs after 3 months in vivo revealed that 100% bAuC and 

50:50 bAuC:bMSC discs resembled healthy, mature, shiny white cartilaginous tissues 

with native cartilage-like elasticity, without evidence of resorption or shrinkage (Figure 
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7.2). In contrast, 100% bMSC discs decreased in size significantly by more than 50% 

in both height and diameter, respectively (Figure 7.3). The diameter of the 50:50 

bAuC:bMSC co-implant discs was significantly larger than the 100% bMSC discs at 

both 1 and 3 months (Figure 7.3). 

 

Figure 7.3 Dimensions and size comparison of explanted cartilage discs. The 

orange line indicates original dimensions (n=24, 4 of each disc type, * = 

significant difference compared to MSC, p < 0.05) 
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A.5.2 Histologic Analyses 

Histologic analyses of engineered discs following 1 month in vivo revealed 

100% bMSC discs contained only spindle-shaped, fibroblast-appearing cells. These 

100% bMSC discs demonstrated no cartilage formation as evidenced by absence of 

Safranin O red and Verhoeff stains. Picrosirius red staining remained intense, indicating 

a lack of type I collagen turnover. In contrast, by 1 month 100% bAuC discs and 50:50 

bAuC:bMSC co-implant discs developed auricular cartilage features, including a robust 

amount of viable chondrocytes within lacunae surrounded by copious amounts of 

glycosaminoglycans.  Both ratios demonstrated abundant extracellular matrix 

deposition throughout, except within a distinct, perichondrial-appearing, outer layer, 

which was devoid of proteoglycan content.  Notably, this perichondrial-like layer 

contained abundant Picrosirius red stained collagen, which was appropriately absent 

within the neocartilage itself.   Additionally, 50:50 bAuC:bMSC co-implant discs 

demonstrated even greater proteoglycan deposition and denser elastic fiber deposition 

than 100% bAuC discs (Figure 7.4).  
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Figure 7.4 Histologic staining of bovine discs explanted after 3 months in vivo, 

columns 1, 2, and 3 are representative images from 100% auricular chondrocyte 

discs (AuC), 50:50 bAuC:bMSC discs (50:50), and 100% mesenchymal stem 

cell discs (MSC), respectively; column 4 shows images from native juvenile 

bovine auricular cartilage. Safranin-O insets zoomed in to emphasize cellular 

morphology and phenotype. PC = perichondrial layer, EF = elastin fiber (scale 

bar = 200µm, inset scale bar = 100µm). 

Discs explanted after 3 months in vivo demonstrated auricular cartilage 

microstructure that was indistinguishable from the native tissue (Figure 7.4).  After 3 

months, 100% bAuC discs and 50:50 bAuC:bMSC co-implant discs demonstrated 



233 

mature, elastic neocartilage formation with dense proteoglycan and elastic fiber 

deposition (Figure 7.4).  Furthermore, GAG (proteoglycan) content increased 

significantly between 1 and 3 months in both 50:50 bAuC:bMSC discs as well as 100% 

bAuC discs (Figure 7.4).  bAuC:bMSC co-implant discs demonstrated a progressive 

increase in the deposition of elastin fibers over time, resembling that of native cartilage 

by 3 months (Figure 7.4).  

A.5.3 Biochemical Analyses 

Biochemical analyses of proteoglycan content within bovine tissue engineered 

discs after 1 and 3 months, respectively, showed that 50:50 bAuC:bMSC co-implant 

discs contained significantly greater amounts of glycosaminoglycan than both 100% 

bAuC and 100% bMSC discs (Figure 7.5). Additionally, 50:50 bAuC:bMSC co-implant 

disc proteoglycan content increased significantly from 1 to 3 months, suggesting 

ongoing abundant synthesis (Figure 7.5). The hydroxyproline content of 50:50 

bAuC:bMSC co-implant discs increased between the 1 and 3 month time points 

becoming statistically equivalent to that of native cartilage after 3 months (Figure 7.5).   
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Figure 7.5 Glycosaminoglycan (GAG) and collagen composition of explanted 

discs normalized to wet weight (ww). Light blue columns are representative of 

1 month data and red columns of 3 month data, respectively. (A) GAG 

deposition as a measure of proteoglycan content within engineered discs after 1 

and 3 months post implantation, respectively. 50:50 bAuC:bMSC co-culture 

discs contained significantly greater amounts of GAG than both bAuC and 

bMSC discs at 1 and 3 months post implantation. Co-culture disc proteoglycan 

content continued to increase in a statistically significant manner from 1 to 3 

months, suggesting abundant chondrogenic matrix synthetic activity. Orange 

dotted line represents native bovine auricular cartilage (n=18, 3 of each disc 

type; # = significant difference from AuC; * = significant difference from MSC, 

p < 0.05). (B) Biochemical analysis of hydroxyproline (hypro) contents of all 3 

month 50:50 bAuC:bMSC co-culture discs were not statistically different from 

that of native cartilage, with an increase observed from 1 to 3 months. Orange 

dotted line represents native bovine auricular cartilage (p < 0.05). 
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A.5.4  Biomechanical Analysis 

The mechanical properties of the engineered bovine ear discs radically changed 

from the soft, pre-implant constructs following implantation. Due to the contraction 

observed in the samples containing bMSCs at both 1 and 3 months and bAuCs at 3 

months, we were unable to perform confined compression testing. Mechanical analysis 

demonstrated that the 1 and 3 month 50:50 bAuC:bMSC discs matched the equilibrium 

modulus of native bovine auricular cartilage. Mean equilibrium modulus for 1 month 

50:50 bAuC:bMSC discs was 387.859±176.088 kPa, and for 1 month 100% bAuC discs 

was 375.614±376.189 kPa. Furthermore, mean equilibrium modulus for 3 month 50:50 

bAuC:bMSC discs was 374.720±258.137 kPa compared to 388.123±129.896 kPa for 

native bovine auricular cartilage. No significant differences existed between the 1 month 

50:50 bAuC:bMSC discs, 3 months bAuC:bMSC discs, and native bovine auricular 

cartilage values for aggregate modulus (p<0.05). 

A.6 Discussion 

The purpose of this study was to devise a translatable cell sourcing strategy to 

augment the limited autologous auricular chondrocyte supply by combined implantation 

of bMSCs and bAuCs in high density type I collagen scaffolds to evaluate cartilage 

formation in vivo. Collectively, the data presented here convincingly demonstrate the 

generation of mature elastic cartilage tissue in vivo that is histologically, biochemically, 

and biomechanically equivalent to native tissue using an initial cell population of 50% 

auricular chondrocytes and 50% mesenchymal stem cells. Further, the bAuC:bMSC co-
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implants produced elastic cartilage that was more robust than even that made by 100% 

bAuC cultures, suggesting a priming of chondrogenic synthetic activity induced by the 

presence of MSC.  Hence, these compelling data demonstrate that co-implantation with 

MSC significantly reduces the auricular chondrocyte requirement to clinically viable 

numbers.  

Interestingly, the majority of previous studies in the literature have utilized 

articular chondrocytes and bone marrow derived MSCs [34] and very few studies have 

further evaluated such co-cultures using either hydrogels [35,36,37], or porous scaffolds 

as tissue engineering matrices [38]. Meretoja et al. investigated two different articular 

chondrocytes to MSC ratios in bovine co-cultures, 50:50 and 25:75, with equally robust 

chondrogenesis observed in both co-culture cohorts [34]. Remarkably, co-cultures using 

either primary or culture expanded articular chondrocytes resulted in similar outcomes 

[34]. Moreover, Bian et al. showed that co-culture of articular chondrocytes and MSC 

reduced hypertrophy and enhanced functional properties of engineered cartilage [35]. 

While the potential of articular chondrocytes has been extensively studied, ideal cell 

sourcing for ear reconstruction should incorporate cells that elaborate elastic cartilage, 

namely those derived from the external ear, nasal septum, epiglottis, Eustachian tube, 

or larynx, with the latter three sources not being clinically relevant for neonatal 

autologous harvest [38]. Wachsmuth et al. demonstrated in a biochemical profile of 

major human cartilage types that articular cartilage derived from joints exhibits 

fundamentally divergent biochemical and histomorphological features from auricular 

cartilage [39]. This discrepancy is crucial to note since only chondrocytes in the external 
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ear, epiglottis, nasal septum, and corniculate cartilages exclusively elaborate elastic 

cartilage. Further, given inherent differences in location, embryological development, 

and local signaling, it cannot be presumed that elastic cartilage producing chondrocytes 

of non-auricular origin generate elastic cartilage identical to that found in the external 

ear [16]. This fact is further corroborated by our observation that bAuC:bMSC co-

implanted discs demonstrated significantly increased proteoglycan content between 1 

to 3 months, compared to the plateauing of proteoglycan content in articular 

chondrocyte co-culture discs after only two weeks [34].  

However, there are few studies to date evaluating the cartilage-forming capacity 

of co-implanting MSC with auricular chondrocytes in vivo [22,23,24], which further 

emphasizes the novelty of the current study. Of those that have been done, none have 

characterized their engineered cartilage as thoroughly as performed here. Utilizing 

microtic auricular chondrocytes and bovine MSCs in co-culture, Zhang et al. found that 

microtic auricular chondrocytes alone rapidly lost their chondrogenic ability during 

repeated passages beyond passage 3 despite strong proliferation capacity [22]. Similar 

to Zhang et al., we observed no evidence of calcification or fibrogenesis in co-implanted 

discs after 3 months of subcutaneous in vivo implantation, indicating that both microtic 

chondrocytes and bAuC promote stable ectopic chondrogenesis of MSC [22]. Kang et 

al. compared varying bAuC:MSC ratios of 10:90 and 50:50 in polylactic acid 

(PLA)/polyglycolic acid (PGA) scaffolds (a much less translatable scaffold than our 

Type I collagen matrix) in vivo, and subsequent histology at 6 weeks confirmed that 

there was no cartilaginous tissue in the 10:90 group whereas comparable cartilage-like 
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structures were observed in both 50:50 bAuC:MSC co-culture discs and 100% bAuC 

discs [23]. Similar to our findings, Kang el al. found greater elastic fiber deposition in 

50:50 co-culture groups than in 100% bAuC groups [23]. Finally, Pleumeekers et al. 

recently published a xenograft culture system with human bone marrow-derived MSCs 

and primary passage bovine ear chondrocytes in an 80:20 ratio encapsulated within 

alginate hydrogels, which they alleged produced similar quantities of cartilage matrix 

components as constructs containing 100% bovine chondrocytes [24]. Yet, Pleumeekers 

et al. only used one 8 week time point for in vivo studies with primary passage bovine 

ear chondrocytes, as opposed to our 1 and 3 month time points, and found that 80:20 

MSC:bAuC constructs were very fragile and did not manifest a cartilaginous appearance 

upon explant, calling into question the durability of their results [24]. Further, their 

histologic analyses were sparse. In contrast, our 50:50 bAuC:MSC engineered discs 

formed grossly cartilage-like tissue, appearing shiny white with demonstrable cartilage-

like flexibility by 1 month, and subsequent mature, shiny white cartilaginous tissues 

with native cartilage-like elasticity at 3 months. Further, in none of the previous studies 

involving auricular chondrocyte/MSC co-culture or co-implantation, has the tissue 

produced been so rigorously demonstrated to be equivalent to native cartilage using 

histologic, biochemical, and biomechanical analyses.  

Ultimately, no consensus has been achieved on the optimal or even minimal ratio 

of auricular chondrocyte to MSC in order to promote cartilage formation in vivo 

[22,23,24,35]. Further, the precise mechanism by which auricular chondrocytes and 

MSCs interact in combined implantation has yet to be fully elucidated. While a known 
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disadvantage to the use of MSCs to create tissue engineered cartilage is their tendency 

towards ectopic ossification or loss of chondroinductive ability with resultant 

fibrogenesis when placed in a non-chondrogenic environment, the culture of MSC with 

auricular chondrocytes leads to a unique chondrogenic phenomenon [40]. As 

demonstrated herein as well as by other authors, firstly, the culture of MSCs in the 

presence of auricular chondrocytes enables the creation of a favorable chondrogenic 

niche to induce MSC ectopic chondrogenesis [40]. Secondly, MSCs are capable of 

stimulating chondrocyte proliferation and critical chondrocyte matrix deposition 

through a trophic effect [41,42,43]; therefore, MSC can be harnessed for their 

“chaperone” effect in conjunction with auricular chondrocytes to promote 

chondrogenesis. Thus, these two mechanisms together most likely account for the 

superiority of a bAuC:MSC 50:50 ratio compared to 100% bAuCs, as the tissue 

produced more rigorously demonstrated to be equivalent to native cartilage using 

histologic, biochemical, and biomechanical analyses, compared to the different ratios 

used [22,23,24].  

As an autologous auricular chondrocyte source is the most applicable for 

reconstruction, the ideal candidate cell source is the patient’s own auricular 

chondrocytes, derived from the patient’s microtic ear and/or a small biopsy of the 

contralateral conchal bowl.  In fact, the microtic ear is often routinely discarded during 

standard reconstructions [49]; thereby, there is no consequential donor site morbidity 

associated with the isolation of microtic HAuCs, nor from a small biopsy taken from 

the contralateral conchal bowl.  Further, the chondrogenic potential of chondrocytes 
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isolated from microtic cartilage as compared with normal auricular cartilage as a source 

of tissue engineered cartilage has been studied, and both types generate normal elastic 

cartilage at the end of the second passage [44]. However, a major limitation to the 

applicability of utilizing microtic HAuCs as a cell source is their limited supply. From 

a translational perspective, the data herein offer great promise for the clinical application 

of our previously described high fidelity ear scaffolds. As our scaffolds have previously 

required 250 million chondrocytes for fabrication, these data indicate that as few as 125 

million will suffice (with the number even lower for infant sized ears).  Given the 

possibility of harvesting approximately 900 mg of elastic cartilage from even a 

relatively young infant, we estimate that 10 million chondrocytes might be obtained 

[45]. A sufficient number of autologous MSC may be easily obtained at the same time 

using bone marrow aspirates. The chondrocytes may then be conservatively expanded 

to 150 million cells after 2 passages, providing more than enough cells for a tissue 

engineered elastic cartilage scaffold.  

A.7 Conclusions 

In summary, we demonstrate a clinically translatable cell sourcing strategy to 

fabricate elastic cartilage using only half the number of auricular chondrocytes normally 

required. Ultimately, when used in tandem with our previously described approach for 

the fabrication of durable full scale, high anatomic fidelity, patient-specific ear 

scaffolds, this approach creates a clear and realistic path for the translation of auricular 

tissue engineering into clinical practice.  
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APPENDIX B. ADDITIONAL ANALYSES OF HYPOXICALLY-CULTURED, 

TISSUE-ENGINEERED AURICULAR CARTILAGE CONSTRUCTS: CELL-

MEDIATED CONTRACTION AND REGRESSION ANALYSIS 

B.1 Abstract 

 Low oxygen conditions during the expansion and 3D culture of AuCs reduced 

construct contraction and, in some cases, enhanced proteoglycan development. 

However, the mechanism by which hypoxia affected contraction was not determined, 

and the large variability in sample outcome measures indicated that further statistical 

comparisons may be of value. Many cells, including chondrocytes, are known to express 

α-smooth muscle actin (SMA), which is related to the amount traction force cells exert 

on a collagen matrix. Here, we used immunohistofluorescent staining of fixed sections 

of hypoxically cultured, tissue-engineered auricular cartilage constructs to identify the 

presence of SMA and quantified the fractional area positive for SMA. Additionally, we 

performed linear regression analysis on relevant outcome pair, separated by sample. 

Both 4-week constructs containing primary AuCs cultured under 1, 5, and 20% pO2 and 

2-week constructs containing AuCs expanded and then 3D cultured under 5 or 20% pO2 

featured positive staining for SMA. No qualitative differences in the amount of SMA 

expression were detected between samples as a function of oxygen tension. For both 

data sets, construct diameter correlated with construct height, mass, and DNA content, 

and DNA content correlated with GAG content. Construct height and equilibrium 

modulus were not found to correlate with GAG content. This data demonstrates that 

although SMA expression is found throughout these engineered constructs, differential 
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SMA expression does not appear to be the controlling factor for the reduced contraction 

observed in hypoxically cultured samples. This data also shows that DNA content, and 

by extension cell density, is a critical factor in both construct shape retention and 

cartilage tissue development, with these to factors being inversely proportional. 

Reducing cell density can be a potentially useful tool in engineering auricular cartilage 

constructs to reduce overall contraction, but this must also be balanced against a 

reduction in proteoglycan deposition efficiency. 

B.2 Introduction 

In Chapter 6 we investigated the potential for exposure to low oxygen tensions 

to promote the in vitro development of tissue-engineered auricular cartilage. We found 

the application of hypoxia during both the expansion of auricular chondrocytes (AuCs) 

and the 3D culture of AuC-seeded collagen constructs prevented the loss of construct 

morphology by alleviating construct contraction, and in some instances, we observed 

an increase in proteoglycan deposition and mechanical stiffening.  

 Contraction and change of shape in tissue-engineered auricular cartilage 

constructs has been a continuous issue in our previous research, resulting in suboptimal 

aesthetic characteristics.1–4 Cells embedded within collagen hydrogel scaffolds are 

known to exert traction forces upon the collagen matrix and cause contraction as part of 

the remodeling process.5–7 However, it is not clear by what mechanism cell-mediated 

contraction of collagen scaffolds occurs. Chondrocytes can express α-smooth muscle 
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acting (SMA), which has been previously connected to the contraction of seeded-

collagen scaffolds.8 

 Although we observed significant differences in the diameter retention, final 

tissue mass, proteoglycan deposition, and equilibrium modulus under varying oxygen 

conditions, these results featured high levels of variability and were inconsistent 

between experimental conditions. As with most biological experiments, cellular 

variability, human error, and finite resources limiting replicates can affect outcomes. 

Results from Chapter 6 were primarily analyzed in terms of comparisons between 

experimental groups, however linear regression of individual samples provides an 

alternative form of statistical analysis to investigate the results. 

 In this appendix, we have set out to further understand the results of Chapter 6 

in two ways. First, we hypothesize that differences observed in construct contraction as 

a result of oxygen conditions is mediated by cell traction forces applied through SMA, 

and that constructs cultured under hypoxic conditions will display lower levels of SMA 

expression. Next, we analyze the linear relationships between several of the study 

outcome measure to identify potential correlated results, and to determine if these 

relationships can be utilized to inform translational research.  
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B.3 Methods 

B.3.1 α-Smooth muscle actin analysis 

Expression of SMA was assessed by immunohistofluorescence. Parrafin 

embedded sections were rehydrated and subjected to antigen retrieval in 10 mM citrate 

buffer prior to staining. Sections were rinsed in Tris buffered saline containing 0.5% 

Tween20 and blocked with 2% normal goat serum and 0.5% Tween20. Samples were 

incubated overnight with rabbit anti-SMA (Abcam #ab32575) followed by goat-anti 

rabbit Alexa Fluor 568 (Invitrogen #11011) with DAPI counterstain. Samples were 

imaged using Zeiss LSM710 confocal microscope. 

 SMA expression was analyzed using ImageJ. For hypoxic exposure during 3D 

culture of primary AuCs, one 4-week sample per condition was analyzed. For hypoxic 

exposure during both expansion and 3D culture of AuCs, two 2-week samples per 

condition were analyzed. The 568 channel was isolated and thresholded using the 

automated ImageJ thresholding tool. Three regions of ~90,000 µm2 were analyzed per 

section. Images were converted to binary and the percentage of positive pixels within 

the region of interest was calculated.  

B.3.2 Linear regression analysis 

The following pairs of variables were chosen for linear comparisons: construct 

diameter and height, construct diameter and final mass, construct diameter and DNA 

content, construct diameter and GAG content, DNA content and GAG content, and 
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GAG content and equilibrium modulus. Construct diameter comparisons were chosen 

to determine connections with ultimate geometry retention.  

 All individual samples from the 4-week time point (hypoxia only during 3D 

culture) or 2-week time point (hypoxia during both expansion and 3D culture) were 

plotted and a linear polynomial was fit to the data. An analysis of variance was run using 

SigmaPlot to determine statistical correlation.  

B.4 Results 

B.4.1 α-Smooth muscle actin expression 

All in vitro cultured samples featured positive expression for SMA (Figure B.1, 

B.2). For 4-week samples of constructs cultured under 1%, 5%, and 20% pO2
 during 3D 

culture (Figure B.1) and 2-week samples of constructs containing second passage AuCs 

raised under either 5% or 20% pO2 followed by 3D culture in either 5% or 20% pO2 

(Figure B.2) SMA expression was found to be highest on the periphery of the constructs 

and co-localized with embedded cells. Analysis for the percentage of area positive for 

SMA displayed no obvious relationship with oxygen culture condition (Figure B.3), 

with 4-week samples ranging in expression from 2-8% and 2-week samples ranging 

from 0.5-2%.  
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Figure B.1 α-Smooth muscle actin expression of primary AuCs 3D cultured 

under 1, 5, or 20% pO2 for 4 weeks. All constructs displayed SMA expression, 

but no qualitative differences were observed. Red signal = SMA, blue signal = 

DAPI, scale = 500 µm.  
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Figure B.2 α-Smooth muscle actin expression of AuCs expanded under 5 or 20% 

pO2 followed by 3D culture under 5 or 20% pO2 for 2 weeks. All constructs 

displayed SMA expression, but no qualitative differences were observed. Red 

signal = SMA, blue signal = DAPI, scale = 500 µm. 
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Figure B.3 Quantified results for positive α-SMA expression within stained 

constructs. No discernable trends were observed. N = 1 per condition, 3 areas of 

~90,000 µm2 were averaged per sample. Data presented as mean ± 1 standard 

deviation. 

 

B.4.2 Linear regression analysis 

Linear regressions of several outcome pairs revealed significant correlations for 

both parts of the hypoxia study. For the primary AuCs embedded in collagen constructs 

and cultured at 1, 5, and 20% pO2 for 4 weeks, significant correlations were observed 

for normalized dimeter with normalized height (R2 = 0.1453, p = 0.0029), disc mass (R2 
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= 0.5907, p < 0.0001), and DNA ww (R2 = 0.4055, p < 0.0001) and between DNA ww 

and GAG ww (R2 = 0.141, p = 0.0034) (Figure B.4). Normalized diameter and GAG 

ww (R2 = 0.0214, p = 0.2695) and GAG ww and equilibrium modulus (R2 = 0.0013, p 

= 0.8138) were not found to change together. Disc height and mass was positively 

correlated with diameter, while DNA ww decreased with increased diameter. GAG ww 

and DNA ww were found to be directly related.  
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Figure B.4 Linear regression analysis of samples containing AuCs 3D cultured 

under 1, 5, or 20% pO2 for 4 weeks. N = 4 – 9 per sample condition. 

 For AuCs expanded under either 5 or 20% pO2 followed by 3D culture under 

either 5 or 20% pO2 for 2 weeks, significant correlations were observed for normalized 

dimeter with normalized height (R2 = 0.379, p = 0.0467), disc mass (R2 = 0.8941, p < 

0.0001), and DNA ww (R2 = 0.5137, p = 0.0052) and between DNA ww and GAG ww 

(R2 = 0.6894, p < 0.0001) (Figure B.5). Normalized diameter and GAG ww (R2 = 

0.3065, p = 0.1127) and GAG ww and equilibrium modulus (R2 = 0.2585, p = 0.1848) 
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were not found to change together. Unlike in the one-stage hypoxia, disc height 

decreased with increasing disc diameter. Otherwise, all relationships were the same.  

 

Figure B.5 Linear regression analysis of samples containing AuCs expanded 

under 5 or 20% pO2 then 3D cultured under 5 or 20% pO2 for 2 weeks. N = 7 – 

10 per sample condition. 

B.5 Discussion 

The objective of this appendix was to investigate SMA as a mechanistic link to 

cell-mediated construct contraction and to determine the correlation of tissue-
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engineered construct outcome measures. The data show that SMA expression does not 

appear to differ with oxygen culture conditions, and thus levels of contraction, and 

through immunohistofluorescent staining cannot be identified as a differentiating 

mechanism of contraction of the collagen constructs. Linear regression analysis 

demonstrated that construct height, mass, and DNA content all vary with construct 

diameter, and that DNA and GAG content change together, for in vitro cultured 

auricular cartilage constructs.  

 It has long been known that cells embedded within a collagen hydrogel matrix 

will interact with the surrounding collagen fibers, exerting traction forces on these fibers 

and causing contraction of the construct.9 Fibroblasts in collagen were capable of 

reducing the diameter of constructs by almost 80% after 10 days, but the addition of 

cytochalasin B, an actin filament inhibitor, to the media completely prevented any 

contraction from occurring in culture.9 Articular chondrocytes display increasing SMA 

expression with time in culture, and increased SMA expression by articular 

chondrocytes in a collagen-based scaffold was linked with increased contraction.10 Like 

with articular chondrocytes, we were able to observe the expression of SMA by AuCs 

cultured in collagen scaffolds. We also observed a qualitative increase in the SMA 

expression of AuCs at the periphery of the samples as compared to those in the interior, 

similar to that seen in articular cartilage.10 However, we did not observed differential 

SMA expression with oxygen environment, despite the changes in contraction observed 

between oxygen treatments.  
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 Of note, certain limitations to this analysis must be addressed. Only a small data 

set was available for the SMA analysis, and increasing the number of samples analyzed 

may provide a clearer understanding of potential differences in SMA expression. 

Additionally, as was performed in the second part of this appendix, a correlative 

investigation of SMA expression and contraction for each sample could provide an 

improved indication of the AuC contraction mechanism. However, the data relating the 

histological sections to the original sample dimensions was not available. In addition, 

although this could potentially demonstrate that AuCs contract the surrounding collagen 

scaffold through SMA in a manner similar to articular chondrocytes, this would not 

provide an indication of how oxygen tension relates to the ultimate construct 

contraction, which is the primary goal of this study.  

 Linear regression analysis of the individual samples within these studies 

displayed significant relationships between several of the prominent outcome measures 

of construct development. For both sections of the hypoxia study, the one-stage 

application just for 3D culture using primary AuCs or the two-stage application for both 

expansion and 3D culture, the same variable sets were found to be correlated. 

Unsurprisingly, construct diameter, which was the more significant dimension in the 

disc constructs, was directly related and closely correlated to construct mass, as large 

sized constructs were expected to contain more tissue. However, while construct height 

was found to be loosely correlated to diameter, this was found to be directly related in 

the one-stage samples and indirectly related in the two-stage. It is likely that other 

factors are important in this relationship, particularly factors that relate to the 
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directionality of construct contraction. As this contraction is cell mediate, small 

variabilities between samples, either in formation or during culture, could have resulted 

in an imparted direction within either the matrix or the embedded cells. In addition, the 

weaker correlation observed in this comparison versus other comparisons made 

indicates that diameter is not a particularly strong predictor of construct height.  

 The biochemical composition of the constructs displayed important 

relationships with the morphological and mechanical properties of the engineered discs. 

For both data sets, DNA content was found to be negatively correlated with disc 

diameter. This corresponds with previous studies, which have found that increasing the 

number of embedded cells in a collagen scaffold will subsequently increase the 

contraction observed, as you will have more cells acting on the matrix.9 The GAG 

content at these early stages of in vitro culture displayed a very weak negative 

correlation to construct diameter, which was not deemed to be significant, nor any 

correlation with equilibrium modulus. However, GAG content was directly correlated 

to the amount of DNA per sample, which likely results in the weak correlation with 

diameter observed. The lack of relationship between GAG content and mechanical 

stiffness is notable, as GAGs are the primary contributor toward compressive 

mechanical properties in mature cartilage. However, these constructs featured very 

limited total GAG content, and did not yet display the microarchitectural structure of 

auricular cartilage. This lack of correlation between the biochemical composition and 

stiffness further indicates that the mechanical properties are still dominated by the initial 

collagen structure at this stage of tissue development.  
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 The relationship between diameter, DNA, and GAG, however, presents a set of 

competing interests in construct generation. Optimal development of a tissue-

engineered auricular cartilage construct would feature both maintenance of the initial 

shape and morphology as well as deposition of proteoglycans, a key component of 

auricular cartilage tissue. Based on the regression analysis presented, both factors are 

dependent on the DNA content, representing the total cell content, in an inverse manner. 

The number of encapsulated cells can be either reduced to help prevent contraction or 

increased to improve the amount of GAG deposition occurring. This indicates a 

potential tool that can be used to improve auricular cartilage tissue engineering moving 

forward. During in vivo implantation, proteoglycan deposition has been found to 

approach native levels, while contraction remains a significant challenge.2 As such, a 

potential solution could be to reduce the cell density of the initial constructs, which 

could potentially reduce contraction and thus loss of morphology, with the possibility 

that the in vivo development could still sufficiently induce proteoglycan deposition.  

 Additional analyses of auricular cartilage constructs exposed to hypoxic 

conditions either during 3D culture or during both AuC expansion and 3D culture 

displayed that α-smooth muscle actin was not obviously differentially expressed 

between samples at different oxygen conditions, despite significant differences 

observed in contraction. However, linear correlations were found between several 

outcome measures, most interestingly between the DNA content of the construct and 

the resulting contraction and GAG deposition. This information can be used to inform 
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future study designs, where cell seeding densities can be explored to determine the effect 

on construct geometry and tissue development.   
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