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����������

Bioprinting is a growing field with significant potential for developing engineered tissues 

with compositional and mechanical properties that recapitulates healthy native tissue. Much of 

the current research in tissue and organ bioprinting has focused on complex tissues that require 

vascularization. Cartilage tissue engineering has been successful in developing �
	���� tissues 

using homogenous scaffolds. However, as research moves towards clinical application, 

engineered cartilage will need to maintain homogeneous nutrient diffusion in larger scaffolds and 

integrate with surrounding tissues. Bioprinting techniques have provided promising results to 

address these challenges in cartilage tissue engineering. The purpose of this review was to 

evaluate 3D extrusion0based bioprinting research for developing engineered cartilage. 

Specifically, we reviewed the potential impact of 3D bioprinting on nutrient diffusion in larger 

scaffolds, development of scaffolds with spatial variation in cell distribution or mechanical 

properties, and cultivation of more complex tissues using multiple materials. Finally, we discuss 

current limitations and challenges in using 3D bioprinting for cartilage tissue engineering and 

regeneration.  

�

	
��
�����three0dimensional bioprinting; articular cartilage; extrusion printing; tissue 
engineering; regenerative medicine � �
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Damaged or degenerated articular cartilage is the leading cause for disability in 

Americans, resulting in over $30 billion (2009 dollars) in medical costs each year and lost 

economic productivity1. Cells comprise of less than 1% of the tissue volume2, and the lack of 

blood supply limits its ability to self heal, making it more challenging to develop regenerative 

medicine repair strategies3. The current gold standard for treating painful osteoarthritic cartilage 

is a total joint arthroplasty, where the diseased cartilage and the underlying healthy bone are 

removed and replaced with metal and plastic components. Over a million total joint 

arthroplasties are performed each year4, and younger patients (< 45 years) account for 17% of 

patients with arthritis0attributed activity limitation5. However, due to the limited lifespan of 

implant materials, younger patients delay receiving their first joint replacement, resulting in 

multiple physician visits for more conservative treatment options, and increasing the overall 

costs related to treating painful osteoarthritis total6. Moreover, as life expectancy has increased, 

more patients need revision surgeries to replace worn and damaged implants7.  

More recently, biological repair strategies, including autografts or allografts, have 

provided potential repair strategies for younger patients8. Autografts and allografts have been 

successful in reducing joint pain, maintaining tissue structure, and improving joint functionality; 

however, both strategies are limited by tissue availability (
��., donor site morbidity and donor 

matching)9. Alternatively, developing �
	 ���� tissues in the laboratory through tissue 

engineering approaches has led to significant advances in potential repair strategies10. However, 

these approaches have been limited to developing simplified smaller analogs of the native tissue.  

Additive manufacturing through three0dimensional (3D) printing has gained increasing 

popularity in many engineering fields, due to the relative ease in acquiring the necessary 
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equipment and rapid prototyping capabilities11. Additive manufacturing techniques have been 

used for many years to develop acellular scaffolds with macropores for cartilage tissue 

engineering (Figure 2)12. Early studies have used extrusion0based 3D printing without cells to 

create large scaffolds and full organs, which were seeded with cells after printing. Cell 

infiltration into these scaffolds is limited to the interstitial spaces and may be limited to the 

periphery of the scaffold without further modifications to the scaffold material or use of 

bioreactor13. Recently there has been new research in using additive manufacturing techniques 

for developing engineered tissues and organs with cells encapsulated within the printing 

material12a, 14. Bioprinting is the combination of using additive manufacturing through 3D 

printing with biocompatible materials and cells. Moreover, using additive manufacturing 

eliminates the need for developing a solid material throughout the scaffold.  Newer approaches 

aim to encapsulate cells within the biomaterial during the printing process, which provides its 

own set of advantages and limitations.  

To date, bioprinting has been more widely applied to cardiovascular, bone, and skin 

engineering15. However, the advantages in developing larger complex tissue structures through 

bioprinting are worth investigating for addressing the challenges currently faced by the cartilage 

tissue0engineering field. The purpose of this review was to evaluate 3D extrusion0based 

bioprinting research for developing engineered cartilage. Specifically, we reviewed the potential 

impact of 3D bioprinting on nutrient diffusion in larger scaffolds, development of scaffolds with 

spatial variation in cell distribution or mechanical properties, and cultivation of more complex 

tissues using multiple materials. Finally, we discuss current limitations and challenges in using 

3D bioprinting for cartilage tissue engineering and regeneration.   

�
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The primary function of articular cartilage is to withstand and absorb large complex loads 

placed on the joint during daily activities. In cell0based tissue engineering approaches, cells are 

either self0assembled or seeded within a scaffold to cultivate engineered tissues with biochemical 

and mechanical properties towards healthy native tissues. Scaffold0less approaches rely on a high 

cell density to develop extracellular matrix over time16, resulting in a construct with tensile 

mechanical properties that are comparable to native values and biochemical composition within 

the range of native cartilage (Table 1)17. However, the final construct thickness of self0assembled 

engineered cartilage is approximately 1.5 mm, which is thinner than many defect sites 17a, 18. 

Scaffold based approaches for articular cartilage often relies on soft hydrogels to provide 

the initial mechanical strength, a base structure for three0dimensional (3D) tissue deposition, to 

maintain cell morphology, and to encapsulate both the cells and �
	���� tissue19. Furthermore, 

the scaffold can be fabricated to control matrix deposition by altering the scaffold’s stiffness or 

chemical composition20. Manufacturing of hydrogel0based scaffolds often includes thermoset 

casting or ultraviolet light curing. The successes of these approaches has lead to clinical trails of 

cell0based tissue engineering approaches, with promising early stage results for eliminating pain 

and reducing the need for total joint replacement. While hydrogel0based scaffolds maintains the 

round chondrocyte morphology, this approach over simplifies the complex structure of healthy 

native cartilage, where collagen fiber architecture, mechanical properties, cell mechanics, and 

biochemical composition varies significantly through the depth of the tissue (Figure 1; Table 1)3, 

21. This complex architecture has important implications on stress distribution, sliding 

mechanics, and load transfer to the underlying bone22.  
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The superficial zone is important for the low friction coefficient between articulating 

cartilage surfaces23 (Table 1 – friction coefficient) and is the first region to experience tissue 

remodeling or damage from osteoarthritis24 or excessive wear25. Superficial zone collagen fibers 

are aligned parallel to the direction of sliding and are important for transferring loads during 

daily activities26. Interestingly, the superficial zone thickness is similar across animal species 

(i.e., from rat to human), suggesting that the superficial zone is critical for cartilage function. 

Moreover, the mechanical properties of the superficial zone (Table 1 – Surface) differ from the 

mechanical properties of the deep zone, due to differences in collagen fiber orientation. 

Therefore, the lack of a superficial zone in engineered cartilage will likely have significant 

impact on the friction coefficient of engineered cartilage18a and the long0term success of 

engineered cartilage ��	����. 

As tissue0engineering approaches advance towards clinical applications, there is a 

growing need for developing subject0specific scaffolds that recapitulates the native mechanical 

strength, collagen architecture, surface contour, geometry, and morphology of the patient’s 

native joint. It is not clear whether all aspects of cartilage tissue development should be 

recapitulated in biological repair strategies27. However, recent research has suggests that the 

mechanical strength (Table 1) and collagen architecture are important for stress distribution 

during physiological loading, such as compression and sliding21a. Moreover, implant size, 

geometry, and morphology of casted scaffolds are limited by the mold itself (e.g., glass slides or 

3D printed molds). As the construct size increases, nutrient diffusion becomes a greater issue 

resulting in non0uniform matrix deposition and mechanical properties, and cell death closer to 

the center of the construct28. Current solutions for improving nutrient diffusion focus on 

modifying casted scaffolds, resulting in a lot of wasted engineered tissue, and more importantly, 
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a loss of cells during the fabrication process. Moving towards clinical repair strategies with 

human chondrocytes or mesenchymal stem cells will be a significant challenge due to the slower 

proliferation rate of human cells. Therefore, cartilage0engineering strategies will need to be 

highly efficient with cell usage. �

�
����	�	�����
�	����������
��
�������

�
�������

Cartilage tissue engineering has progressed towards developing patient0specific scaffolds. 

Differences between the thickness of implanted engineered cartilage and the surrounding native 

tissue will cause stress raisers and alter the stress distribution in the surrounding cartilage, which 

may lead to degenerative changes29. Scaffolds developed from biocompatible materials can be 

fabricated to match the defect site thickness and geometry.  

Cultivation of clinically relevant tissues has been proposed by converting medical images 

into steriolithography (STL) files, which can be modified in computer aided design (CAD) 

software8a, 30. For example, the underlying boney contour can be acquired through high0

resolution magnetic resonance (MR) imaging or micro0computed tomography (�CT) imaging31. 

The images provide boundary and surface contour information about the bone0cartilage interface, 

as well as cartilage thickness information (MR images). To create a 3D solid model, images are 

converted to a solid part (i.e., STL file) by either using commercially available software (e.g., 

Materialise) or freeware offered through various research groups (e.g., SimVascular). Briefly, a 

3D volume is created by selecting the cross sectional area of interest in each image slice. The 

selected areas are connected through the depth of the imaged tissue through linear or spline 

interpolation (Figure 3A). Finally, the volume can be converted into a solid part that can be 

further modified using computer0aided design (CAD) software (Figure 3B). Once a 3D solid is 

imported into CAD software, complex tissue and organ geometries can be developed for 
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bioprinting31d. There are some limitations in using clinical images due to the assumption that the 

contour of the underlying bone is equivalent to the surface contour of the healthy cartilage (�CT 

images) and image resolution (MR images). However, alternative methods using laser point 

imaging to create a 3D scan of a surface32, is limited for clinical application because the joint 

would need to be fully exposed for imaging.  

��
�����	��	����
�����
������
�		���������������

An ideal material for tissue0engineering purposes is biocompatible and provides 

structural support for cells. Synthetic and natural hydrogels have been widely used for cartilage 

tissue engineering. Common hydrogel materials include alginate33, agarose34, hyaluronic acid 

(HA)35, collagen36, and poly(ɛ0caprolactone) (PCL)13d, poly(ethylene) glycol (PEG), gelatin37, 

and their combinations38. These hydrogels are highly tunable with regards to mechanical 

properties39, thermal setting conditions40, and nano0porosity41. Moreover, biomaterials can be 

modified to deliver chemical stimuli to promote matrix production42. Unfortunately, translating 

past research in tissue engineering with hydrogels is not necessarily transferable to bioprinting, 

due to the need for shear0thinning properties43. For an in0depth review on modifying hydrogel 

properties for cartilage tissue engineering purposes, the reviewer is directed to other reviews 

available in the literature12a, 35a, 44.  

In order to effectively print, hydrogels should exhibit non0Newtonian behavior. 

Thixotropic gels that exhibit shear0thinning properties as they are extruded through a nozzle are 

ideal for printing. Since not all gels shear0thin, materials must first be evaluated though rheology 

to determine their behavior when exposed to stresses associated with printing within narrow 

thermal ranges. Previous studies have shown that materials that exhibit a linear relationship 

between viscosity and shear rate improves print quality45. Therefore, shear thinning behavior will 
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be another tunable property to consider when deciding on a material for tissue engineering 

purposes46. Furthermore, gels must exhibit stability to temperature ranges for printing, and in 

some cases reactions within the gels can occur during the printing process. 

Currently, PCL and alginate are the most widely used printable materials for cartilage 

tissue engineering purposes (e.g., 47). Alginate seeded with chondrocytes or stem cells act to 

develop �
	 ���� tissues, while PCL fibers act as a mechanical support for the scaffold. To 

improve solidification rates during printing, chemical factors have been added to the material 

either shortly after extrusion from the nozzle or to the hydrogel mixture, modifying material 

properties after solidification. For example, work by Costantini and coworkers demonstrated 

large (15 mm thick) scaffolds can be fabricated using alginate combined with a photocurable 

polymer48. Gel solidification during the printing process was performed by exposing recently 

extruded material to Ca2+ ions at the tip of a coaxial0nozzle (Figure 4A). Work by Cui and 

coworkers demonstrated that polymerization during printing also acts to improve cell viability 

compared to polymerization after printing is completed49. The bulk compressive modulus of 

these alginate composites ranged from 500100 kPa, which is much lower than native cartilage, 

but has been shown to be preferable over stiffer substrates for encouraging cartilage0like matrix 

production 20. Similarly, nanocelulose has been added to alginate to increase its viscosity up to 70

fold and improve bioprintability43, 50. These studies demonstrate that new materials or hybrid 

materials will need to be developed to improve bioprinting capabilities.  

Photocurable biomaterials are often used for cartilage tissue engineering approaches51; 

however, the approach for printing these materials differs significantly from hydrogels that are 

printed with extrusion. The majority of 3D bioprinters use extrusion0based approaches that rely 

on a thermal0based curing; however, newer printer designs, such as the Carbon3D52, print with 
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materials that require a photoinitiator. These printers have the advantage of being faster than 

extrusion based printers, because the entire layer is cured simultaneously before moving onto the 

next layer. Due to the significant differences in printing processes between extrusion0based 

bioprinters and ultraviolet light0based printers, we have focused this review paper on engineered 

cartilage with thermoset biomaterials.  

����
�������
����
������	�
��
��
��������
��
�
	�
��

There has been significant effort in developing new biomaterials with mechanical 

properties closer to native tissue properties, or to increase the macro0porosity of the scaffold 

itself to improve nutrient diffusion12a. Developing honeycombed structures allow the use of 

stronger base materials while improving the overall scaffold porosity, which is important for 

facilitating �
	 ���� matrix deposition. Macro0pores, on the order of micrometers, can be 

included in the scaffold design using 3D printing techniques, which provides an increase in 

porosity that is 10000fold greater than the porosity of the material itself (e.g., agarose porosity = 

2000400 nm)15k, 31d, 53.  

Previous studies have decreased the nutrient path length by adding macro0channels 

(millimeter length scale) after casting, and this method has been shown to improve matrix 

deposition and greatly increase the size of engineered cartilage tissues that can be cultivated ��	

�����
28, 31a, 54. However, including macro0pores or macro0channels within a scaffold significantly 

decreases the apparent bulk modulus, which is a significant limitation for repair strategies that 

aim to implant cell0seeded scaffolds shortly after fabrication55. A porous structure will need to 

withstand large compressive stresses before cells produce functional extracellular matrix, which 

may likely require stiffer biomaterials. For example, the bulk modulus of 2%/wet weight per 
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volume (wv) agarose (13.5 kPa) with macro0pores may be comparable to the bulk modulus of 

solid 2%/wv alginate (7.5 kPa)56. 

Adding macro0channels to a scaffold requires removal of ‘excess material’; therefore, 

these techniques require more cells to be cultivated than necessary for the final construct 

formation. The need for large cell numbers for 3D tissue development increases the time 

between procedures and increases the cost of treatment (tissue culture related costs). Nowicki 

and coworkers used a mixed approach between 3D printing and casting to create osteochondral 

scaffolds with anisotropic macro0pores53b. Their work demonstrated that including macro0pores 

within a scaffold (~100 �m diameter) improved cell adhesion, matrix production, and functional 

properties. Furthermore, pore anisotropy has been shown to decrease crack propagation, 

especially if pores are not aligned with the direction of applied load57. Bioprinting with sufficient 

resolution allows for researchers to create macro0channels during the scaffold manufacturing 

process, decreasing the amount of cells and material needed, which is important for clinical 

application, where human cells have a slower expansion rate. However, clinical success of 

engineered cartilage will depend on the long0term stability of biological implants with or without 

macro0pores58. 

�
����
����	
�
����������
�		��	�

Focal defects in the joint may only affect the cartilage tissue (chondral defect) or may 

include damage to the cartilage layer and underlying bone (osteochondral defects). A major 

challenge of tissue engineering is integrating engineered tissues within the joint space and with 

surrounding tissues59. Engineered osteochondral tissues include a layer of cartilage tissue with a 

region of boney tissue, providing additional tissue for integration with the native tissue after 

implantation60. However, mechanical properties and biochemical composition of articular 
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cartilage changes rapidly from the deep zone to the underlying bone, resulting in a significant 

challenge in the field (Figure 1)61. Building upon the clinical successes observed with autograft 

and allograft osteochondral units, 3D bioprinting of engineered tissues has the potential to 

develop complex tissues with location dependent mechanical properties.  

Successful bioprinting for bone tissue engineering has been performed using alginate 

with PCL0embedded fibers32b as well as PEG in combination with HA or gelain methacrylate62. 

Printed bi0layered acellular scaffolds have been developed with a transition region consisting of 

an overlapping region of materials rather than a transition between two materials59c. To date, 

there are few studies that used bioprinting techniques to develop a single scaffold with 

mechanical properties that transition through the thickness to encourage bone growth on one end 

and cartilage growth at the opposite end53b. Studies that have created bioprinted osteochondral 

constructs have printed materials in close proximity with a clear demarcation between layers, 

rather than having a graded transition zone49, 63, which may be due to current printing limitations. 

However, Shim and coworkers showed that osteochondral scaffolds, created with a PCL 

structure and bilayered regions for cartilage and bone growth, improves tissue formation and 

integration with the surrounding tissue63c. For in0depth review on current strategies for 

developing osteochondral scaffolds for tissue engineering (i.e., including non0bioprinting 

methods), the reader is directed to other reviews available in the literature64.  

������	�����
������
��
����������������
������

Chondrocytes in the superficial zone are flat and elongated, and are more aligned with the 

top surface. Chondrocyte morphology and density changes decreases through the thickness of the 

articular cartilage, where chondrocytes in the middle and deep zones tend to be rounder than 

chondrocytes in the superficial zone (Figure 1). Bioprinting provides a platform for designing 
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scaffolds that aim to recapitulate zonal variability in cell density and cell properties65. Recent 

work by Ren 
�	
�� and Cui 
�	
�� developed bioprinted scaffolds with spatial variation in cell 

density36b, 66. These studies showed that increasing cell density increased total matrix deposition; 

however, the rate of extracellular matrix production was higher for cells seeded at a lower 

density66. Similar to bulk material casting, bioprinted hydrogels can be encapsulated with micro0 

or nano0particles to allow for spatial control of drug and nutrient delivery and increase matrix 

production62b, 67. 

Printing resolutions range between 5 �m and 100 �m48, which suggests that a secondary 

material with stiffer mechanical properties can be incorporated into the printing process to create 

collagen fiber0like architecture throughout the scaffold thickness. For example, the concentration 

of Ca2+ used to initiate crosslinking in alginate can be modified during printing to alter scaffold 

stiffness48, 68. This strategy may be valuable for developing thicker scaffolds with variability in 

mechanical properties through the scaffold thickness, similar to differences observed from the 

superficial zone to the deep zone69. Alternatively, multiple materials can be printed where the 

secondary material is printed within a support structure that is washed away or solidified through 

a secondary method separate from the support material (Figure 5)46. 

Improving print resolution will need to be balanced with the need to maintain cell 

viability during printing. Electrospinning techniques have allowed researchers to develop 

scaffolds with tunable fiber architecture70, porosity, and stiffness13a. However, electrospinning 

techniques have demonstrated significant challenges in cell encapsulation during printing and 

with cell infiltration after printing13a. Cell encapsulation within hydrogels has been successful; 

however, printing fibers with a diameter on the micro0 or nano0scale will required improved print 

resolution from current extrusion0based bioprinters. As the nozzle size decreases, the shear stress 
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on cells passing through the nozzle will increase and may lead to cell apoptosis or inhibit cell 

behavior71.  

Bioprinting has the potential for increasing complexity of engineered tissues, which will 

be important for engineered tissue strategies for complex cartilaginous tissues. For example, the 

intervertebral disc consists of a gelatinous nucleus pulposus surrounded by the annulus fibrosus, 

which contains alternating layers of highly aligned collagen fibers. Axial compression is the 

primary loading condition experienced by the disc72; therefore, tissue engineering strategies will 

require materials with similar properties that have been used for cartilage tissue engineering73. 

However, to date, there has been little work in using bioprinting strategies to develop engineered 

discs or its subcomponents15k. A Pubmed search for ‘bioprinting’ and ‘nucleus pulposus’, 

‘intervertebral disc’, or ‘annulus fibrosus’, resulted in only two original research articles using 

bioprinting techniques to develop an engineered nucleus pulposus15k or to create a patient0

specific bone insert for spinal fusion74. Current tissue engineering approaches cultivate nucleus 

pulposus implants separate from the annulus fibrosus implant75. Modular fabrication results in an 

abrupt boundary between tissues, which is not representative of the native tissue, and will likely 

result in inhomogeneous stress distributions76. More research is needed to understand how 

angled ‘fibers’ can be printed; however, research in bioprinting has demonstrated a great 

potential for advancing disc tissue engineering, in addition to other cartilaginous tissues.  

������
�����
�
�
�	��������������	�

As new biomaterials are developed controlling the nozzle head and output speed requires 

significant tuning, as the rate, nozzle size, and nozzle distance all contribute to print quality and 

the ability of each additional layer to fuse to the previous layer. Recent work by He and 

coworkers demonstrated the ability to ejection0print hydrogel material (sodium alginate) with 
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fibroblasts77. Their findings demonstrated a relationship between nozzle height, nozzle pressure, 

and flow rate on printing accuracy. Future studies that investigate new materials for biomaterial 

purposes should provide these important parameters, including nozzle temperature, nozzle 

diameter, and applied pressure, to improve consistency and repeatability of findings across the 

field (e.g., 77 and 47b).  

Scaffold printing is primarily performed in air; therefore, total printing time is an 

important consideration for the success of this technique to develop tissue and organs with 

clinically relevant dimensions. Previous studies have demonstrated that cell viability during and 

shortly after printing remains high (average construct viability > 85%)47a, 48, 62a. He and 

coworkers demonstrated that bioprinting techniques are capable of creating 15 mm thick 

scaffolds, but a significant loss in cell viability was noted with printing and may be exacerbated 

as scaffold geometry increases towards large clinically relevant dimensions77. There is 

conflicting data on whether the initial decrease in cell viability will result in long0term decreases 

in cell viability and proliferation47a, 48. In contrast, cell proliferation in engineered cartilage 

developed using casting has been shown to increase over time with culture34a. Regardless, there 

has been promising data showing matrix deposition over time and that chondrogenesis of bone0

marrow derived mesenchymal stem cells can be achieved in bioprinted scaffolds48.  

Accuracy and printing resolution difficult to control due to the hydrogel material 

spreading during printing, before solidification is complete (Figure 4B). A recent study by 

Adamkiewicz and coworkers demonstrated that printing hydrogels in liquid nitrogen reduces 

thermal stresses during printing, allowing for fabrication of scaffolds with more precisely 

defined dimensions (Figure 4B)78. Printing directly into liquid nitrogen may allow for complex 

macroporous structures with soft hydrogel materials, but it would limit the ability to print with 
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cells. It is possible that dimethyl sulfoxide (DMSO) may act as a cryoprotectant to preserve cell 

viability during printing79. However, much of the work on cryopreservation through vitrification 

has involved methods closer to droplet0based bioprinting than extrusion printing, where freezing 

characteristics of a droplet are different from a long continuous line. It remains to be seen 

whether this technique can be transferred over to extrusion0based bioprinting.  

Many of the early studies in tissue bioprinting created custom0built printers36b or created 

modifications to commercially available 3D printers46, 78. Low0cost ommercially available 

printers mostly limited to printing with ABS (acrylonitrile butadiene styrene) or PLA by heating 

the material to very high temperatures (200 0 240oC) before extrusion80. For bioprinting, 

materials that can be printed at temperatures less than 40oC are ideal to prevent cell death during 

the printing process36b, 81. There has been an increase in companies offering commercially 

available 3D printers for tissue engineering purposes; however, the cost of these printers can 

exceed $100,000, increasing the total cost related to developing a clinically0relevant biological 

repair strategy (e.g., BioAssemblyBot by Advanced Solutions ~$160,000 in 2016 dollars)82. 

Newer 3D printers are being developed to print ultraviolet light0curable materials (e.g., 

Carbon3D, ~$120,000)52, which have been widely used for cartilage tissue engineering purposes 

and increases the types of materials that can be used. As demand for these printers increases the 

prices for alternative 3D bioprinters has already dropped dramatically and will likely continue to 

decrease (e.g., BioBot Printer; ~$10,000)83.  

Other limitations of 3D bioprinting are limitations shared with tissue engineering 

approaches, including the risk of cell death during or shortly after implantation84, obtaining 

sufficient cell numbers to create subject0specific implants85, and the amount of time needed to 

cultivate functional engineered tissue. Furthermore, subject specific repair strategies will likely 
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require two clinical procedures, where the first one is used to obtain cells and images for scaffold 

production and the second procedure is used for implantation. It is likely that these procedures 

will be separated by a period of months as cells are expanded in monolayer culture and used to 

develop engineered tissues. Techniques, such as priming cells during expansion culture will 

likely be necessary to increase cell division and �
	���� matrix production34b, 86.  

�
������
���

Bioprinting is a new emerging field with exciting potential to develop engineered tissues 

with biomimetic properties of healthy native tissues. As with all new emerging technologies 

there are limitations and challenges that will need to be addressed to increase widespread use of 

this technology. The early challenges in cartilage bioprinting include developing printable 

materials that encourage �
	 ���� cartilage production, printing resolution, maintaining cell 

viability of large scaffolds, and maintaining scaffold mechanical integrity during printing. In 

conclusion, bioprinting has the potential to improve engineered tissue complexity and integration 

to neighboring tissues, spatial dependent properties for cell distribution, substrate stiffness, and 

scaffold porosity.  

�

�

�
�������
�����
�
���
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����
����������
��
�
����

����
��� Mechanical properties of articular cartilage. Bovine cartilage is often used as an animal 

analog for healthy human cartilage due to limited tissue availability. Compression mechanical 

properties for bovine cartilage and human cartilage from references 87 and 69b, 88, respectively. 

Tensile mechanical properties for bovine cartilage from 87a and for human cartilage from 69b. 

Shear mechanical properties for bovine cartilage from 89 and for human cartilage from 69b. 

Friction coefficients are from references 23. 

�

�����
����(Left) Schematic of cell morphology and collagen fiber orientation from the superficial 

zone to the deep zone. (Middle) Hematoxylin & Eosin (H&E) stain for cell distribution, and 

(Right) alcian blue stain for glycosaminoglycan (GAG) distribution demonstrating a transition 

zone between cartilage and the underlying bone. Figure reprinted with permission from Elsevier 

35a. 

 

�����
��� Scaffolds printed with various macro0porosity and pore geometry. Scale bars represent 

1 mm. For scaffold created with cubic pores, the porosity of the scaffold increased from 50% (a) 

to 68% (b) and 75% (c). Similar increases in macro0porosity are demonstrated for the triangle 

based pore structure (50% for (d), 68% for (e), and 75% for (f)). Figure adapted from 12a with 

permission from Elsevier. 

 

�����
� �� (A) High0resolution micro0computed tomography (RCT) of a human cadaveric tibia 

plateau. The cross sectional area is manually selected for each slice, and then sections are 

digitally connected through linear or spline interpolation (SimVascular freeware). (B) The 
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reconstructed volume was exported from SimVascular as a steriolithography file (STL), which 

was imported into SolidWorks as a 3D part. The part can be further modified in SolidWorks to 

identify different material regions or exported for 3D printing. Figure adapted from 31a with the 

authors permission.  

 

�����
� �� (A) Coaxial nozzle design to deliver Ca2+ during printing for alginate crosslinking. 

(B) (Left) 3D cryoprinting setup, where the printing surface is super0cooled with liquid nitrogen. 

(Right) Printing hydrogels results in a loss of mechanical integrity during the solidification 

process (asterisks). Printing in liquid nitrogen improves mechanical integrity of the scaffold, 

allowing for thicker constructs to be printed with increased accuracy in the final dimensions 

(right corner). Figures adapted from 78 with the author’s permission.  

 

�����
�  � Developing more complex tissue structures by injecting a bioink into a support 

structure. (A) Confocal images of a filament and spiral printed within an unlabeled support gel 

(black background). (B) (Left) Degradable support gels can be used to create complex self0

supporting structures. A covalently crosslinkable bioink was printed within a support gel and 

solidified with UV crosslinking. Finally, the support gel was dissolved to leave the 3D 

tetrahedron (Right). Scale bar represents 500 Rm. Figure adapted from 46.  
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scaffolds. ���
	*���
�
��
��
	�"��$ 2 (2), 4850491; (d) Moutos, F. T.; Glass, K. A.; Compton, S. 
A.; Ross, A. K.; Gersbach, C. A.; Guilak, F.; Estes, B. T., Anatomically shaped tissue0
engineered cartilage with tunable and inducible anticytokine delivery for biological joint 
resurfacing. 6���

�����	��	 ��
	4
����
�	��
�
��	��	(��
��
�	��	 ��
	7���
�	(�
�
�	��	��
���
	
�"�#$ 33) (31), E4513022. 
14. Derby, B., Printing and prototyping of tissues and scaffolds. (��
��
	�"��$ ))� (6109), 
92106. 
15. (a) Pati, F.; Song, T. H.; Rijal, G.; Jang, J.; Kim, S. W.; Cho, D. W., Ornamenting 3D 
printed scaffolds with cell0laid extracellular matrix for bone tissue regeneration. ����
�
��
��	
�"� $ )2, 230041; (b) Jia, W.; Gungor0Ozkerim, P. S.; Zhang, Y. S.; Yue, K.; Zhu, K.; Liu, W.; 
Pi, Q.; Byambaa, B.; Dokmeci, M. R.; Shin, S. R.; Khademhosseini, A., Direct 3D bioprinting of 
perfusable vascular constructs using a blend bioink. ����
�
��
��	�"�#$ 3��, 58068; (c) Ng, W. 
L.; Wang, S.; Yeong, W. Y.; Naing, M. W., Skin Bioprinting: Impending Reality or Fantasy? 
%�
���	��	*���
��������	�"�#$ )- (9), 689099; (d) Ozbolat, I. T., Bioprinting scale0up tissue and 
organ constructs for transplantation. %�
���	��	*���
��������	�"� $ )) (7), 3950400; (e) Kolesky, 
D. B.; Homan, K. A.; Skylar0Scott, M. A.; Lewis, J. A., Three0dimensional bioprinting of thick 
vascularized tissues. 6���

�����	��	 ��
	4
����
�	��
�
��	��	(��
��
�	��	 ��
	7���
�	(�
�
�	��	
��
���
	�"�#$ 33) (12), 3179084; (f) Miller, J. S.; Stevens, K. R.; Yang, M. T.; Baker, B. M.; 
Nguyen, D. H.; Cohen, D. M.; Toro, E.; Chen, A. A.; Galie, P. A.; Yu, X.; Chaturvedi, R.; 
Bhatia, S. N.; Chen, C. S., Rapid casting of patterned vascular networks for perfusable 
engineered three0dimensional tissues. 4
���
	 �
�
��
��	 �"��$ 33 (9), 768074; (g) Duan, B.; 
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Hockaday, L. A.; Kang, K. H.; Butcher, J. T., 3D bioprinting of heterogeneous aortic valve 
conduits with alginate/gelatin hydrogels. �����
�	��	*���
���
�	�
�
��
��	�
�

����	6
��	�	�"��$ 
3�3 (5), 1255064; (h) Hockaday, L. A.; Kang, K. H.; Colangelo, N. W.; Cheung, P. Y.; Duan, B.; 
Malone, E.; Wu, J.; Girardi, L. N.; Bonassar, L. J.; Lipson, H.; Chu, C. C.; Butcher, J. T., Rapid 
3D printing of anatomically accurate and mechanically heterogeneous aortic valve hydrogel 
scaffolds. ����
*���
����	�"��$ - (3), 035005; (i) Rimann, M.; Bono, E.; Annaheim, H.; Bleisch, 
M.; Graf0Hausner, U., Standardized 3D Bioprinting of Soft Tissue Models with Human Primary 
Cells. �����
�	��	�
*��
����	
����
����	�"�#$ $3 (4), 4960509; (j) Zhao, S.; Zhang, J.; Zhu, M.; 
Zhang, Y.; Liu, Z.; Tao, C.; Zhu, Y.; Zhang, C., Three0dimensional printed strontium0containing 
mesoporous bioactive glass scaffolds for repairing rat critical0sized calvarial defects. ���
	
*���
�
��
��
	 �"� $ 3$, 270080; (k) Rosenzweig, D. H.; Carelli, E.; Steffen, T.; Jarzem, P.; 
Haglund, L., 3D0Printed ABS and PLA Scaffolds for Cartilage and Nucleus Pulposus Tissue 
Regeneration. 1��
��
����
�	&����
�	��	���
���
�	���
��
�	�"� $ 3� (7), 15118035; (l) Kang, H. 
W.; Lee, S. J.; Ko, I. K.; Kengla, C.; Yoo, J. J.; Atala, A., A 3D bioprinting system to produce 
human0scale tissue constructs with structural integrity. 4
���
	*���
��������	�"�#$ )- (3), 3120
9. 
16. Yu, Y.; Moncal, K. K.; Li, J.; Peng, W.; Rivero, I.; Martin, J. A.; Ozbolat, I. T., Three0
dimensional bioprinting using self0assembling scalable scaffold0free "tissue strands" as a new 
bioink. (��
������	�
�����	�"�#$ �, 28714. 
17. (a) Huang, B. J.; Hu, J. C.; Athanasiou, K. A., Effects of passage number and post0
expansion aggregate culture on tissue engineered, self0assembled neocartilage. ���
	

*���
�
��
��
	�"�#$ -), 15009; (b) Hu, J. C.; Athanasiou, K. A., A self0assembling process in 
articular cartilage tissue engineering. %����
	
����

����	�""#$ 3$ (4), 969079. 
18. (a) Peng, G.; McNary, S. M.; Athanasiou, K. A.; Reddi, A. H., Surface zone articular 
chondrocytes modulate the bulk and surface mechanical properties of the tissue0engineered 
cartilage. %����
	 
����

�����	 6
��	 �	�"��$ $� (23024), 3332041; (b) Huang, B. J.; Hu, J. C.; 
Athanasiou, K. A., Cell0based tissue engineering strategies used in the clinical repair of articular 
cartilage. ����
�
��
��	�"�#$ +�, 1022. 
19. Cao, Y.; Vacanti, J. P.; Paige, K. T.; Upton, J.; Vacanti, C. A., Transplantation of 
chondrocytes utilizing a polymer0cell construct to produce tissue0engineered cartilage in the 
shape of a human ear. 6�
����	 
��	 �
�����������
	 ����
��	 �%%'$ 3�� (2), 2970302; discussion 
30304. 
20. Bian, L.; Hou, C.; Tous, E.; Rai, R.; Mauck, R. L.; Burdick, J. A., The influence of 
hyaluronic acid hydrogel crosslinking density and macromolecular diffusivity on human MSC 
chondrogenesis and hypertrophy. ����
�
��
��	�"��$ )- (2), 413021. 
21. (a) Buckley, M. R.; Gleghorn, J. P.; Bonassar, L. J.; Cohen, I., Mapping the depth 
dependence of shear properties in articular cartilage. �����
�	 ��	 *���
��
����	 �""&$ -3 (11), 
243007; (b) Wang, C. C.; Chahine, N. O.; Hung, C. T.; Ateshian, G. A., Optical determination of 
anisotropic material properties of bovine articular cartilage in compression. �����
�	 ��	
*���
��
����	�""�$ )� (3), 339053; (c) Oswald, E. S.; Chao, P. H.; Bulinski, J. C.; Ateshian, G. 
A.; Hung, C. T., Dependence of zonal chondrocyte water transport properties on osmotic 
environment.  
����
�	
��	���
���
�	*��
����

����	�""&$ 3 (4), 3390348; (d) Korhonen, R. K.; 
Julkunen, P.; Wilson, W.; Herzog, W., Importance of collagen orientation and depth0dependent 
fixed charge densities of cartilage on mechanical behavior of chondrocytes. �����
�	 ��	
*���
��
���
�	 
����

����	�""&$ 3)� (2), 021003; (e) Verteramo, A.; Seedhom, B. B., Zonal 
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and directional variations in tensile properties of bovine articular cartilage with special reference 
to strain rate variation. �����
�����	�""�$ -3 (304), 203013. 
22. (a) Basser, P. J.; Schneiderman, R.; Bank, R. A.; Wachtel, E.; Maroudas, A., Mechanical 
properties of the collagen network in human articular cartilage as measured by osmotic stress 
technique. ������
�	 ��	 *����
������	 
��	 *���������	 �%%&$ )�3 (2), 207019; (b) Guterl, C. C.; 
Gardner, T. R.; Rajan, V.; Ahmad, C. S.; Hung, C. T.; Ateshian, G. A., Two0dimensional strain 
fields on the cross0section of the human patellofemoral joint under physiological loading. 
�����
�	��	*���
��
����	�""%$ -$ (9), 1275081. 
23. (a) Basalo, I. M.; Chen, F. H.; Hung, C. T.; Ateshian, G. A., Frictional response of bovine 
articular cartilage under creep loading following proteoglycan digestion with chondroitinase 
ABC. �����
�	��	*���
��
���
�	
����

����	�""#$ 3$� (1), 13104; (b) Henak, C. R.; Ross, K. A.; 
Bonnevie, E. D.; Fortier, L. A.; Cohen, I.; Kennedy, J. G.; Bonassar, L. J., Human talar and 
femoral cartilage have distinct mechanical properties near the articular surface. �����
�	 ��	
*���
��
����	�"�#$ -+ (14), 332003327. 
24. Guilak, F.; Ratcliffe, A.; Lane, N.; Rosenwasser, M. P.; Mow, V. C., Mechanical and 
biochemical changes in the superficial zone of articular cartilage in canine experimental 
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�	��	������
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A., Wear and damage of articular cartilage with friction against orthopedic implant materials. 
�����
�	��	*���
��
����	�"� $ -� (10), 1957064. 
26. Bian, L.; Fong, J. V.; Lima, E. G.; Stoker, A. M.; Ateshian, G. A.; Cook, J. L.; Hung, C. 
T., Dynamic mechanical loading enhances functional properties of tissue0engineered cartilage 
using mature canine chondrocytes. %����
	
����

�����	6
��	�	�"�"$ 3� (5), 1781090. 
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�	�
��	�
�

���	0	��
�
��	�"�#$ 2 (1), 56. 
28. Bian, L.; Angione, S. L.; Ng, K. W.; Lima, E. G.; Williams, D. Y.; Mao, D. Q.; Ateshian, 
G. A.; Hung, C. T., Influence of decreasing nutrient path length on the development of 
engineered cartilage. !��
�
��������	 
����
�
	�""%$ 32 (5), 677085. 
29. Vahdati, A.; Wagner, D. R., Finite element study of a tissue0engineered cartilage 
transplant in human tibiofemoral joint.  �����
�	 �
�����	 ��	 *���
��
����	 
��	 *���
���
�	

����

����	�"��$ 3� (11), 1211021. 
30. Hung, C. T.; Lima, E. G.; Mauck, R. L.; Takai, E.; LeRoux, M. A.; Lu, H. H.; Stark, R. 
G.; Guo, X. E.; Ateshian, G. A., Anatomically shaped osteochondral constructs for articular 
cartilage repair. �����
�	��	*���
��
����	�""�$ )� (12), 1853064. 
31. (a) Ford, A.; Chui, W. F.; Zeng, A.; Nandy, A.; Liebenberg, E.; Carraro, C.; Kazakia, G.; 
Alliston, T.; O'Connell, G. D., Large Modular Engineered Cartilage Surfaces with Evenly 
Distributed Properties. �	 ��	 %���	 "��	 
��	 5
��	 #
�	 �"�#� (� ��� !
)�
�; (b) Cohen, Z. A.; 
McCarthy, D. M.; Kwak, S. D.; Legrand, P.; Fogarasi, F.; Ciaccio, E. J.; Ateshian, G. A., Knee 
cartilage topography, thickness, and contact areas from MRI: in0vitro calibration and in0vivo 
measurements. !��
�
��������	 
����
�
	�%%%$ 2 (1), 950109; (c) Eckstein, F.; Sittek, H.; Milz, S.; 
Putz, R.; Reiser, M., The morphology of articular cartilage assessed by magnetic resonance 
imaging (MRI). Reproducibility and anatomical correlation. (�����
�	
��	�
��������	
�
����	�	
(5�	�%%�$ 3� (4), 429038; (d) van Uden, S.; Silva0Correia, J.; Correlo, V. M.; Oliveira, J. M.; 
Reis, R. L., Custom0tailored tissue engineered polycaprolactone scaffolds for total disc 
replacement. ����
*���
����	�"� $ 2 (1), 015008. 
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32. (a) Roach, B. L.; Hung, C. T.; Cook, J. L.; Ateshian, G. A.; Tan, A. R., Fabrication of 
tissue engineered osteochondral grafts for restoring the articular surface of diarthrodial joints. 
#
�����	�"� $ �-, 10308; (b) Daly, A. C.; Cunniffe, G. M.; Sathy, B. N.; Jeon, O.; Alsberg, E.; 
Kelly, D. J., 3D Bioprinting of Developmentally Inspired Templates for Whole Bone Organ 
Engineering. ���
��
�	�

����
�
	�
�
��
��	�"�#$ � (18), 2353062. 
33. Wu, Z.; Su, X.; Xu, Y.; Kong, B.; Sun, W.; Mi, S., Bioprinting three0dimensional cell0
laden tissue constructs with controllable degradation. (��
������	�
�����	�"�#$ �, 24474. 
34. (a) O'Connell, G. D.; Nims, R. J.; Green, J.; Cigan, A. D.; Ateshian, G. A.; Hung, C. T., 
Time and dose0dependent effects of chondroitinase ABC on growth of engineered cartilage. 
"����

�	�
���	0	�
�
��
��	�"��$ $2, 312020; (b) O'Connell, G. D.; Tan, A. R.; Palmer, G. D.; 
Cui, V. H.; Bulinski, J. C.; Ateshian, G. A.; Hung, C. T., Cell migration behavior of human 
chondrocytes for guiding three0dimensional engineered cartilage growth. %����
	"��	
��	5
�
�	
#
�	�"� �(����*�
��. 
35. (a) Kim, I. L.; Mauck, R. L.; Burdick, J. A., Hydrogel design for cartilage tissue 
engineering: a case study with hyaluronic acid. ����
�
��
��	 �"��$ )$ (34), 8771082; (b) 
Ifkovits, J. L.; Sundararaghavan, H. G.; Burdick, J. A., Electrospinning fibrous polymer scaffolds 
for tissue engineering and cell culture. �����
�	��	����
��8
�	
9�
���
���	�	��:"	�""%$  (32); (c) 
Prestwich, G. D., Hyaluronic acid0based clinical biomaterials derived for cell and molecule 
delivery in regenerative medicine. �����
�	 ��	 ��������
�	 �
�

�
	 �	 ������
�	 &����
�	 ��	 ��
	
 �������
�	5
�

�
	(���
��	�"��$ 3�� (2), 19309. 
36. (a) Zheng, L.; Sun, J.; Chen, X.; Wang, G.; Jiang, B.; Fan, H.; Zhang, X., In vivo 
cartilage engineering with collagen hydrogel and allogenous chondrocytes after diffusion 
chamber implantation in immunocompetent host. %����
	
����

�����	6
��	�	�""%$ 3� (8), 21450
53; (b) Ren, X.; Wang, F.; Chen, C.; Gong, X.; Yin, L.; Yang, L., Engineering zonal cartilage 
through bioprinting collagen type II hydrogel constructs with biomimetic chondrocyte density 
gradient. �# 	��������.
�
�
�	������
��	�"�#$ 32, 301. 
37. (a) Yue, K.; Trujillo0de Santiago, G.; Alvarez, M. M.; Tamayol, A.; Annabi, N.; 
Khademhosseini, A., Synthesis, properties, and biomedical applications of gelatin methacryloyl 
(GelMA) hydrogels. ����
�
��
��	�"� $ 2), 254071; (b) Schuurman, W.; Levett, P. A.; Pot, M. 
W.; van Weeren, P. R.; Dhert, W. J.; Hutmacher, D. W.; Melchels, F. P.; Klein, T. J.; Malda, J., 
Gelatin0methacrylamide hydrogels as potential biomaterials for fabrication of tissue0engineered 
cartilage constructs. #
������
���
�	*�����
��
	�"��$ 3) (5), 551061. 
38. (a) Park, J. S.; Woo, D. G.; Sun, B. K.; Chung, H. M.; Im, S. J.; Choi, Y. M.; Park, K.; 
Huh, K. M.; Park, K. H., In vitro and in vivo test of PEG/PCL0based hydrogel scaffold for cell 
delivery application. �����
�	 ��	 ��������
�	 �
�

�
	 �	 ������
�	 &����
�	 ��	 ��
	 �������
�	5
�

�
	
(���
��	 �""'$ 3$- (102), 5109; (b) Singh, Y. P.; Bhardwaj, N.; Mandal, B. B., Potential of 
Agarose/Silk Fibroin Blended Hydrogel for in Vitro Cartilage Tissue Engineering. � (	
����
�	
�
�
��
��	0	 ���
��
�
�	�"�#$ � (33), 21236049; (c) Muller, M.; Becher, J.; Schnabelrauch, M.; 
Zenobi0Wong, M., Printing thermoresponsive reverse molds for the creation of patterned two0
component hydrogels for 3D cell culture. �����
�	��	����
��8
�	
9�
���
���	�	��:"	�"��$  (77), 
e50632. 
39. Rehfeldt, F.; Engler, A. J.; Eckhardt, A.; Ahmed, F.; Discher, D. E., Cell responses to the 
mechanochemical microenvironment00implications for regenerative medicine and drug delivery. 
���
��
�	����	�
���
��	�
��
��	�""'$ �+ (13), 1329039. 
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40. Klouda, L.; Mikos, A. G., Thermoresponsive hydrogels in biomedical applications. 
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����.	
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��	 �
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��	�""%$ �3 (15), 
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