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Articular cartilage defects, resulting from trauma or pathological change, affect a 

large population worldwide from adolescents to adults. The limited self-renewal 

ability of cartilage due to lack of blood vessels and cellular crosstalk makes it one of 

the most difficult tissues to regenerate. Common treatments to prevent the 

progression of critical cartilage defects involve surgical intervention such as 

microfracture and autologous chondrocyte implantation. Besides the time and cost 

involved in these clinical treatments, the quality of the regenerated tissue is not 

comparable to native tissue in regard to biological function; the cartilage synthesized 

at the defect region becomes fibrous and prone to failure over time, possibly due to 

the absence of required cellular microenvironment.  To overcome the difficulties in 

cell expansion associated with chondrocytes, human mesenchymal stem cell (hMSC) 



  

has been explored as an alternative cell source for its abundance and ability to 

differentiate into chondrocytes. The work presented here is aimed at recapitulating the 

complex microenvironment of cartilage tissue by guiding stem cell alignment and 

differentiation on a 3D patterned scaffold to improve the repair outcome. The first 

aim of this work examined cellular responses to the addition of mechanical 

preconditioning in an environment which incorporated signaling molecules and 

supporting matrices. Our developed compression-perfusion bioreactor provided a 

solution to enhance chondrogenic differentiation of hMSCs by providing mechanical 

stimulation that recapitulates the native environment. The second aim of the thesis 

extended the development of cellular environment to the use of 3D printed scaffold 

with controlled micro-patterns. During extrusion 3D printing, sheered polymer 

generated an organized micro-environment of aligned polymer molecules that had an 

impact on cell alignment and differentiation. The scaffold was then functionalized 

with aggrecan and applied to an in vivo model combined the standard approach of 

microfracture to evaluate the regenerative potential. The results demonstrated 

improved quality of the newly formed cartilage tissue. In this dissertation, we have 

investigated the cellular microenvironment that provides both mechanical and 

biological cues for cartilage regeneration. The acellular patterned scaffold that 

provides controlled cell behavior in combination with current surgical procedures will 

provide a cost-effective way to restore better cartilage function. 
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Chapter 1: Introduction to Cartilage Microenvironment1 

1.1 The Native Cartilage Niche 

Articular cartilage is an elastic connective tissue that surrounds the surfaces of articulating 

joints. The primary function of articular cartilage is to bear the loads subjected to articulating 

joints during regular movement. The tissue accomplishes this function through fluid 

pressurization and a dense extracellular matrix (ECM) 1. Articular cartilage is composed 

primarily of fluid and ECM and has a low cell content with a cellular density of less than 5% 

of the total tissue. The chondrocyte is the single cell type within articular cartilage, which 

functions to synthesize and maintain the ECM. The tissue overall is avascular, alymphatic, 

and not innervated. This contributes to a hypoxic metabolic environment for chondrocytes, 

and a limited capacity for intrinsic repair.  

 

Collagen is the primary component of the matrix, and functions to resist compressive forces. 

Collagen makes up about 60% of the dry weight of the tissue, with type II collagen 

representing about 80% of the collagen component 1. Due to its prevalence, type II collagen is 

the leading marker of the chondrocyte phenotype 2. Other collagen isoforms are also present 

in the ECM, including type VI, IX, and XI. Collagens are critical to the organization of the 

ECM. It has been shown that mice lacking the type II collagen isoform are unable to form 

organized cartilage tissue, and suffer from an overall decrease in skeletal development 3.  

Proteoglycans make up the second largest portion of the ECM, with a dry weight of 5-10%, 

followed by other non-collagenous proteins such as fibronectin, decorin, and biglycan. 

Aggrecan, the predominant proteoglycan present, is decorated with several types of sulfated 

glycosaminoglycans (GAGs), including chondroitin sulfate and keratan sulfate. Multiple 

                                                 
1 Adapted from: Guo T, Ferlin K, Kaplan D, and Fisher J. Engineering Niches for Cartilage 
Tissue Regeneration. Book Chapter. Biology and Engineering of Stem Cell Niches: Elsevier; 
2017. (531–546). 
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aggrecan molecules then bind to hyaluronic acid forming large aggregated proteoglycans 

which carry a negative charge, resulting in significant amounts of water being retained by the 

tissue 1, 4. Water makes up approximately 65-80% of the overall weight of articular cartilage, 

and is critical to the mechanical properties of the tissue such as flexibility and viscoelasticity. 

GAG content allows the tissue to absorb fluid and distribute pressures during load cycles, a 

key factor to the overall function of articular cartilage tissue.     

1.2 Zonal Organization 

In addition to organization based on the distance from the cell surface, articular cartilage 

tissue has been divided into three zones based on tissue depth: the superficial or tangential 

zone, the middle or transitional zone, and the deep or basal zone 5. The ECM organization, 

cell morphology, and metabolic activity of each zone are distinct and represented in Figure 

1.1. Generally, the top 10-15% of the tissue, which contains the articulating surface, is 

defined as the superficial zone. The middle zone is defined as approximately the middle 60% 

of the tissue, and the deep zone is composed of the remaining 30% of the tissue 6. The 

composition and organization of the ECM varies in each zone. The collagen content per dry 

weight is not significantly different in each zone; however, there are significant differences in 

the orientation of the collagen fibers and the number of crosslinks between collagen fibrils. It 

is suggested that the distinct collagen fiber orientation for each zone accounts for the depth 

dependent differences in stiffness and tensile strength 7. These properties are highest in the 

superficial zone, and decrease with increasing tissue depth. In the superficial zone, collagen 

fibers are oriented parallel to the articulating surface and are found in tight bundles. This 

orientation provides tensile strength while also functioning to block unwanted molecules 

from diffusing into the articular cartilage from the synovial fluid 8. In the middle zone, 

collagen fibers are oriented randomly in an arching pattern. Collagen fiber orientation shifts 

to become perpendicular to the articulating surface in the deep zone. The organization in the 
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middle and deep zones contributes to the compressive mechanical properties of these tissue 

zones 2, 5.  

 

There are also distinct changes in the proteoglycan content of each zone, with content 

increasing with tissue depth 9. Increases in the proteoglycan content of the tissue correspond 

directly to increases in the compressive modulus of the tissue. Proteoglycans contribute to the 

hydration of the tissue, and therefore the superficial zone demonstrates the lowest water 

content of the tissue with approximately 65% of the water content residing in the middle and 

deep zones. Oxygen content also varies throughout the tissue depth, with the superficial zone 

containing the highest concentration of oxygen. This is likely due to the diffusion of oxygen 

from the synovial fluid and into the superficial zone. Concentration decreases with tissue 

depth, with the middle and deep zones having much lower oxygen concentrations 10.   

 

Figure 1. 1. Schematic representation of the zonal organization of chondrocytes and 
collagen fibers in articular cartilage. The superficial zone is the top 10-15% of the tissue 
volume and contains cells and fibers oriented parallel to the articulating surface. The middle 
zone is the middle 60% of the tissue and is marked by randomly oriented cells and collagen 
fibers. In the deep zone, which is the bottom 30% of the tissue, chondrocytes (A) are arranged 
in columns vertical to the articulating surface, and collagen fibers (B) are similarly oriented 
perpendicular to this surface.  
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Zonal differences in matrix organization and structure are due to variations in the cellular 

activity of each zone 11. Chondrocytes in each zone differ in their morphology, density, and 

metabolic activity. Cells residing in the superficial zone are the smallest and occur in the 

highest density of the tissue. These cells have an elongated morphology and like the collagen 

fibrils in this zone, are oriented parallel to the articulating surface. Superficial zone 

chondrocytes are the predominant producer of proteoglycan 4 (PRG4), which is a large 

glycoprotein also known as lubricin, and contributes to the lubricating function of the 

synovial fluid 5. Chondrocytes residing in the middle zone are larger and also less densely 

populated compared to the superficial zone. Middle zone cells do not have a defined 

orientation. Cells in the deep zone are similarly larger than the cells of the superficial zone, 

and are oriented perpendicular to the articulating surface. Deep zone chondrocytes are 

arranged in columns and function to anchor the articular cartilage tissue to the underlying 

osteochondral layer below. Unlike the cells of the superficial and middle zones which 

predominantly reside on their own, chondrocytes in the deep zone occur in clusters of five to 

eight cells 8.  

 

Reconstruction of the zonal organization of the tissue is vital to the successful development 

of regenerative therapies for the repair of cartilage defects. While the importance of this 

structure is well understood, a majority of the current cartilage therapies treat the population 

as homogeneous. This has been shown to be inefficient, with the fibrous repair tissue forming 

after surgical interventions lacking the native zonal structure 2.  

1.3 Engineering Cartilage Tissue 

For cartilage engineering, it often refers to the repair of articular cartilage and the restoration 

of joint function. In particular, cartilage tissue has very limited ability to regenerate after 
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critical damage, so it brings a strong need and interest to the development tissue engineering 

treatments.  

 

One way to make zonal cartilage constructs is to enrich and isolate chondrocytes from 

different regions 12. After forming high density subpopulations of chondrocytes, cartilage 

constructs with different proteoglycan content and mechanical properties can be developed. 

Similarly, researchers have showed induced alignment from co-culture of MSCs with 

chondrocytes compared to chondrocyte-chondrocyte culture 13, 14. Those results together 

suggested that the quality and sources of the cells could result in different differentiation 

outcomes such as matrix alignment, which is essential for forming zonal structure.  For better 

regeneration results, highly purified subpopulations are needed with the help of zonal markers 

such as superficial zone protein (SZP) and developed purification procedures. However, it is 

also unclear if the chondrocytes would change their phenotype during the formation of 3D 

constructs.  

 

Another direct method to tissue engineering zonally structured cartilage is to layer material 

by manipulating the hydrogel concentration in different layers. In a study using two-layer 

agarose gels to mimic the heterogeneity of the native cartilage, a potential to achieve zonal 

structure using this type of approach was demonstrated, but with concerns on the long term 

maintenance of the distinct zonal properties 15. The culture conditions and the cell response 

can alter the original distinction of the engineered hydrogel constructs. Considering the easy 

crosslinking method using calcium chloride solutions, alginate is a possible candidate to form 

layered structures by attaching separately fabricated sheets 16. Although these techniques 

show promise for the engineering of functional zonal cartilage, additional biological data and 

long term studies are required to better assess the possibility of these scaffolds for cartilage 

defect repair.  
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Interactions between cells and materials can influence each other. For example, cell behaviors 

can change the long-term properties of the scaffold material while the material can directly 

affect cell differentiation to generate zonally organized engineered cartilage.  This allows for 

the use of a single source of progenitor cells to achieve this goal. For example, the addition of 

chondroitin sulfate (CS), matrix metalloproteinase-sensitive peptides (MMP-pep) and 

hyaluronic acid (HA) to PEG based hydrogels resulted in different expression of type II 

collagen and proteoglycans 17. PEG:CS:MMP-pep hydrogel provided the highest levels of 

type II collagen expression with low expression of proteoglycans that mimics the superficial 

zone properties. As a comparison, a PEG:HA composite hydrogel showed high expression of 

proteoglycan but low expression of type II collagen, representative of the deep zone, while 

PEG:CS exhibited intermediate zonal properties. Correspondingly, the different compositions 

of hydrogels also have distinct compressive moduli that match the native cartilage properties. 

 

The in vivo microenvironment is an important factor that contributes to the native cartilage 

structure. As a result, recapitulating the microenvironment such as oxygen levels and 

mechanical stimulation represents another strategy to create zonally structured cartilage 

tissues. One recent study developed a customized culture technique to create a gradient 

oxygen level for MSC chondrogenesis with additional dynamic compression to mimic the 

key aspects of the cartilage environment 18. Another study demonstrated that gradient nutrient 

supply (e.g. glucose) also induces zonal differentiation of chondrocytes. A low glucose 

condition was also suggested as more suitable culture condition for chondrogenesis 19. 

Results indicated that control of the microenvironment plays a role in differentiating 3D 

encapsulated progenitor cells to chondrocytes or modulating the chondrocyte phenotype and 

thus, forming depth-dependent cartilage structure.  
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The emerging technologies such as 3D printing will be beneficial to pursue the desired 

material structure to meet the physiological requirements by precisely controlling the 

fabrication process. The above techniques can be combined resulting in more complicated 

architectures with improved functional performance. Consequently, additional work is needed 

to optimize different conditions and detailed treatments. 

 

Growth factors play an important role in determining the phenotype of both stem cells and 

differentiated cells. Considering the limited ability of cartilage tissue to self-renew, the use of 

growth factors as a treatment to modulate the regeneration process has been reported with 

positive results. In general, growth factors secreted by different cells can activate specific 

signaling pathways after binding to the cell surface 20. The main drawback of the use of 

growth factors is their short half-life and rapid degradation once delivered in vitro or in vivo. 

The wide distribution of factors in vivo can also cause undesired reactions or cytotoxicity. 

The use of degradable vehicles provides a localized delivery and potentially stable release of 

the growth factor. In a study using natural polymer alginate as delivery vehicle for rabbit 

cartilage defects, the results indicated that targeted delivery to the injury site could prevent 

systemic side effects while improving cartilage repair compared to control group 21. Other 

similar approaches have been investigated with materials such as chitosan 22 with similar 

conclusions; delivery using a chitosan material vehicle exhibited improved regeneration. In 

addition, these results pointed out that the release kinetics are influenced by the 

physiochemical characteristics of the encapsulated proteins. The material properties of the 

vehicles are critical in such applications. The process of making these protein-vehicle 

constructs may denature or deactivate the function of the growth factors. Despite the high 

expenses associated with these methods, long-term follow-up studies are needed to evaluate 

the safety and efficacy of treatment through growth factor delivery.  
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Acellular ECM that mimics the in vivo environment has been shown to be beneficial for both 

in vitro chondrogenesis of stem cells and cartilage regeneration in animal models. The 

success of acellular ECM is thought to be two-fold: first, ECM provides mechanical support 

for the damaged joint; and second, the similar structure may guide cell attachment, migration 

and behavior. 

 

A direct approach is the use of decellularized cartilaginous or fibrocartilaginous tissue. The 

decellularization process can be achieved in a variety of methods. There are typically three 

categories of treatment—physical, chemical and enzymatic 23. For all the methods, the 

purpose is to remove all of the cellular components while maintaining the integrity of the 

extracellular matrix. Physical processes such as thermal shock using freeze-thaw cycles and 

mechanical disruption are often used as an initial step prior to further processing. Chemicals 

such as detergents, solvents, acidic and alkaline solutions, and ionic solutions are commonly 

used in tissue decellularization including cartilage tissues 24. The retention of bioactive 

molecules in addition to the mechanical and structural integrity make decellularized cartilage 

tissue an attractive strategy considering the intrinsic lack of growth factors and nutrient 

supply of cartilage tissues. However, the total performance of this treatment highly depends 

on the decellularization procedure. An insufficient decellularization process may cause severe 

foreign body reactions and cytotoxicity.  

 

Another option is to use synthetic materials to mimic the ECM structure for functional 

cartilage tissue restoration. One way to pattern the ECM structure is to use nano-fabrication 

techniques, among others. For example, a low-density 3D nanofiber network composed of 

poly(vinyl alcohol) (PVA)-methacrylate (PVA-MA) and a composite of PVA-MA/CS-

methacrylate (CS-MA) was fabricated to mimic the cartilage ECM 25 The authors 

hypothesized that the non-adhesive nature of PVA would reduce fibroblast invasion in vivo to 
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form hyaline-like cartilage, while the presence of CS would increase the expression of type II 

collagen. The biomimetic structure of the ECM made by synthetic polymers has a potential to 

solve the poor biological functions of these materials while providing desired mechanical 

strength in native cartilage range. 

 

A major concern of using pure ECM treatment is the poor integration with native tissues due 

to a lack of cell-cell interaction. Therefore, modifications or bioactive molecules attached on 

ECM that help attract local cell migration and differentiation would strengthen the local 

regeneration.  For example, the combination of ECM and growth factors as a treatment for 

cartilage defects has been reported. The researchers used injectable visible blue light 

inducible chitosan covalently conjugated with TGF-beta-1 for the regeneration of partial 

cartilage defects in a rat model 26. Their results suggested that this combined therapeutic 

system promoted the cartilage regeneration in this challenging healing environment where 

limited native stem cells and growth factors are presented.  

 

Although on some levels acellular ECM is a promising approach to treat cartilage dysfunction, 

the intrinsic low proliferation of chondrocytes remains a challenge for long-term success, 

especially for larger defects. Incorporation with native or transplanted cells is needed in many 

cases.   

 

A growing field of work involves the combination of acellular biomaterials with clinical 

treatments such as microfracture to improve cartilage regeneration. Microfracture has been 

applied as a clinical treatment for decades; however, the long-term results vary significantly 

case to case. Often, repair tissue becomes fibrocartilaginous with increased amounts of type I 

collagen and decreased type II collagen. To improve upon the microfracture technique, many 

researchers have tried to combine the surgical procedure with the use of novel materials with 



 

 10 
 

an acceptable biocompatible profile. Most of the materials are natural or contain similar 

components to the ECM. Applying hyaluronic acid (HA) after microfracture has been shown 

to promote thicker, hyaline-like cartilage compared to controls in a three-month study in 

rabbit model 27. A recent stage 1 clinical trial using injected hyaluronic acid as postoperative 

treatment indicated improved clinical performance compared to microfracture alone 28. 

Chitosan is a widely used biomaterial in tissue engineering. It is inexpensive, easy to handle 

and most importantly, has tunable mechanical and chemical properties. In a study combining 

chitosan-glycerol phosphate/blood clots with microfracture, the implants resulted in an 

increased filling of the defect, hyaline-like repair tissue, and restoration of normal 

glycosaminoglycan production 29. There is a commercially available chitosan based matrix 

(BST CarGel by Piramal Healthcare), which can be mixed with whole blood to achieve 

improved quantity and residency of the blood clot.  Alternatively, synthetic or mixed 

components are also popular because of their relatively low cost and tunable properties. 

ChonDux (Biomet) is a PEG based biomaterial that could be connected to the native tissue 

via biological glue such as chondroitin sulfate and is currently under clinical trials in Europe 

(ClinicalTrials.gov identifier: NCT01110070).  

 

Although the mechanisms of the repair processes are not well understood, the common 

rationale behind the use of biomaterials in combination with microfracture is to guide the 

native cells and growth factors to the target sites by providing similar structures as native 

proteoglycans, which, in addition to collagen, can help to induce local chondrogenesis.   

 

Therapeutic materials applied after microfracture for guided cartilage repair are also been 

modified with bioactive molecules such as growth factors for the purpose of improving the 

chondrogenic process. For example in one study, TGF-β3 infused bioscaffolds were proven 

to recruit significantly more cells than TGF-β free bioscaffolds 30. However, researchers also 
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indicated that the addition of biologics may slow the regulatory process and result in weaker 

regeneration than delivery of the materials alone 31. This might be due to the complicated cell 

responses occurring during the regeneration, and therefore, a fundamental understanding of 

the chondrogenesis process will further the combination of acellular materials and biologics 

such as growth factors.  

 

Biomaterials can be modified to present biologically active signals to a cell population, 

including cell adhesion peptides and growth factors to facilitate cell adhesion and direct cell 

fate. Biomaterials are designed to mimic the ECM and local cellular environment to promote 

tissue infiltration and regeneration. Polymers used to make biomaterials can be naturally or 

synthetically derived, with natural polymers such as collagen or hyaluronic acid containing 

bioactive moieties to support cell attachment, proliferation, and differentiation. In vivo 

degradation rate is an important factor to consider when designing a scaffold since it affects 

the interactions between implanted tissues and native tissues. However, these natural 

materials are often hydrogels that cannot be tuned to a desired mechanical stiffness or 

degradation rate. Synthetic polymers such as poly (ethylene glycol) or PEG, offer the ability 

to control scaffold properties, but do not have any native biological activity. Synthesis 

techniques have been developed to incorporate biologically active domains into the structure 

of synthetic polymers, offering a means to control mechanical, degradation, and bioactive 

properties of the overall biomaterial scaffold.  

 

The adsorption of ECM proteins onto the surface of biomaterials is one of the simplest means 

to improve cell attachment to a biomaterial, and is often employed as a means to combine 

synthetic and natural polymers 32, 33. In addition to adsorption, bioactive molecules and 

growth factors can be covalently tethered to a material surface. A commonly used polymer 

for surface modification through covalent tethering is PEG, as it is known to resist cell 
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adhesion in its unmodified form and can be considered a “blank slate” prior to surface 

modification. PEG based polymers have been used extensively to control the interaction 

between chondrocytes and differentiating MSCs with the underlying material substrate, with 

results indicating that the inclusion of ECM molecules and growth factors contributes to 

increased mechanical properties, ECM deposition, and expression of cartilage-specific 

markers 25, 34, 35. Sridhar et al. 34 functionalized PEG hydrogels with the growth factor TGF-

β1, a known inducer of chondrogenesis. Chondrocytes encapsulated within modified 

hydrogels exhibited increased levels of DNA, GAGs and collagen over a 28 day culture 

period compared to samples that received soluble delivery of the growth factor in the media. 

PEG hydrogels have also been modified with matrix metalloproteinase (MMP) sensitive 

sequences to encourage scaffold degradation as a function of cell activity. MMPs are 

enzymes known to participate in the remodeling of the articular cartilage ECM, and therefore 

sequences sensitive to the activity of MMPs would be degraded as cells infiltrate and remodel 

the implanted material. PEG norbornene gels modified to include TGF-β1 and crosslinked 

with MMP cleavable sequences resulted in significant increases in GAG and collagen 

production following 14 days of coculture between MSCs and chondrocytes. Compared to 

non-degradable gels, MMP degradable hydrogels showed increased amounts of matrix 

deposition 36. Recently, aggrecanase sensitive PEG hydrogels have been fabricated using 

similar methods and show sensitivity to aggrecanase over culture time and promotes the 

formation of hyaline-like cartilage tissue 37.   

 

In addition to the use of PEG based hydrogels as a means to tailor the interactions between 

cells and materials, modified nanofibers have also been developed as a means to increase the 

ECM production and gene expression of cells seeded on the material surface. Coburn et al. 25 

showed that the combination of PVA nanofibers with chondroitin sulfate nanofibers resulted 

in a significant increase in ECM deposition over the micromass pellet control, with modified 
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nanofiber scaffolds producing the highest levels of type II collagen in vitro and in vivo. Self-

assembling nanofibers have been used as a means to promote in vitro chondrogenesis through 

surface modification with TGF-β1 binding epitopes 38.  

 

Surface modification of natural polymers has also been utilized to promote cartilage tissue 

regeneration. Chawla et al. 39 showed that single amino acids of a saccharide based peptide 

copolymer could be modified to increase the modulus of the resulting cell-biomaterial 

construct following the induction of chondrogenesis. The modulus of the resulting tissue was 

also significantly upregulated in chitosan modified poly l-lactide-co-ɛ-caprolactone (PLCL) 

scaffolds when compared to unmodified scaffolds, with chitosan modified scaffolds resulting 

in double the modulus of the unmodified counterpart 40.  

 

Finally, combinatorial modification of scaffolds has been shown to produce increased 

cartilage matrix production compared to single modification alone. The inclusion of the ECM 

proteins hyaluronic acid and chondroitin sulfate alone or in combination with the adhesion 

motif RGD was investigated by Kim et al. 41, showing that the combination of chondroitin 

sulfate and RGD resulted in the greatest degree of DNA, GAG, and collagen accumulation, 

while also promoting the production of lubricin, a key component of the superficial zone of 

articular cartilage. Similarly, the combination of mechano growth factor, or MGF with TGF-

β3 on embedded silk fibroin scaffolds resulted in the combination group exhibiting a 1.8 fold 

increase in vitro and a 2 fold increase in vivo in type II collagen and aggrecan production 

compared to the TGF-β3 alone group 42.  

 

A widely used natural material in tissue engineering area is chitosan, which originates from 

the exoskeleton of crustaceans. Its superior tunable material properties make it a popular 

material choice for scaffolds in cartilage tissue repair. Biologically, besides its high 
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compatibility, the similar structure to glycosaminoglycans attracts cells and growth factors, 

similar to the function of proteoglycans in native tissues. The cationic nature of chitosan 

makes it possible to trap anionic GAGs linked with biomolecules by electrostatic interactions 

43.  Mechanically, the degradation rate and pore size could also be tuned during processing 44. 

Chemically, the cationic nature of chitosan allows it to form insoluble composite with many 

anionic polymers 45. Available amine groups facilitate the formation of composite scaffolds 

or copolymers with other natural materials such as HA 46, collagen 47, agarose and gelatin 48 

and even synthetic materials such as poly(ɛ-caprolactone)49. The superior gelation property 

also gives the possibility to make injectable therapeutic materials 50, 51, which is beneficial for 

clinical applications to simplify the surgical procedures. One of the major concern of chitosan 

for cartilage regeneration is the low degradation rate in vivo will cause poor interactions with 

native tissues. Chemically modified chitosan with improved degradation properties has also 

been explored to solve this problem 52.  

 

Alginate is a highly biocompatible material that has been used for cartilage tissue engineering 

for years. One of the unique characteristics of alginate is that it crosslinks in the present of 

calcium ions which makes it very easy to encapsulate cells and maintain their viability. The 

cells cultured in 3D alginate scaffolds can maintain good viability and phenotype 53. By 

adding EDTA to sequester calcium ions, the scaffolds can be readily dissolved to retrieve 

cells. The major disadvantage is weak mechanical properties, in addition to a loss in scaffold 

integrity in regular cell culture media because calcium ions diffuse away during culture 54. 

However, complete degradation in vivo still takes a significant amount of time, which may 

result in a negative effect on the regenerated tissues. As a relatively well understood material 

with multiple crosslinking possibilities, cartilage tissue engineering using alginate has been 

expanded to incorporate other advanced techniques for better repair outcome.  For example, 

the use of a microfluidic device to produce highly organized 3D alginate scaffolds showed 
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improved chondrocyte proliferation and differentiation results 55. This technique was also 

investigated in vivo using a mouse model showing upregulated type II collagen expression 

after two weeks in a follow up study 56. 

 

Similar to alginate, agarose is another polysaccharide derived from seaweed that has been 

well characterized as a basic tissue engineering scaffold candidate. It has a gelling 

temperature of 34–38 °C and a melting temperature of 90–95 °C. Agarose also exhibits poor 

in vitro degradation properties, losing matrix integrity over time due to the loss of thermal 

factors through temperature change 57. However, in vivo, agarose is not degradable in the 

physiological environment, which may cause undesired immune responses. Agarose alone 

has very limited ability to treat cartilage defects, but the continuous structure of agarose can 

deliver the mechanical stimulation in dynamic culture to the encapsulated cells to help 

maintain extended differentiation 58. Recently, to overcome the disadvantages of using single 

agarose material, researchers have broadened their views on the combination of agarose and 

other materials.  

 

Hyaluronan (also called hyaluronic acid) (HA) is a widely used anionic, nonsulfated 

glycosaminoglycan in chondrogenic applications as it also presents in native cartilage tissues 

and might contribute to cell behaviors 59. It can be modified with methacrylic anhydride and 

photopolymerized into networks with a wide range of physical properties such as degradation 

rate and mechanical behavior 60. The bioactive functions on chondrogenesis and unique 

nonsulfated properties makes HA possible for injectable clinical treatment, which has been 

applied for years 61.  

 

Aqueous-derived silk fibroin is another natural material that has been reported to promote cell 

attachment, proliferation and differentiation in serum free media with additional TGF-β1 62. 
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Briefly, when used to generate cartilage tissue engineered construct, the silk fibroin solution 

is first prepared from Bombyx mori silkworm cocoons. Then a salt leaching process is 

followed to create a porous structure 63. The results also demonstrate a relatively high 

expression of type II collagen and chondrogenic genes compared to other materials. Notably, 

different extraction processes and concentrations can affect the resulting properties of silk 

fibroin and thus influence cell proliferation and matrix formation 64. Another unique 

advantage of silk hydrogel scaffolds is improved mechanical support compared to other 

common natural materials such as agarose and alginate 64. Silk fibroin can also been 

conjugated with other materials to form composite functional materials. For example, silk 

fibroin/chitosan blended scaffolds were introduced to provide ideal cell attachment and 

proliferation as well as similar structures as glycosaminoglycans, which are crucial for 

cartilage repair 65. 

 

Compared to natural materials, synthetic biomaterials allow the researcher to modify physical 

and chemical structures to achieve known and controllable properties such as degradation rate, 

mechanical strength and porosity. 

 

Poly-glycolic acid (PGA) is one of the most commonly demonstrated and used materials in 

cartilage tissue engineering.  The degradation rate of PGA is relatively high, as compared to 

other synthetic biomaterials, with an expected in vivo residence time ranging from 4-12 

months66. In terms of cartilage repair, mesh forms are usually used 67 to obtain highly porous 

structure that allows better nutrient transfer to the encapsulated cells. However, this design 

can cause weak mechanical properties. In a study using chondrocytes seeded onto PGA 

scaffolds for in vivo cartilage regeneration, new ECM produced by seeded chondrocytes acted 

as a cover to the original PGA fiber, preventing rapid degradation by the host tissue. 

Additionally, chondrocyte-seeded PGA scaffolds caused decreased inflammatory response 
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compared with non-seeded scaffolds, most likely due to seeded PGA scaffolds causing fewer 

degradation products which might cause local PH change and thus immune responses 68.  

 

Another polyester that is being widely applied for tissue engineering strategies is poly-lactic 

acid (PLA), which has also been used in several different FDA approved or cleared devices. 

Its degradation products can be absorbed by the human body. The degradation of PLA is 

slower than PGA, which causes less inflammatory response, but the decreased mechanical 

properties when making highly porous PGA scaffolds still exists in such applications. A 

study suggests that the chondrocytes initially adhere more readily on the PGA surface 

compared to PLA although the final proliferation remains similar 69. PLA has also been 

explored as a base material to combine with natural polymers such as collagen and chitosan 

to make hybrid scaffolds. With improved mechanical properties while adding additional cell 

attachment and invasion abilities, hybrid scaffolds are potentially more promising than those 

made by pure materials.  

 

The copolymer poly(lactic-co-glycolic acid) or PLGA made of PGA and PLA monomer was 

developed to achieve tunable degradation rates combining the advantages of the two 

polymers. The hybrid scaffold composition determines not only the mechanical properties, 

but also cell responses such as adhesion and proliferation. It was reported that high PGA ratio 

would result in improved chondrocyte attachment and maintenance of a rounded shape 70. A 

recent publication found that microtubular oriented PLGA can induce a more homogeneous 

structure and thicker cartilage formation in vivo. Briefly, microtubular oriented PLGA can be 

formed through a freeze dry process 71. Together with other studies on the chondrogenesis 

effect caused by the microstructure of the material 72, the orientation and detailed structures 

of the scaffolds should be considered to develop biomimetic tissue engineered cartilage. The 
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tunable properties and well-characterized science behind PLGA makes it a good choice for 

further studies on specified material modifications.  

 

Poly-caprolactone (PCL) based materials show improved mechanical integrity compared to 

PGA/PLA biomaterials with a longer degradation period, up to a few years. This will allow 

time for the regeneration of native tissues. An important application of PCL is the formation 

of nanofiber structured meshes, which can be achieved by using electrospinning techniques 73 

or lyophilizing a water–dioxane–PCL solution to created micro and nano-pores 74. The nano-

structured PCL exhibited higher expression of chondrogenic markers in vitro and a higher 

histology score in vivo in comparison to a collagen based scaffold Chondro-Gide®.  

 

Since biocompatibility and cell behavior are major concerns when using synthetic materials 

for regenerative medicine, materials that exhibit superior biological functions are being 

explored to solve these questions. The most common example is poly-ethylene glycol (PEG). 

Its high hydrophilicity prevents growth factors and proteins from being attracted by the 

material that could potentially cause immune response 75. This advantage makes PEG very 

popular in combining with other materials to form composite structure. For PEG based gels, 

the degradation rate can be controlled and has been proven to affect the neo-cartilage growth. 

One study used non-degradable poly(ethylene glycol) dimethacrylate (PEGDMA) and a 

degradable triblock copolymer, poly(lactic acid)-b-poly(ethylene glycol)-b-poly(lactic acid) 

with acrylate end groups to fabricate a PEG hydrogel with tunable degradation rates by 

varying the weight percentage of the two macromers 76. Gels with increased degradation rate 

resulted in higher type II collagen synthesis. Other tunable materials properties such as the 

crosslinking density of photocrosslinkable PEG also plays a role in chondrocyte morphology 

77. With more promising mechanical properties close to native cartilage, PEGDMA with 
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human chondrocytes has been considered to use for direct cartilage repair combining the 3D 

printing technology 78.  

 

Considering that native cartilage is composed of more than one material, composite materials 

have become more and more popular in recent years to better functionally restore the 

damaged cartilage. In one study, porous elastomeric poly L-lactide-co-e-caprolactone (PLCL) 

was generated and crosslinked at the surface to chitosan 40. Chitosan-modified PLCL showed 

improved chondrogenesis and an increased modulus of cartilage tissue. Increased expression 

of phenotypic markers and cell compatibility was also improved compared to unmodified 

PLCL. Research of this nature provides insight into the potential of combining natural and 

synthetic materials. Through combination fabrication technologies, we can compensate for 

the disadvantages of each material type while highlighting and maintaining the intrinsic 

advantages.  

1.4 Dissertation Work Overview 

In general, as stated by Langer et al., tissue engineering applies the principles of engineering 

and life sciences toward the development of biological substitutes that restore, maintain, or 

improve tissue function 79. It requires the combination of biomaterials, cells, chemical factors 

and engineering methods to reach a solution for clinical problems.  

Specifically, the aims of this work are as follows: 

(1). Investigate the cellular responses to different culture conditions and mechanical stimuli. 

a. Develop a compression bioreactor system with real time sensor to test the 

mechanical conditions 

b. Evaluate the cell proliferation and differentiation potential in response to different 

culture conditions 
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(2). Design and fabricate a cartilaginous scaffold that mimics the complex structure of native 

cartilage 

a. Exam the material composition and printing conditions for high resolution scaffold 

fabrication using extrusion-based 3D printing technology 

b. Investigate the cell alignment and the induced cellular function on 3D 

micropatterned scaffold 

(3). Establish a new treatment that combines microfracture with our bioactive scaffold to 

enhance the in vivo cartilage tissue regeneration 

 a. Characterize the aggrecan functionalization and evaluate the cell adhesion in vitro 

b. Demonstrate the therapeutic effect of the scaffold in a lapine cartilage defect 

model 
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Chapter 2: Human Mesenchymal Stem Cell Proliferation and 
Chondrogenic Differentiation: Effect of Culture Conditions and 

Mechanical Stimulations2 

 

2.1 Introduction 

Articular cartilage formation begins in the mesenchyme with the condensation and 

differentiation of mesenchymal stem cells (MSCs) into pre-chondrocytes. Although 

autologous chondrocytes transplantation (ACT) has been clinically used as an advanced 

clinical treatment, healthy cartilage tissue is often very limited in human bodies. In this case, 

chondrocytes are harvested in an initial surgery from intact cartilage tissues that come from 

non-weight bearing parts of the joint 80, so the availability of autologous chondrocytes is 

further limited considering secondary osteoarthritis may develop as a result of the tissue 

removal. Recently, mesenchymal stem cells (MSCs) have been considered an attractive cell 

source for cartilage engineering.  In addition to their availability and well documented 

isolation protocols, implanting undifferentiated MSCs may result in a better integration with 

in situ differentiated chondrocytes when compared to the implantation of differentiated 

chondrocytes81-83.   MSCs are found in multiple tissues throughout the body including the 

bone marrow, adipose tissue and the synovial membrane.  

 

However, the use of human MSCs (hMSCs) is limited as studies have shown the reduced 

formation of extracellular matrix, which is a major contributor to the mechanical function of 

cartilage.  To improve upon current methods, mechanical stimuli can be introduced to 

                                                 
2 Adapted from: Guo T, Yu L, Lim C, Goodley A, Xiao X, Placone J, Ferlin K, Nguyen B, 
Hsieh A, Fisher J. Effect of Dynamic Culture and Periodic Compression on Human 
Mesenchymal Stem Cell Proliferation and Chondrogenesis. Annals of Biomedical 
Engineering 2016;44(7):2103-2113. 
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engineered tissues to better mimic the natural environment of articular cartilage and to induce 

differentiation of MSCs in 3D scaffolds84, 85. 

 

It is well known that native articular cartilage is exposed to mechanical stimuli such as 

dynamic compression, fluid shear, and hydrostatic pressure.  Considering the mechanical 

function of articular cartilage which transmits and distributes loads in joints, proper 

mechanical stimulation plays an important role in altering cell response for in vitro tissue 

culture 86.  Our laboratory previously developed a tubular perfusion system (TPS) that creates 

a dynamic environment for cell culture 87.  In this system, cells are encapsulated in 3D 

scaffolds and cultured in a tubular growth chamber.  Nutrient and oxygen supply can be 

enhanced by perfusing media through the scaffolds.  Concurrently, cells at the interface of the 

applied flow are exposed to shear forces. Previously published studies have demonstrated an 

improvement in osteogenic differentiation using the TPS.  However, the influence of the TPS 

bioreactor on chondrogenic differentiation of MSCs still remains unclear 88.  To recapitulate 

the native mechanical environment that facilitates chondrogenesis, we have recently 

developed a new approach wherein both shear and compressive forces are applied to an 

engineered 3D cell-scaffold construct.  Our design incorporates a metal roller, which applies 

mechanical compression in combination with the dynamic culture conditions provided by the 

TPS.  The overall goal of this study is to develop an advanced in vitro chondrogenesis 

protocol with proper chemical and mechanical stimulation. We hypothesize that our 

compression perfusion bioreactor would enhance chondrogenic differentiation by providing 

mechanical stimulation that mimics the in vivo environment.  There are three main objectives 

to comprehensively examine the proposed hypothesis.  First, to evaluate the effect of dynamic 

culture on hMSC proliferation.  Second, to evaluate the effect of dynamic culture on hMSC 

chondrogenic differentiation.  Third, to evaluate the influence of an additional, periodic 

compression on hMSC differentiation.   
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2.2 Materials and Methods 

2.2.1 hMSC Encapsulation and Culture  

Primary hMSCs were purchased (Lonza) and expanded in a monolayer in high glucose 

Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies) containing 0.1% 

penicillin/streptomycin (Life Technologies), 0.1 mM non-essential amino acids (Life 

Technologies) and 10% fetal bovine serum (Life Technologies).  After two passages, hMSCs 

were trypsinized (Life Technologies) and counted using trypan blue staining and a 

hemocytometer.  Two percent (w/v) alginate was prepared using protocols previously 

established by our laboratory 89.  Briefly, 2.0% (w/v) of alginic acid sodium salt from brown 

algae (Sigma-Aldrich) was dissolved in a 0.15 M sodium chloride and 0.025 M HEPES 

(Sigma-Aldrich) buffer, and then autoclaved and filtered for sterilization.  The alginate 

solution was mixed with hMSCs (3 million cells/mL) and injected through a 21-gauge 

syringe into 0.1 M calcium chloride (Sigma-Aldrich) solution to induce crosslinking for 15 

min. The diameter of the formed alginate spheres was approximately 2.5 mm. Alginate 

scaffolds encapsulated with hMSCs were loaded into the TPS bioreactor and cultured in 

chondrogenic media.  Chondrogenic media contained: high glucose DMEM, 40 mg/mL 

proline (Sigma-Aldrich, St. Louis, MO), 0.1% penicillin/streptomycin (Life Technologies), 

0.1% sodium pyruvate (Life Technologies), 50 mg/mL ascorbate 2-phosphate (Sigma-

Aldrich, St. Louis, MO), 0.1 mM dexamethasone, 1% ITS+ premix (BD Biosciences, 

Bedford, MA), and 10 ng/ml TGF-β3 treatment (R&D systems, Minneapolis, MN). 

 

The TPS bioreactor was set up as described previously 87.  Media flow was driven by an L/S 

Multichannel Pump System (Cole Parmer, Vernon Hills, IL) at a flow rate of 1 mL/min.  The 
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media was changed every three days.  For the study comparing static and dynamic culture, 

alginate scaffolds were fabricated and divided into two groups, one cultured in a petri dish 

(Fisher Scientific) and the other in TPS bioreactor.  For the compression study, alginate 

scaffolds (N = 50-55) were loaded into five 12 cm growth chambers for collections at 

different time points.  All scaffolds with encapsulated hMSCs were exposed to dynamic flow 

until the end of each time point.  Scaffolds cultured for 7 days in one chamber were collected 

as a baseline for future assays. Two of the chambers were introduced to additional 

compression (group 1) while the other two were under dynamic culture only (group 2).  The 

cyclic pressure was applied at 0.5 Hz frequency 90 . At each time point, hMSCs were isolated 

from alginate scaffolds by dissolution in ethylenediaminetetraacetic acid (EDTA) for 20 min 

at 37oC.  A cell pellet was formed by centrifugation and used for subsequent analyses. 

 

2.2.2 Pressure Sensor Fabrication and Bioreactor Set-Up 

Custom Fabry-Perot pressure sensors were constructed by adapting fabrication methods 

previously established 91.  A length of fiber optic cable (OD = 150 µm) was spliced at one end 

to a capillary tube (ID = 30 µm, OD = 150 µm) ensuring the fiber core was aligned with the 

hollow center of the capillary.  The spliced capillary was cleaved approximately 15 µm from 

the fiber interface and a 500 nm thick, UV curable polymer layer was added to the freshly 

cleaved capillary thereby enclosing the capillary cavity.  A titanium metal layer was sputtered 

onto the surface of the cured polymer to complete a flexible, water-resistant diaphragm atop 

the capillary cavity (Figure 2.4A).  Pressure changes at the capillary terminus cause the 

diaphragm to mechanically deflect allowing for changes in cavity length to be recorded to 

quantify pressure at the sensor tip.  All sensors were calibrated with a reference pressure 

gauge (SSI Technologies Inc, Janesville, WI) in a custom calibration chamber.  A fiber optic 

system (USB-4000 Spectrometer and HL-2000 Light Source, Ocean Optics, Dunedin, FL; 
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Beam Splitter, Gould Fiber Optics) was used to record cavity length data at a frequency of 

14.3 Hz in LabView 2012 (National Instruments, Austin, TX).  Signal optimization and 

processing were completed using MATLAB R2012b (MathWorks, Inc., Natick, MA). 

The TPS bioreactor was set-up as described previously 87.  Particularly, for the compression 

study, a customized metal roller was manufactured to apply cyclic compressive force onto 

tubular chambers that were confined in the supporting box (Figure 2.3A).  We utilized a 3D 

printed reducing connector to connect the growth chamber to the supply line.  Into this 

connector, we inserted the pressure sensor with a 21-gauge needle as a guide to insert the 

probe 1.5 inches from the connector into an alginate scaffold. 

2.2.3 DNA Isolation and Quantification 

Total hMSC DNA was isolated from scaffolds (alginate beads) using a DNeasy Blood and 

Tissue Kit (Qiagen, Frederick, MD).  A Quant-iT PicoGreen dsDNA Assay kit (Life 

Technologies) was used to quantify DNA following the manufacturer’s protocol.  Total DNA 

was calculated as ng/bead. 

 

2.2.4 RNA Isolation and qRT-PCR 
The total RNA was isolated from the hMSCs using an RNeasy Plus Mini Kit (Qiagen, 

Frederick, MD) and then reverse transcribed to complementary DNA (cDNA) using a High 

Capacity cDNA Archive Kit (Life Technologies).  Quantitative reverse transcriptase-

polymerase chain reaction (qRT-PCR) was performed by combining the cDNA solution with 

a Universal Master Mix (Life Technologies), as well as oligonucleotide primers and Taqman 

probes for Sox 9, type I collagen (COL1A1), type II collagen (COL2A1), aggrecan (AGC), 

and the endogenous gene control glyceraldehyde 3 phosphate dehydrogenase (GAPDH; Life 

Technologies).  The reaction was performed using a 7900HT real-time PCR System (Applied 

Biosystems) at thermal conditions of 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 
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95°C, and 1 min at 60°C.  The relative gene expression level of each target gene was 

normalized to the mean of GAPDH in each group then the fold change was determined 

relative to the day 7 pre-culture gene expression in the bioreactor without compression.  Fold 

change was calculated using the ΔΔCT relative comparative method as described previously 

92. Samples were completed in technical triplicates and mean ± standard deviations are 

reported.   

2.2.5 Immunohistochemistry 

Samples were fixed in 4% Paraformaldehyde on slides for 10 minutes.  After washing, 

samples were blocked and then stained with the primary antibodies to detect Type I collagen, 

aggrecan or Type II collagen (Abcam, Cambridge, MA), respectively.  Secondary antibodies 

were conjugated to Alexa488 or Alexa568 (Molecular Probes).  Nuclei were visualized with 

of 200 μg/L DAPI (4′, 6-diamidino-2-phenylindole, dilactate) stain.  Sections were mounted 

in Fluorescent Mounting Medium (DakoCytomation), and photographed using an Axioskop 

mot plus microscope (Zeiss, Thornwood, NY) with a digital camera (Axiocam) and Openlab 

software. 

 

2.2.6 Live-Dead Assay 

In order to assess cell viability, a live-dead assay was performed following standard 

protocols. The whole scaffolds were soaked in Hank’s buffered saline solution (HBSS, Life 

Technologies) for 10 minutes to remove extra media and other active reagents.  The beads 

were then incubated in a 2 μM ethidium homodimer and 4 μM calcein AM (Life 

Technologies) combined with HBSS for 30 minutes in the dark.  The whole scaffold was 

visualized via fluorescence microscopy (Axiovert 40 CFL with filter set 23; Zeiss, 

Thornwood, NY) using a digital camera (Diagnostic Instruments 11.2 Color Mosaic, Sterling 

Heights, MI).   
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2.2.7 Histochemical Staining 

All samples were collected and fixed in 4% paraformaldehyde in 0.1 M sodium cacodylate 

buffer containing 10 mM CaCl2 (pH 7.4) for 4 h at room temperature and then transferred to 

0.1 M sodium cacodylate buffer with 10 mM CaCl2 (pH 7.4) for 24 h at room temperature to 

re-crosslink alginate.  Then samples were dehydrated through a series of ethanol washes 

followed by two Citrisolv (Fisher Scientific, Pittsburgh, PA) washes.  The samples were 

embedded in Paraplast X-tra Paraffin (Fisher Scientific) and sectioned to 5mm thick sections 

and placed on positively charged glass slides (Fisher Scientific).  Prior to staining, sections 

were oven-dried at 37ºC for 2 h, deparaffinized in Citrisolv, and rehydrated in decreasing 

ethanol washes.  Samples were stained using Alcian blue (Poly Scientific, Bay Shore, NY) 

for 30 min, followed by standard washes.  Samples were counterstained under nuclear fast 

red (Poly Scientific) for 5 min. After dehydration and clearance, the slides were mounted and 

imaged. 

 

2.2.8 Statistical Analysis 

Data from all the studies were analyzed using analysis of variance and Tukey’s multiple-

comparison test.  A significant level of 95% was chosen, and a p-value less than 0.05 was 

considered to indicate a significant difference between samples. 

 
 

2.3 Results 

DNA quantification of hMSCs in dynamic culture and static culture was performed to 

determine the effect of the TPS bioreactor on cell proliferation.  By day 2, the total DNA 

content per scaffold in the dynamic group increased 2.7 fold in the dynamic group compared 

to the static group.  For all remaining time points, hMSCs proliferation in the dynamic group 
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was statistically greater than that observed in static controls (Figure 2.1A).  Fluorescent 

images showing viability of the whole scaffolds were obtained, and the majority of the cells 

appeared viable in both groups (Figure 2.1B).  The cell distribution in dynamic group on day 

21 appears more spatially homogenous than those in static groups.  The increased cell 

numbers seen in the live dead assay of scaffolds under dynamic culture was consistent with 

the DNA quantification results. 

 

Figure 2. 1 . hMSC Proliferation and Proteoglycan Expression In TPS.  A.  The DNA 
contents in static and dynamic culture based on DNA quantification from PicoGreen assay.  
The cell population remained higher in the dynamic group than static group throughout the 
study. N=3. B.  Live-dead images of beads in static and TPS culture throughout the study.  
The merged images showed that the majority of cells appear viable in all groups on each time 
point.  All scale bars represent 1000 μm.  C.  Alcian blue staining of hMSCs in static and 
dynamic groups.  Cell nuclei stain pink, and acidic GaG residues stain a light blue color 
(alginate scaffold stains a dark blue).  After day 14, the lighter blue extracellular matrix was 
observed both groups with higher expression in the static group.  All scale bars represent 200 
μm. 
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Alcian blue staining was used to demonstrate the produced ECM contained 

glycosaminoglycans (GAGs).  In these images, the nuclei and cytoplasm of the cells appear 

pink, while the GAGs appear light blue (the alginate stains a dark blue color).  Increased 

GAGs production in both groups was observed after day 14, apparent by increased levels of 

light blue stain surrounding the cell nuclei.  From the results, we noted an overall increased 

presence of GAGs in the static group.  Additionally, hMSCs proliferated into large cell 

clusters in the dynamic group towards later time points (Figure 2.2C). 

 

We also analyzed the gene expression of chondrogenic phenotype markers by the hMSCs in 

the dynamic and static groups at each time point.  In general, three positive markers, 

aggrecan, type II collagen, and Sox 9 genes were expressed at higher levels in the static group 

when compared to the dynamic group (Figure 2.2A).  On day 7, a burst of aggrecan and Sox 

9 was observed in the static group and then was maintained at a similar level throughout the 

study.  However, chondrogenic markers expression was not significantly increased in the 

dynamic group.  Type I collagen is a negative marker of chondrogenic phenotype.  For both 

groups, the expression of type I collagen decreased on day 2, but increased to the original 

level during the later time points in the static group. 
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Figure 2. 2 mRNA Expression and Protein Expression of Chondrogenic Phenotype 
Markers.  A.  mRNA expression of positive chondrogenic markers including aggrecan, sox 9 
and type II collagen.  Type I collagen is a negative marker for chondrogenesis.  For all genes, 
the expression level in static culture condition was higher than dynamic culture.*  All 
samples were reported as average from technical triplicates plus standard deviation, although 
a few error bars were too small to visualize. All gene expressions were first normalized based 
on GAPDH, then normalized to the first time point. B.  Fluorescent immunostaining for 
chondrogenic phenotype markers.  Type I collagen expression decreased during culture in 
both groups while aggrecan and type II collagen expression increases.  Both aggrecan and 
type II collagen showed higher level in static group compared to dynamic group.  All scale 
bars represent 50 μm. 

 

Immunostaining for type II collagen, type I collagen, and aggrecan in both groups was 

performed to evaluate expression at the protein level.  The staining of type I collagen in both 

groups decreased in apparent expression with time, indicating chondrogenic differentiation 

was maintained throughout the study (Figure 2.2B).  In agreement with the gene expression 

results, more intense type II collagen staining (red) was observed in static group on day 21 

although both groups showed an increase of protein expression compared to the previous time 
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point.  The aggrecan expression (green) in both groups appeared similar for all time points 

(Figure 2.2B).  

 

The preliminary results brought us to the next set of experiments to investigate if the addition 

of compressive force could be beneficial to chondrogenic differentiation of hMSCs in the 

TPS bioreactor.  The pressure changes while the roller moves across the tubular growth 

chamber and a peak pressure appears when the roller move onto the target scaffold containing 

the pressure sensor (Figures 2.3A and 2.3B).  We recorded the peak pressure in each cycle 

and calculated the average peak gauge pressure at different conditions (Figure 2.3B).  The 

pressure caused by dynamic flow was not detectable by the sensor.  The addition of 

compressive force by the metal roller applied a peak pressure of 6813 ± 2195 Pa onto the 

scaffold and the encapsulated cells during movement. 
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Figure 2. 3. Dynamic Compression TPS Bioreactor Set-Up and Results.  A. Bioreactor 
assembly, the roller moves at a controlled speed provided by the rocker.  The right picture 
shows the pressure detection experimental set up with a close look of the detailed sensor 
design.  B.  Gauge pressure measured inside the alginate scaffolds.  The left figure shows the 
detected peak pressure at different conditions.  Only the pressure change caused by 
compression was detectable.  The right figure shows real time sensor response.  A peak 
pressure appeared during each cycle of compression.  C.  Live-dead images of beads in static 
and TPS culture throughout the study.  The bead cultured in dynamic flow for 7 days was 
taken as a control.  The merged images showed that the majority of cells appear viable in all 
groups on each time point.  All scale bars represent 300 μm. 
 

A Live/Dead assay was used to investigate the hMSC viability under the combined 

mechanical stimuli including shear force and compressive force.  The hMSCs cultured in the 

TPS bioreactor for 7 days in the presence of TGF-β3 were considered as a control group for 

the entire study.  No significant difference of the cell viability was observed when applying 

additional compression to the encapsulated cells compared to the 7 days pre-culture control 

and the dynamic group (Figure 2.3C).   
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Gene expression of chondrogenic phenotype markers by the hMSCs in the uncompressed 

dynamic group and compression groups was analyzed (Figure 2.4A).  To prevent unexpected 

cell apoptosis under mechanical loading, all hMSCs were culture in static environment for 7 

days to allow for ECM production before loading. So the gene expressions in this study were 

specifically normalized to day 7. Sox 9 and aggrecan gene expression in the compression 

group significantly increased 15 fold and 7 fold on day 14 compared to day 7 pre-culture, 

respectively.  Both Sox 9 and aggrecan expression remained low throughout the study for the 

uncompressed dynamic group.  On day 21, the aggrecan gene expression decreased in the 

compressed group compared to day 14.  The expression of Sox 9 maintained similar levels as 

day 14 until the last time point in the compressed group.  We observed a delay of type II 

collagen gene expression in the compressed group during the study such that on day 14, the 

expression was higher in the uncompressed dynamic group compared to compressed group.  

However, on day 21, while the uncompressed group experienced a significant decrease of 

type II collagen expression, hMSCs exposed to mechanical compression showed an 

increasing trend when compared to the previous time point.  Sox 9, type II collagen, 

aggrecan and type I collagen proteins were detected by Western blot. 

 

Alcian blue staining was conducted to see the difference in ECM production between the 

compressed and uncompressed groups.  We saw significantly increased GAG formation in 

both groups after day 14 by visualizing increased light blue staining around the pink cell 

nuclei (Figure 2.4B).  When comparing the images from the two groups at each time point, a 

clear difference was observed.  With additional compression, more GAGs were produced in 

the compressed group.  In addition, cells were more frequently observed to aggregate into 

clusters and modify the surrounding alginate in the compressed group.  The expression level 

of GAGs on day 21 was not significantly different than day 14 for both compressed and 
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uncompressed groups. 

 

Figure 2. 4. Chondrogenic Phonotype Marker Expression in Compressed Group and 
Uncompressed Group During Dynamic Culture.  A.  mRNA expression of positive 
chondrogenic markers including aggrecan, sox 9 and type II colaggen.  Type I collagen is a 
negative marker for chondrogenesis.  For aggrecan and Sox9, the mRNA expression level in 
compression condition is higher than uncompressed condition.  After day 21, Type II 
collagen gene expression in compression group is higher than uncompressed group. All gene 
expressions were first normalized based on GAPDH, then normalized to the first time point.  
B.  Alcian blue staining of hMSCs in compressed and uncompressed groups.  Cell nuclei 
stain pink, and acidic GAG residues stain a light blue color (alginate scaffold stains a dark 
blue).  After day 14, the lighter blue extracellular matrix is observed both groups with higher 
expression in the compressed group.  The expression level maintained similar through day 21.  
All scale bars represent 100 μm. 
 

2.4 Discussion 

As previously demonstrated, encapsulated cells in the TPS bioreactor experience shear forces 

in addition to increased nutrient and oxygen flow 87, 93.  Many studies have demonstrated the 
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positive effect of dynamic culture on hMSCs proliferation using other different types of 

bioreactors 94-97.  Our novel bioreactor can provide both shear and compressive forces at the 

same time to better mimic the natural environment of articular cartilage.  Another advantage 

of this system is that by incorporating a customized sensor, the hydrostatic pressure inside the 

scaffolds can be directly measured as the compression is applied.  In this study, we 

investigated hMSC proliferation during chondrogenesis and expression of hMSC 

chondrogenic markers in both static culture and dynamic culture in the TPS bioreactor.  We 

also investigated the chondrogenic behavior of hMSCs under periodic compression.   

 

Our first objective was to investigate the hMSCs proliferation during chondrogenesis process 

in the dynamic culture provided by the TPS bioreactor.  Our DNA quantification results 

showed that a greater cell population in the dynamic group was maintained throughout the 

study than in the static group.  This result is consistent with previous work demonstrating the 

importance of dynamic culture and 3D scaffolds in cell proliferation 98, 99.  Here we have 

demonstrated the ability to develop a platform that increases the in vitro expansion of hMSCs 

with satisfactory cell viability.  The TPS bioreactor can provide an avenue to address this 

critical issue of initial cell population to allow for stem cell implantation and the treatment of 

articular cartilage defects.  However, it is important to evaluate if the proliferated hMSCs are 

phenotypically stable for future chondrogenesis. 

 

The second objective was to evaluate the effect of dynamic culture (shear force only) on 

hMSC chondrogenic differentiation.  Our results revealed that in this study, static culture was 

more desirable for hMSCs chondrogenesis based on conclusions drawn from gene expression 

and histological data.  For the mRNA expression, higher levels of chondrogenic markers 

including Sox 9, aggrecan and type II collagen in the static group were observed throughout 
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the study.  Similar to our results, Kock et al. reported a reduced chondrogenesis in flow 

perfusion bioreactor with a rate of 1.22ml/min 100.  In fact, previous studies have shown the 

potentially negative effects of high oxygen level on chondrocyte metabolism 101, 102.  It has 

been indicated that the shear stress may play a negative role in regulating the mRNA 

expression for chondrogenesis with a shear stress range of 0.61-1.64Pa 103.  The shear stress 

that our TPS bioreactor provided is about 0.1Pa according to a previously developed 

computational model 87, which is relatively lower than the in vivo loading. As such, it is not 

likely to be a predominant factor in guiding the chondrogenic differentiation in this study.  In 

another aspect, our bioreactor provides not only flow induced shear stress, but also 

significantly increased mass transfer (e.g., nutrients and oxygen).  Several groups have 

demonstrated that a hypoxic environment can induce the increase of collagen II expression 

and proteoglycan deposition significantly for MSCs undergoing chondrogenic differentiation 

compared to normoxic conditions 101.  Therefore, although the mechanical stimuli could have 

played a role in enhancing chondrogenesis, the enhanced mass transfer might have potentially 

counteracted the positive effect, thus leading to the static culture being the preferred case for 

chondrogenesis in this study.   

 

In articular cartilage tissue engineering, it has been well known that dynamic compression 

and hydrostatic pressure is crucial to the healthy development of chondrocytes or 

chondrogenic differentiation and phenotype maintenance 104, 105.  One study demonstrated that 

hydrostatic pressure enhances the cartilaginous matrix formation of mesenchymal stem cells 

during chondrogenesis 106.  Previous studies have shown the application of compression on 

chondrocytes and progenitor cells would induce apoptosis at early time points 90, 107, 108.  

Particularly, Thorpe et al. pointed out that MSC seeded constructs should be first allowed to 

undergo chondrogenesis prior to transferring to a load-bearing environment 109.  Therefore 

cells encapsulated in alginate beads were cultured in TPS with TGF-β3 for seven days to 
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form ECM, which was shown by the Alcian blue staining, as a support against future 

mechanical loading. 

 

Our third objective aimed to answer the question whether additional compression would 

enhance the chondrogenic differentiation of hMSCs in our TPS system.  Our results showed 

that compared to hMSCs in dynamic culture in the TPS bioreactor, hMSCs exposed to 

additional periodic compression had higher expression level of aggrecan and type II collagen, 

the two main positive chondrogenic markers, at later time point after 14 days.  The expression 

of transcription factor Sox 9 was maintained at higher levels in the compressed group 

throughout the study.  Interestingly, one previous study reported that little ECM gene 

expression was observed by mechanical loading introduced on day 8, while significant ECM 

gene expression and matrix synthesis were induced by mechanical loading introduced on day 

16 110. In our study, the aggrecan gene expression peak correlated with the observed GAG 

content in Alcian blue staining at day 14 in the compression group. Interestingly, type I 

collagen gene first increased in the compression study but deceased in later time points, 

indicating a transition from hMSCs proliferation to differentiation. These results may suggest 

that a mechanotransduction process occurred during chondrogenesis, where compressive 

stimulation induced higher metabolic activity of the cells.  During early time points, hMSCs 

are balancing the response to dynamic culture that slows the chondrogenesis and periodic 

compression that improves the chondrogenesis.  However, at later time points, the 

differentiation effect caused by compression becomes predominant. Based on the above 

results, we suggest expanding 3D encapsulated hMSCs in dynamic culture for a short period 

for proliferation, and subsequently the cells can be transferred to static culture for more 

desirable differentiation.  Furthermore, the addition of compression applied to the 3D cell 

encapsulated construct may help prevent dedifferentiation.  Overall, we suggest that a 

combination of dynamic and static culture to proliferate phenotypically stable hMSCs might 
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be preferred and necessary for future clinical cell treatment for articular cartilage defects with 

prominent outcome.   

 

2.5 Conclusions 

To solve the current problems associated with clinical cell-based treatments for articular 

cartilage defects, in vitro cell culture techniques must be improved.  We have developed a 

bioreactor system that can enhance the in vitro proliferation of hMSCs encapsulated in 3D 

hydrogel scaffolds.  We have also demonstrated that mechanical stimuli can alter the 

chondrogenic differentiation in different ways.  In the first study, static culture was preferred 

for differentiation compared to dynamic culture.  The second study showed that additional 

compressive force during dynamic culture can improve the chondrogenic differentiation of 

the hMSCs.  The findings in this study suggest a combination culture conditions showing 

promise in producing clinically relevant amount of tissue through extended in vitro culture. 
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Chapter 3: 3D Printing Articular Cartilage: Recapitulating the 
Complexity of Native Tissue3 

 

In the past few decades, the field of tissue engineering combined with rapid prototyping (RP) 

techniques has been successful in creating biological substitutes that mimic tissues. Its 

applications in regenerative medicine have drawn efforts in research from various scientific 

fields, diagnostics, and clinical translation to therapies. While some areas of therapeutics are 

well developed, such as skin replacement, many others such as cartilage repair can still 

greatly benefit from tissue engineering and RP due to the low success and / or inefficiency of 

current existing, often surgical treatments. Through fabrication of complex scaffolds and 

development of advanced materials, RP provides a new avenue for cartilage repair. Computer 

aided design (CAD) and 3D printing allow the fabrication of modeled cartilage scaffolds for 

repair and regeneration of damaged cartilage tissues. Specifically, the various processes of 

3D printing will be discussed in details, both cellular and acellular techniques, covering the 

different materials, geometries, and operational printing conditions for the development of 

tissue-engineered articular cartilage. Finally, this review concludes with some insights on 

future applications and challenges related to this technology, especially using 3D printing 

techniques to recapitulate the complexity of native structure for advanced cartilage 

regeneration. 

 

3.1 Introduction 

Tissue engineering has enabled the development of biological substitutes that restore, 

maintain, or improve tissue functions for therapeutic purposes in the past few decades 111. For 

                                                 
3 Adapted from: Guo T, Lembong J, Zhang L, Fisher J. Three-Dimensional Printing 
Articular Cartilage: Recapitulating the Complexity of Native Tissue. Tissue Engineering Part 
B-Reviews 2017;23(3):225-236. 
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cartilage in particular, the components do not require vascularization or multiple cell-cell 

interactions, making tissue engineering an attractive method for cartilage regeneration. 

Previous studies in cartilage tissue engineering using various materials are presented in Table 

3.1 12, 15-18, 45, 112-126. Nevertheless, the organized zonal structure adds difficulties in terms of 

recapitulating the mechanical properties of the native cartilage. A few studies have revealed 

attempts at creating multilayered structures that mimic the zonal zone with varying levels of 

collagen II, e.g. lamination of multiple material layers with varying properties 15, 16, 112, 

application of gradient in mechanical environment 18, 127, and chemical modification of 

materials 17.  

Source Materials Advantages 

Natural Alginate 12, 16, 128, agarose 15, 18, 

hyaluronan 115, 129, silk fibroin 117, 118, 

chitosan 45 

Presence of bioactive moieties to support 

cell attachment, proliferation, and 

differentiation 

Synthetic Poly-glycolic acid (PGA) 119, Poly-lactic 

acid (PLA) 120, 121, Polyethylene glycol 

(PEG) 17, 112, 127, 130, Poly(lactic-co-

glycolic acid) (PLGA) 123, 124, Poly-

caprolactone (PCL) 125, 126 

Control over mechanical and degradation 

properties; incorporation of biologically 

active domains into the synthetic polymer 

structure enables bioactive properties of the 

scaffold. 

 

Table 3. 1. Tissue engineering approaches for cartilage tissue engineering applications 

      

 

Even with the advancement in tissue engineering, the intrinsic properties of the cartilage 

create barriers and challenges for a satisfactory solution to cartilage repair. For example, 

relatively isolated chondrocytes have low proliferation rate and experience dedifferentiation 

rapidly after expansion 131. To maintain desired cell phenotypes and to guide the cells to form 

functional tissue structure, 3D scaffolds have been frequently used in the field of tissue 
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engineering 132, 133. Numerous studies have demonstrated the importance and success of using 

3D scaffolds in supporting chondrogenesis of mesenchymal stem cells (MSCs), indicating 

early formation of articular cartilage 134, 135, thus justifying the need for a method to fabricate 

precise and accurate 3D structures for cartilage regeneration applications. 

 

With the development of computer-aided design (CAD) techniques and the understanding of 

biomaterials, solid free-form fabrication (SFF) or what we recognize today as rapid 

prototyping (RP) has become a popular and advantageous way to create 3D scaffolds with 

complex structures or simultaneously distributed cells 136, 137. A more general term which 

evolved from RP concept called 3D printing has been commonly used for applications in 

tissue engineering, which will also be used in the content of this review. The technology 

allows the fabrication of three-dimensional objects of any shape constructible in a CAD 

digital model, layer-by-layer using 2D slices of the computer model. 3D printing provides 

many advantages including highly reproducible, well-controlled architecture (size, shape, 

inter connectivity, branching, geometry and orientation) and materials compositional 

variations 138. The tunability of the mechanical property, biological effects, and degradation 

kinetics of the printed scaffolds 137, 139, 140 is also an attractive quality for yielding desired 

biomimetic structures.  

 

In tissue engineering, the ideal 3D-printed structures would provide structural, mechanical 

support, and sufficient nutrient supply, therefore enabling growth and migration of cells to 

form a functional tissue that can actively remodel once implanted. This is where the concept 

of 3D printing can be utilized to recapitulate the complex properties of native cartilage. 

Topographically correct structures in the different zones achieved by 3D printing can provide 

the right cues to guide cell growth and alignment, induce cell differentiation, consequently 

affecting the deposit of extracellular matrix, thus ultimately forming a functional tissue. The 
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development of materials for 3D printing also enables the fabrication of structures that 

ultimately exhibit relevant properties of articular cartilage, and can recapitulate the 

complexity of the ECM that is present in vivo due to influence of biomechanical load and the 

microenvironment 141. Overall, 3D printing provides a solution to engineer cartilage tissue 

while capturing both the biochemical and mechanical complexity, that are otherwise difficult 

to achieve with conventional cartilage regeneration using zonal chondrocyte subpopulations 

142. Combined with imaging techniques, 3D printing serves as a powerful tool to produce 

customizable scaffolds for particular applications or for specific patients 143, 144. 

 

Various 3D printing techniques have been developed, each associated with its own range of 

operating parameters and compatible selection of materials. The desired qualities of the 3D 

printing process typically include the high resolution of the printed scaffold, small processing 

time, and compatibility with cells 143. Parameters to be considered in 3D printing process for 

tissue engineering include materials degradation rate, mechanical strength of the printed 

structures, morphology and topography of the printed products, and the capability of 

vascularization of the formed tissue. One of the biggest challenges of 3D printing techniques 

is the limited types of materials that can be used, which have led to thorough research on the 

development of materials for 3D printing.  
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Figure 3. 1. Commonly used printing techniques for cartilage regeneration applications. 
A. Extrusion-based printing. After virtually sectioning the CAD model, the material will be 
deposited onto the platform to form 3D construct. Various curing methods can be used with 
this technique. B. Light polymerization printing. The CAD model with designed pattern is 
sent to a DMD and projected for fabrication. Photocrosslinkable polymer with initiator is 
loaded in the reservoir, along the platform movement, the layer contacted light will solidify 
due to crosslinking and thus form a 3D construct consistently.  
 

While extensive studies have been conducted on 3D printing for other tissue engineering 

applications 145-147, such applications for cartilage tissue engineering, while growing,  are still 

relatively rare due to the difficulties associated with the complex nature of the tissue. For the 

first time, in the review, we discuss recent advances in the development of 3D printing 

techniques, specifically for applications in articular cartilage regeneration. We focus on the 

most widely used techniques for cartilage regeneration among the many in 3D printing 

technology, namely extrusion-based printing and light polymerization 136, 148, 149 (Figure 3.1). 

In extrusion based printing, materials are loaded into cartridges that are typically made of 

plastic or stainless steel depending on the process condition, and then fed into an attached 

nozzle or needle. The loaded material is maintained at a certain temperature to allow 

formation of continuous jet onto a platform. Different solidification methods such as 

photocrosslinking, temperature change, and pH change can be applied during material 
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deposition 150, 151. Light induced polymerization generates solid constructs from a reservoir, 

where liquid material that has photocrosslinkable groups are pre-mixed with a photoinitiator 

and exposed to light on the platform. As the platform vertically moves, the 3D construct is 

built with increased height. We will discuss choices of materials for each technique that will 

address major obstacles in cartilage tissue engineering. The two approaches to create cell-

scaffold structure aiming at repopulating the zonal cell distribution using printing technology 

will also be discussed. One is to seed cells directly on the printed scaffolds, and the other one 

is to directly print materials with encapsulated cells for homogeneous cell distribution 

(Figure 3.2). Lastly, we conclude with some design consideration, future challenges and 

applications of this technology. 

 
Figure 3. 2. Zonal property of native cartilage and current 3D printing approaches for 
cartilage defect repair. A. Chondrocytes and collagen fiber zonal distribution in native 
cartilage. With 3D printing technology, one attempt to recapture the structure is isolate 
chondrocytes from different zones and seed them into layered scaffold; the other is to use 
altered material to form different regions. B. Fabrication of cartilaginous construct for 
repairing the defect. For an extensive choice of material and printing condition, the first 



 

 45 
 

strategy is to print acellular scaffold then seed cell onto it if needed for applications. To 
achieve a more homogenous and controlled cell distribution and encapsulation, cells can be 
pre-mixed with the printing resin to form a cell-laden construct. 
 

 

3.2 Acellular Cartilaginous Scaffolds: Microstructure to Create the Complexity 

The cartilage regeneration field has benefited from the advancement of fabrication of 

acellular scaffolds. From the engineering aspect of 3D printing, the acellular scaffold allows 

more choices of materials and processing conditions. The unrestricted fabrication process 

supports the potential of generating scaffolds with complex structures, which will benefit the 

cartilage tissue structure recapitulation at a small scale. Since the printing of acellular 

cartilage scaffold does not require suitability for bioactive components during the fabrication, 

the choice of material has more flexibility and is often based on different application 

specifications and desired printing techniques. For example, common synthetic thermoplastic 

material such as poly(caprolactone) (PCL) can be chosen for an easy melt fabrication process 

152. Materials that can be modified with photocrosslinkable side chains such as gelatin-

methacrylamide are good candidates for UV-based gelation process. 

 

The use of acellular scaffolds is attractive for clinical cartilage repair applications because it 

can avoid the potential immune response from transplanting allogeneic cartilage tissue and 

extra maintenance of autologous chondrocytes associated with the current treatments. One 

method to fabricate these scaffolds is extrusion-based printing, which is the most popular 

method to fabricate cartilage tissues. Using this method, complex 3D structures can first be 

virtually sectioned to layers using an associated software, and then created layer by layer, as 

materials are deposited on the printing platform. The fabrication time usually ranges from 

minutes to hours depending on the material extrusion efficiency and construct dimensions. 

There are different options to solidify the materials, such as photo-crosslinking, temperature, 
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or pH change. Compared to casted gels, extrusion-based printing offers another advantage for 

the cartilaginous scaffold, which is to provide additional interconnected pores at the scaffold 

level that supports local cells growth with the help of the CAD model 140, 153.  

 

During the scaffold building process, various input parameters such as different patterns and 

curing methods can be tuned to give rise to a range of mechanical properties for the printed 

fibers, which can be applied to create zonal structures in the cartilage scaffolds, considering 

that native chondrocytes have unique response to the mechanical signal to regulate their 

metabolic activities and phenotypes 154. The fiber dimension and orientation can be controlled 

precisely, with a resolution limit (the minimum width of the fibers) of around 100 μm. These 

parameters greatly influence the mechanical properties of the fibers 155. Notably, although the 

yield resolution is in theory mainly dependent on the extrusion needle size, a needle size 

below 100 μm often brings practical problems such as extreme printing environment where 

conditions such as extremely high temperature and pressure may be harmful to the material or 

beyond the capacity of the machine. 

 

One category of the extrusion-based methods, fused deposition manufacturing (FDM) or melt 

extrusion has been used as a convenient fabrication method for thermoplastic material. The 

main components include a computer that controls the scaffold model and nozzle motion with 

condition parameters, a heater that can be set to the desired temperature to melt the loaded 

material and a compressed gas supply to apply pressure for injection. The melted material can 

be deposited onto a platform with room or lower temperature to solidify and form 3D 

structures. PCL is a commonly used thermoplastic material in 3D printing scaffolds for 

cartilage and bone repair. Different architectures can be manufactured with clean fibers with 

different yield mechanical strength. Notably, as a reference to the future applications with 

controlled mechanical properties, it was demonstrated that the stress-strain behavior mostly 
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depends on the porosity, rather than the lay-down pattern and channel size 156. The stable 

polymer structure makes PCL very resistant to high temperature during melt extrusion, but 

this could be an obstacle for in vivo cartilage regeneration because of the low degradation rate 

in the order of magnitude of years 157, which further creates barrier for the integration in 

native tissues. To overcome this problem, biocompatible thermoplastic materials that have 

relatively faster degradation rates have been explored. Polylactic acid (PLA) has been 

commonly used in cartilage tissue engineering for a favored degradation property 69, 158. 

However, although printing temperature is molecular weight dependent, PLA in general 

requires a higher processing temperature than PCL.  

 

While synthetic polymer with 3D printing allows fabrication of cartilage scaffolds with 

desired architecture that better mimics the native tissue, the ultimate goal is to achieve desired 

cellular response. The first matter to consider would be the effective cell attachment. For 

instance, Hsu et al. indicated that the printed PLA scaffolds with less complex structure and 

small interval of fibers allow better cell adhesion and proliferation, which might be due to 

easier cell trapping and larger surface for cell attachment 159.  

 

Although commonly used thermoplastic materials such as PCL or PLA yield a relatively high 

resolution when building a cartilage-like structure, the lack of elasticity remains a potential 

disadvantage in cartilage regeneration since the difference in mechanical modulus also plays 

a role on cell activity. Therefore, block-copolymers such as polyethyleneoxide-terephtalate 

(PEOT) and polybutylene-terephtelate (PBT) have been investigated as a printing material 

due to their viscoelastic properties that mimic the native cartilage tissues. Different 

mechanical properties can be achieved by varying the internal structure of a scaffold 155. The 

main advantage of PEGT/PBT as a biomaterial is that it is amphiphilic by combining 
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hydrophilic PEGT and hydrophobic PBT, allowing tailored swelling and mechanical strength. 

A similar study utilized and characterized 3D poly(ethylene glycol)-terephthalate-

poly(butylene terephthalate) (PEGT/PBT) co-polymer scaffolds fabricated using fiber 

deposition technique 113. The additional glycol in the compound prevents the material from 

crystallizing and becoming breakable. This class of material has been proven to promote 

chondrogenesis both in vitro and in vivo after being seeded with chondrocytes. As a follow-

up study, scaffolds fabricated with pore-size gradients were further evaluated as a model to 

recapitulate the zonal structure of native cartilage 160. Despite the improved mechanical 

strength of PEGT/PBT, the required high processing temperature (>200ºC) does not make 

this type of material attractive for printing. Taking into account the practical pressure and 

temperature the printer can apply, printing with small diameter needle that yields a more 

detailed cartilage structure can be even more challenging. Considering the high processing 

temperature required for the above materials, these printed scaffolds can only be coated with 

additional natural ECM components for better biological function such as chondrogenesis for 

cartilage tissue engineering. 

 

Common thermoset synthetic materials usually require a heating temperature higher than 

100°C for extrusion. Interests in low temperature printing have grown considering the 

potential to incorporate natural proteins or live cells in the printing process to add biological 

functions to the cartilage scaffold. Since chondrocytes have limited cell-cell interaction 

compared to most of the cell types, the sustained release of bioactive components becomes 

very important in chondrogenesis. To ensure the activity of growth factors after printing, a 

temperature below 70°C is recommended although different proteins may have various 

responses and resistance to temperature 161. The addition of solvent is one of the most widely 

used methods to reduce the printing temperature. A low temperature 3D printing method 

using dioxane was developed to form scaffold in a refrigerator 162. While typical printing 
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processes for commonly reported materials such as PCL, PLLA, and PLGA involve high 

temperatures (>120°C) 163, significantly reduced temperature (<60°C) for printing these 

materials can be achieved using dioxane as a solvent 164, 165. Extra solvent can be evaporated 

by freeze drying process so a porous structure can be formed. The obvious drawback of the 

solvent printing includes the required vent system connected to the printing setup considering 

most of the solvents used to dissolve polymer is toxic, and the potential cellular toxicity if 

extra solvent remains. Since the addition of solvent also significantly reduces the viscosity of 

the resin, the outcome quality is usually lower than the result of printing polymer directly 

through FDM.  

 

In addition to solvent-based printing, water-based printing system using synthetic material 

has also been recently developed as a modification to regular synthesized polymer. For 

example, water dispersion of polyurethane (PU) nanoparticles can first be synthesized, and 

then printed with the presence of polyethylene oxide (PEO) as a viscosity enhancer 166. The 

hydrophilic surface of the polymer provides good cell adhesion and a non-toxic environment 

for chondrocytes proliferation. The water-based system could also allow incorporation of 

bioactive molecules such as growth factors for future cartilage tissue fabrication applications. 

However, one of the drawbacks of this current water-based system is that the printing process 

requires more synthesis steps and thus increases the complexity of the fabrication process. 

 

In cartilage tissue engineering field, hydrogels have been considered as a promising scaffold 

material for cell encapsulation because it offers better diffusion of hydrophilic substrates such 

as growth factors and nutrients for living cells. However, the intrinsic diffusion is limited by 

distance so that a macro-scale printed porous structure is usually required in a 3D scaffold. 

Traditional fabrication methods such as molding and casting paste to create hydrogel block 

are not capable of fabricating patterned internal porous structure to support successful 
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chondrogenesis. RP-based thermoreversible hydrogel scaffold production using 3D 

dispensing techniques was first introduced in year 2000, using agar and gelatin 150. This 

study, incorporating agar as the plotting material and gelatin as the plotting medium, 

demonstrated the feasibility of such printing technique, although some level of deformation 

was observed due to gravity for a 1cm3 scaffold as a result of the low mechanical strength.  

 

Chemical modification of the hydrogel is a common way to improve or expand its suitability 

for 3D printing cartilaginous tissue by enabling the materials to crosslink with other 

materials, therefore improving its mechanical strength or biological potential. Chemical 

modification to make photopolymerizable and thermosensitive PEG gel was reported by 

synthesizing thermosensitive short copolymer chains and methacrylated groups onto the PEG 

polymer 167. In addition, Skardal et al. developed a photo-crosslinkable hyaluronan-gelatin 

hydrogel for bioprinting 168. By adding the methacrylate group, the hyaluronan-gelatin 

formed an extrudable gel solution, and therefore the fabrication can be completed in a two-

step printing. Both cell free and cell laden printed scaffolds showed good biocompatibility 

and cell viability, demonstrating the potential to use this type of synthetic material for 

chondrogenesis in combination with different cell sources and other techniques. Although 

chemical modification expands the methods to solidify the hydrogels and makes various 

hydrogels suitable for printing, it usually has no or very limited impact on improving the 

weak mechanical strength of hydrogel scaffolds. Future studies aiming to solve this intrinsic 

problem of hydrogel may consider new material synthesis that provides much stronger 

mechanical strength while maintaining the cell-friendly environment 169 or the utilization of 

synthetic material with favored mechanical properties as a supporting component in the 3D 

cartilage construct.  
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While extrusion-based printing has been a popular method of 3D printing due to its flexibility 

with materials and curing options, stereolithography has been a well-developed and utilized 

printing technique considering the high resolution that can be achieved, i.e. less than 10 μm 

170 and the relatively less labor involved fabrication process compared to extrusion based 

printing. However, the adhesion process in which the cured material attaches to the rising 

platform during polymerization requires certain material strength, which makes it a less 

popular method in developing soft tissues such as cartilage. In such applications, the 

materials used are often specially established or modified. For example, a photo curable 

polymer trimethylene carbonate/trimethylolpropane (TMC/TMP) was used to develop 3D 

cartilage regeneration scaffolds using microstereolithography. Its biocompatibility and 

favored mechanical strength give the fabricated scaffolds a potential to be seeded with 

chondrocytes. A pilot study showed a high yield scaffold resolution of around 100 μm with 

different cellular responses to different inner structures 171. Similar approach was also 

reported using methacrylated poly TMC 172. Other advanced modifications of the system such 

as incorporating two-photon polymerization were reported to improve the spatial resolution 

of the printed cartilage scaffold (<1 μm) using microstereolithography fabrication 173. 

 

3.3 Bioprinting Cell-Laden Cartilage: Controlled Cell Distribution and the Potential 

to Incorporate Bioactive Molecules for Chondrogenesis 

Considering the relatively isolated behavior and low metabolic activity of chondrocytes in 

native cartilage tissue, 3D bioprinting cell-laden scaffold brings attractive advantages, 

including the control of cell distribution in desired location and the possibility to incorporate 

growth factors. In order to achieve satisfactory cell viability, the choice of materials used to 

encapsulate the cells for printing is restricted. The most commonly used materials are natural 

hydrogels such as alginate 174, 175. Since chondrocyte is the only cell type in native articular 
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cartilage tissue, it is the most popular cell source to apply to the cell laden printing trials. A 

study has demonstrated the possibility of printing engineered cartilaginous scaffold with 

arbitrary geometry using alginate solution containing chondrocytes 176. The constructs were 

produced by an open-architecture computer-aided manufacturing system incorporating rapid 

prototyping techniques. Printed disks were proven to result in relatively homogenous cell 

distribution and satisfactory cellular response after culture. However, the formed alginate 

hydrogel may have limited ability to form inner structure and more complex structures 

considering the intrinsic poor printing resolution of soft hydrogels. Higher concentration of 

more viscous alginate solution (10% w/v) would improve the integrity of the printed porous 

cell laden scaffolds, however, the improvement is limited compared to the native tissue 177. 

One disadvantage of the calcium mediated alginate gelation is that it usually requires 

additional set up or manual handling during the printing process. In addition, the very high 

concentration of gel solution may have a negative impact on cell response.  

 

Despite the previously mentioned advantages of hydrogels as a material for cell printing, the 

weak mechanical property that does not match the native tissue is always one of the major 

concerns in cartilage engineering. Normal healthy human cartilage tissue has a compression 

modulus ranging from 9-13 MPa 178, while hydrogels usually provide a mechanical modulus 

in  kPa magnitude 179. One simple way to solve the weak mechanical properties of pure 

natural hydrogel construction is to combine the stiff synthetic material and hydrogel in a 

single scaffold, usually accomplished by printing one layer of stiff material followed by 

another layer of hydrogel with or without cells. These approaches not only provide an 

enhanced mechanical strength for the cartilaginous scaffold, but also add the complexity of 

the 3D construct for better mimicking the zonal cartilage tissue. Several studies introduced 

the production of hybrid constructs by a layer-by-layer deposition of polycaprolactone (PCL) 

and alginate containing cells 180, 181. Their results showed improved control over mechanical 
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characteristics as well as favored biological function such as viability and cell morphology 

maintained in the hydrogel following printing. Because of the low handling temperature of 

hydrogel printing in those hybrid printing cases, it not only provides a way to directly print 

cells, but also a potential to print growth factors with cells. For example, another PCL-

alginate-chondrocyte bioprinting study showed that the addition of TGF improved ECM 

formation after 4 weeks of culture 182. Since hydrogel in these hybrid print application play 

the most important biological roles, the hydrogel concentration also affects the cellular 

response of the scaffolds. Notably, the yield mechanical properties are the structural property, 

not the material property. The cellular response could be different and affected by the 

connection boundaries of different materials as a result of distinct mechanical and biological 

cues. 

 

Other than building a construct with different materials at scaffold level, hybrid materials 

have been explored as an advanced approach to 3D printing cartilage. Materials made out of 

thermoresponsive polymer poly(N-isopropylacrylamide) grafted hyaluronan (HA-pNIPAAM) 

with methacrylated hyaluronan (HAMA) were introduced as a novel bioink 183. Hyaluronan 

(HA) is a natural component existing in native cartilages and it has been proven to promote 

chondrogenesis as a biofunctional material. As a result, using HA as a bioink is an attractive 

alternative for 3D printing of cell-friendly tissue engineered cartilage. However, similar to 

other unmodified natural hydrogels, HA has a low viscosity and slow gelation process which 

makes it difficult to fabricate scaffolds with satisfactory structures. Thus, chemical 

modification to HA is often required for a high resolution print. In this study, HAMA showed 

promising properties as a printing ink for cell encapsulation with good viability as a 

preliminary biological test. On the aspect of printing resolution, large needle of 3 mm 

diameter was used to extrude viscous HA solution with a 2 mm spacing. Future 
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improvements on the material to obtain scaffold structure on the micron scale level might be 

beneficial for chondrocytes morphology maintenance or stem cell differentiation. 

 

In another study aiming at improving the mechanical strength of natural hydrogel, 3D 

printing bioink composed of alginate and nanofibrillated cellulose (NFC) was developed for 

desired printability 184. The scaffolds were printed with low pressure and crosslinked using 

CaCl2 at room temperature. The addition of NFC significantly improved the mechanical 

properties of the hybrid material, and resulted in a better resolution of the printing system. 

With the optimized formula of the bioink, human chondrocytes showed a promising viability 

after printing and during culture. 

 

Synthetic hydrogels have demonstrated the ability to have tunable mechanical properties that 

match the native human cartilage. For example, poly(ethylene glycol) (PEG) is a widely used 

macromers in soft tissue engineering. Its solubility in water and well-documented protocols to 

synthesize photocrosslinkable products make it an attractive material for directly printing 

cells in 3D constructs. Printing poly(ethylene glycol) dimethacrylate (PEGDMA) with human 

chondrocytes onto a osteochondral plug using thermal inkjet printer was reported 78. One 

concern with PEG in cartilage regeneration field is that the macromers are not biodegradable. 

However, such approach leads to a precise and maintained cell position after printing as a 

result of simultaneous photo-polymerization. As the integration of the implanted tissue into 

the surrounding native tissue remains one of the major challenges in cartilage repair, similar 

approaches with fast crosslinking will create the possibility to establish a one-step repair 

surgery by directly printing material and cells onto the defect site to treat damaged cartilage. 

This potential treatment will provide an improved integration during in vivo tissue 

regeneration, especially considering this is an intrinsic obstacle for regenerating non-

vascularized cartilage tissue. 
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While chondrocytes seem like a natural choice of cells for cartilage repair, MSCs are proven 

to be promising cell types in cartilage tissue engineering. They are more abundant in human 

body than primary chondrocytes. In the past years, various methods and in vitro expansion 

techniques have been well documented. Gao et al. developed a printing system using gelatin 

methacrylate (GelMA) PEGDMA mixture to simultaneously print hMSCs, which was 

photocrosslinked during layer by layer manufacturing 185. Taking into account the advantages 

MSCs have over chondrocytes, including more rich sources and higher proliferation, forming 

cartilaginous tissue through differentiation requires mechanical and biological signaling cues 

involved in the design. Addition of bioactive molecules such growth factor in the printing 

resin might be one of the future avenue to successful chondrogenesis using 3D printing MSC 

encapsulated scaffolds. In this case, the low-temperature processing printing techniques will 

help trap the growth factors in the scaffold for sustained and control release over 

chondrogenesis. Furthermore, although greatly increasing the complexity of the 

manufacturing and requiring more fundamental knowledge on cell signaling, loading 

different growth factors with stem cells in each cartilage zonal region may be a way to 

reproduce a functional and healthy cartilage tissue in the future. 

 

The major intrinsic challenge in simultaneously printing scaffolds and cells is to balance the 

material properties and printing condition that favor the scaffold fabrication and biological 

functions. The choice is typically depending on the specifications of each study. In general, 

the development of materials that provide superior biocompatibility and advanced mechanical 

strength will greatly benefit the bioprinting area. 

 

In cartilage tissue engineering field, in order to achieve a similar structure of the native 

cartilage tissue, 3D printing techniques can also be combined with other advanced techniques 
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to achieve superior mechanical properties, preferred cell environment, or to reduce the 

fabrication difficulty and cost. For example, a study introduced an inkjet 

printing/electrospinning system to create PCL and hydrogel hybrid constructs for engineering 

cartilage tissues 186. The sheet of electrospun PCL fibers was alternated with inkjet printed 

chondrocytes suspended in a fibrin–collagen hydrogel to fabricate layered scaffolds. Besides 

the enhanced mechanical strength compared to normal hydrogel printing, the deposition of 

type II collagen and GAGs helped enhance the formation of cartilage-like tissues in both in 

vitro and in vivo experiments. As a summary, different materials have distinct advantages and 

disadvantages (Table 3.2). The mechanical and biological properties need to be balanced 

depending on the specification of a design and the expected outcome. 

  Material properties Advantages Disadvantages 

Synthetic 

PCL 
temperature curable, 

degrades in vivo in years 

inexpensive, well 

developed fabrication 

procedure 

degrades very slowly, 

hard for newly formed 

tissue to integrate 

PLA 

temperature curable, 

degrades in vivo in 

months 

faster degradation than 

PCL, which is more 

favored by cartilage 

regeneration 

higher temperature 

(~150⁰C) is required for 

printing 

PLGA 

temperature curable, 

degrades in vivo in 

months 

tunable mechanical and 

degradation properties 

polymer is easy to 

degrade at high 

processing temperature 

PEOT/PBT 

temperature curable, 

biodegradable and 

degrades faster than 

normal PEG product 

viscoelastic mechanical 

properties 
low mechanical strength 

PU/PEO 
temperature curable, 

biodegradable 

water based system 

favored by cell seeding 

more complex 

synthesize/process 
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required for printing 

PEG 

the polymer is not 

biodegradable although 

the network can be 

modified to be 

biodegradable, 

photocrosslinkable 

well-developed chemical 

modification to allow 

multiple crosslinking 

methods 

PEG polymer is not 

biodegradable 

Natural 

Gelatin 

photocrosslinkable with 

modification, degrades in 

vivo in months 

denatured protein favored 

by cells 
low mechanical strength 

Alginate 

ionically crosslinking or 

photocrosslinking after 

modification, degrades in 

weeks 

cell friendly, inexpensive 

hydrogel 
weak gel, degrades fast 

HA 

chemical crosslinking 

with crosslinkers, 

degrades in days to 

weeks 

natural component in 

native cartilage that 

supports cell function 

chemical crosslinkers are 

usually required for 

crosslinking, long 

gelation time 

 

Table 3. 2. Summary of commonly used materials in 3D printing cartilage applications. 

3.4 Advanced Technology incorporating 3D Printing Enables More Complex 

Structures Similar to Real Cartilage Tissue 

As discussed in the introduction, cartilage is a highly organized tissue. Each depth zone has a 

unique biological, chemical and mechanical environment. Many approaches simply consider 

cartilage as a uniform piece of tissue ignoring the complexities for easy fabrication. However, 

recapitulation of the zonal structure is important for the functional restoration of the damaged 

cartilage. 3D printing is a preferred way to achieve the complex structures. Many experiments 
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have demonstrated the possibility of harvesting cartilage tissue and cells from different zones 

187. Chondrocytes located in different zones have distinct phenotype in terms of matrix 

formation and gene expression 188, 189. Printing chondrocytes isolated from different zones 

within hydrogels layer by layer has been attempted, resulting in good cell viability and cell 

localization 13. Notably, the derived zonal chondrocytes are not pure, although showing 

different behaviors. Therefore, future evaluation of long-term chondrocytes phenotype 

maintenance and surrounding matrix formation are still required to bring similar concept to 

real applications. In fact, 3D printing technology incorporating the chondrocytes repopulation 

into 3D hydrogels with accurate control will improve the outcome of zonal approaches using 

regionally isolated chondrocytes 142. A recent publication utilized a combination of 3D 

printing and directional freezing to create micro-pores inside the printed macro-pores with 

hydrophilic chitosan-alginate solution 190. Due to the mechanical limit of the material, 3D 

printed mold with macro pore was used instead of direct printing in this pilot study, but the 

idea of creating both macro and micro level pore may benefit the bone marrow infiltration in 

vivo and thus stimulate more effective chondrogenesis. With the knowledge of complex 

biological constituents at different scales in native cartilage tissue, fabricating biomimetic 

construct with the help of novel printing techniques becomes a popular focus to direct cell 

adhesion and differentiation. For example, a recent study demonstrated the possibility of 

using table-top stereolithography to generate nanocomposite scaffold with different 

distributions of nanocrystalline hydroxyapatite and TGF-β1 as bioactive factors to repair 

osteochondral defects 191. This pilot study provides an idea of printing bioactive graded 

scaffold to guide cellular response. With improvement of the material and more detailed 

distribution of bioactive molecules, similar future approaches can be applied into creating 

zone specific cartilage with desired cell morphology and ECM formation, therefore achieving 

more effective chondrogenesis.  
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Compared to other 3D scaffolds fabrication, 3D printing technology offers the possibility to 

engineer not only porous scaffolds in a 3D tissue level, but also complex structures at organ 

level. For example, Goldstein et al. introduced a 3D printed laryngo-trachea using poly-lactic 

acid as an alternative to autologous cartilage in order to address the donor site mobility issue 

192. 

 

Moving forward, 3D printing technique also provides a way to incorporate multidisciplinary 

fabrication techniques to create functional biological components. For example, as an 

advanced application, 3D printing live cells together with electronic components inside a 

scaffold leads to a new direction in tissue engineering at organ level. In one study, alginate 

hydrogel mixed with chondrocytes was 3D printed along with conducting (AgNP infused) 

and non-conducting silicone solutions using a syringe head to form a cyborg cartilaginous ear 

193. This conceptual design provides an insightful idea of combining 3D printing, tissue 

engineering and nanomaterials technologies for future complex organ reconstruction.  

 

Despite the above 3D printing studies particularly targeting on cartilage repair, other pilot 

researches on advanced materials and new concept of complex printing may enlighten the 

future development of cartilage scaffold incorporating RP. Although in the past years, 

printing technology has been significantly expanded to create finer structure and have the 

ability to perform bioprinting, fabrication of 3D anisotropy microstructures still remain 

challenging, especially with the most commonly used extrusion method. However, novel 

fabrication process can be applied to compensate the limitation of the current manufacturing 

technology. For example, using thermoreversible bath as supporting material to maintain 

anisotropy structure during fabrication, researchers have demonstrated the possibility of 

creating complex organ-level structure using hydrogels with normal syringe extrusion printer 

194. Individual ECM components such as collagen and fibrin have been attempted for the 
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reason that they provide biological support to the cells, but in fact, native ECM regulates 

cellular response as an integrated structure. Therefore, designing biomimetic scaffolds using 

derived whole ECM has become a popular method in tissue regeneration. Engineering ECM 

bioink will help bridging this new concept with the benefits that 3D printing would offer. 

Many ECM components have the natural ability to form a gel by controlling temperature or 

adding photo initiator, making them even more attractive to serve as printing resin. The 

general processing procedure to develop ECM bioink includes decellularization, tissue 

homogenization and pH adjustment from the native tissue samples 195, 196. Despite the 

promising biological advantages ECM printing provides, several issues need to be addressed 

for effective cartilage tissue regeneration. ECM components vary a lot between different 

types of tissues. There are no current established standards to characterize the isolated ECM 

(including the chondrocytes ECM) bioink. It might be necessary for future studies to 

understand whether the processing alters the function of the natural components in cartilage 

ECM. Besides, due to the unknown chemical components and the possible crosslinking 

methods, it is often challenging to optimize the gelation of the ECM bioink. Therefore, for 

many applications, addition of other supporting materials that provides strong network (e.g. 

mixing ECM with photocrosslinkable hydrogel) may be required to obtain a solid structure at 

current stage. 

 

Following the printing process and the biomaterial development, challenges also originate 

from translating this process to patients during implantation. Current approaches involve 

constructing the scaffolds in a laboratory setting and implanting them in patients. Although 

3D printing is capable of fabricating complex shapes, these laboratory scale studies take on 

simple geometries, such as disks, while real defects in patients are often irregular. Advanced 

imaging techniques allow for recognition of defect shapes in patient, which consequently 

allows custom, patient-specific scaffold shapes to be fabricated. Even then, the reconstructed 
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structures are often incapable of perfectly matching the defect shape 197. In the future, there 

needs to be an in situ repair method, where materials can be printed directly into the patient’s 

defect. This is a large challenge to be tackled, which will involve the development of a 

printing system that is mobile and can possibly be integrated with surgical equipment in an 

operating room.   

3.5 Conclusion 

As cartilage tissue function relies on the complex structures such as the zonal distribution of 

collagen fibers and chondrocytes, traditional treatments fail in mimicking such complexity of 

the native cartilage. With the development of 3D printing technology to fulfill the needs of 

developing constructs that can recapitulate the complex structure of native cartilage for 

effective regeneration, 3D printing of cartilaginous tissue has opened a new direction to 

achieve desired cartilage tissue regeneration or joint functional restoration. Future 

advancement of novel materials with robust mechanical strength and favored biological 

functions, and new fabrication technologies will further broaden the applications of 3D 

printed cartilage for effective tissue regeneration. The emerging RP technology combined 

with other functional additions will complement current existing therapies for cartilage 

defects, and thus benefit future clinical treatments for diseases such as osteoarthritis.  
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Chapter 4: 3D Printing Cartilaginous Construct: A Quantitative 
Examination of the Effects of Polymer Composition and Printing 

Parameters on Print Resolution4 
 

4.1 Introduction 

Tissue engineering has successfully enabled the development of biological substitutes that 

restore, maintain, or improve tissue function for therapeutic purposes 111. However, the 

complexity of the native tissue environment creates challenges to successfully promote tissue 

regeneration. In order to maintain desired cell phenotypes and guide the cells to form 

functional tissue structures, 3D scaffolds have been applied and proven to have positive 

impact in the field of tissue engineering 132, 133. Numerous studies have demonstrated the 

importance and success of 3D scaffolds to maintain appropriate cell morphology and promote 

differentiation 134, 135. 

 

While cell therapy for tissue engineering needs further consideration and regulation on source 

selection, and cell phenotype stability, which slows the development of effective treatment, 

acellular approaches have been explored in regenerative medicine 159. In the field of 

engineering scaffolds utilizing 3D printing technology, the acellular scaffolds approaches 

have much more choices in terms of materials and processing conditions compared to the cell 

laden approaches. For clinical applications, the acellular scaffolds can avoid the potential 

immune response from allogeneic cells and extra maintenance of the cells on the shelf. 

 

One of the challenges that the conventional molded acellular scaffold has is the difficulty to 

capture the tissue structure. Recently, the advancement of 3D printing technologies provides 

                                                 
4 Adapted from: Guo T, Holzberg TR, Lim CG, Gao F, Gargava A, Trachtenberg JE, Mikos 
AG, Fisher JP. 3D printing PLGA: a quantitative examination of the effects of polymer 
composition and printing parameters on print resolution. Biofabrication 2017;9(2):024101. 
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new avenues for the fabrication of scaffolds with detailed structure to recapitulate the desired 

organization of native tissue or organ. In particular, for the fabrication of scaffolds to treat 

osteochondral defects, extrusion-based printing is one of the most popular fabrication 

methods due to its favored layer-by layer features with multiple solidification ways such as 

pH, temperature change or photocrosslinking 150, 151, and its relatively fast fabrication process 

compared to stereolithography. During manufacturing, complex 3D structure can be virtually 

sectioned to layers by associated software first, and then created layer by layer, as materials 

are deposited on the printing platform. With this technique, another advantage is the high 

quality of the interconnected pores as defined in the computer-aided design (CAD) model 153, 

198. During the scaffolds building, the fiber orientation can be controlled precisely with a 

resolution of around 100 μm. The mechanical properties of the printed scaffold can be greatly 

influenced by the fiber orientations 155. 

 

While many different materials have been assessed for 3D printing, due to the lack of 

systematic research on the printing procedures, the reported fabrication methods are specific 

and case-dependent. Our present study utilizes an advanced evaluation process incorporating 

microCT scanning and computational statistic modeling to investigate the correlation 

between printing parameters and the resulting printing resolution. Previous work on printing 

poly(propylene fumarate) has offered a conceptual method to evaluate the effects of material 

composition and printing parameters on scaffold architecture 199. Our current study used 

poly(lactic-co-glycolic acid) (PLGA) as the printing resin and extrusion-based 3D printing to 

fabricate scaffolds. Although PLGA has been widely used as a biocompatible material in the 

tissue engineering field 200-202, 3D printing PLGA with direct melt method has not been well 

developed. Most reported attempts require solvents or binders during the fabrication process 

138, 203, with significantly increased complexity of fabrication and risk of solvent residue 

remaining in the printed scaffolds. Therefore, we are interested in using PLGA as a model 
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material – with no additional ingredients needed – to develop a systematic procedure for 

direct melt extrusion 3D printing. In addition, although the effect of PLGA composition on 

the degradation rate and mechanical properties have been investigated, how these material 

properties contribute in 3D printing quality or affect the printing conditions are not well 

known. We also demonstrated how material properties affect the printing outcome and 

evaluated the printed scaffold. Therefore, this study would be a suitable guide for researchers 

want to 3D print PLGA for a particular application, but not sure which type and what quality 

they could obtain. In this study, five different types of PLGA with various molecular weights, 

lactic acid (LA):glycolic acid (GA) ratios, and end caps were chosen to investigate the 

dependence of the extrusion process on the polymer composition. In the process of 3D 

printing thermoplastic material, it is essential to understand how material properties and 

printing parameters (such as temperature and pressure) correlate with each other. Therefore, 

our first objective was to determine the material rheology and temperature range suitable for 

high quality printing. Our second objective was to use a statistical model to investigate how 

printing parameters, polymer composition, and scaffold fiber orientation correlate with each 

other and affect the 3D printing quality. Overall, we demonstrated success of printing 

scaffolds with precise structures, and quantitatively evaluated the material and printing 

parameters effects on printing quality when using different needle sizes. We also investigated 

the effect of PLGA compositions on the scaffold degradation, mechanical and water 

adsorption properties. 

4.2 Materials and Methods 

4.2.1 Materials 

PLGA with different compositions (LA:GA ratio, molecular weight, and end cap) was 

purchased from Lactel (Birmingham, AL) (PLGA 0.5-10kD-ester) and PolySciTech (West 
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Lafayette, IN) (other four compositions). We selected five different types of PLGA to 

systematically investigate the impact of material composition on the quality of 3D printed 

scaffolds. Table 4.1 details the five material compositions and assigns a code to each 

composition.  

 
Composition 
Code Polymer LA:GA ratio Molecular 

Weight (kDa) End Cap 

0.5-10kD-ester PLGA 1 50:50 9.73 ester 

0.5-30kD-ester PLGA 2 50:50 30.3 ester 

0.6-42kD-ester PLGA 3 60:40 42.6 ester 

0.6-34kD-acid PLGA 4 60:40 33.8 acid 

0.85-62kD-ester PLGA 5 85:15 61.9 ester 
 

Table 4. 1. Summary of different PLGA compositions. Different types of PLGA were 
investigated in this study, and we refer to their composition code in the figures and 
manuscript. For the composition code, the first term is the lactic acid percentage, the second 
term is the rounded molecular weight, and the last term is the end cap type of the co-polymer. 
*LA:GA = lactic acid : glycolic acid 

 

4.2.2 Differential Scanning Calorimetry  

Modulated differential scanning calorimetry (mDSC) was performed to determine the glass 

transition and thermal energy at the printing temperature using TA DSC Q100 (TA 

Instruments, New Castle, DE) to obtain the potential printing temperature range. Five 

different types of unprocessed PLGA were sealed in hermetic aluminum pans (TA 

Instruments, New Castle, DE). Materials were quickly equilibrated at the highest temperature 

and kept isothermal for 5 minutes. The temperature was ramped at 10 ºC /min to -20ºC, and 

then a scan from -20ºC to 200ºC at a rate of 10ºC/min was conducted and recorded. 
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4.2.3 Rheology 

The rheological studies were conducted on a strain-controlled RDA III rheometer 

(Rheometric Scientific Inc. Piscataway, NJ). All experiments were conducted using 25 mm 

flat plate geometry. Samples were maintained at the safe temperature according to the DSC 

results in closed oven. Each temperature was given a soak time / equilibration time of 15 min 

before experiments were conducted. Strain sweep was first performed to identify the linear 

viscoelastic region (LVR). Subsequent tests were performed at 10% strain within the LVR. 

Frequency sweep (0.1 rad/sec - 100 rad/sec) was performed at each temperature starting from 

80OC at 10OC increments. Frequency sweep was performed instead of strain-rate sweep to 

make sure the sample was in LVR. Strain sweep was also performed (0.1/sec – 100/sec) for 

comparison. Data was recorded and analyzed using TA orchestrator software (TA 

Instruments, New Castle, DE). 

 

4.2.4 Gel Permeation Chromatography 

The molecular weight of the unprocessed PLGA and printed PLGA was determined by gel 

permeation chromatography (GPC) using a Waters Alliance Separations Module e2695, 

Waters 2414 Refractive Index Detector, and Waters HSPgel columns in series (HR MB-L 

and HR 3.0 columns, 6.0 mm ID × 15 cm) (Waters, Milford, MA) 204. For printed PLGA, 

scaffold was fabricated using conditions summarized in Table 4.2, then a small piece of the 

printed scaffold was cut and dissolved in tetrahydrofuran for the test. Polystyrene standards 

were used to report the relative molecular weights. The standard curve was generated from a 

10-point calibration using Agilent EasiCal polystyrene standards. The data analysis was 

performed using Waters Empower 3 Chromatography Data software. Three samples of each 

composition were performed for statistical analysis. 
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4.2.5 Scaffold Printing 

3D square models with a dimension of 4 mm (length) × 4 mm (width) × 1.5 mm (height) 

were designed in SolidWorks (Waltham, MA). According to the manufacturer’s 

(EnvisionTEC, Gladbeck, Germany) instruction, the model scaffold was sliced into layers 

with a slicing thickness equal to 80% of the needle inner diameter (ID) before printing. For 

0.2 mm and 0.4mm ID stainless steel needles, we used 0.16 mm and 0.32 mm slicing 

thicknesses, respectively (Bioplotter RP, EnvisionTEC). Scaffolds were printed under various 

conditions including: needle size, temperature, pressure, printing speed, fiber spacing, and 

inner fiber pattern. The scaffolds were printed on double-sided tape for better adhesion. The 

platform temperature was kept at 15 OC. Three patterns were fabricated for the quality 

assessment: 1. Parallel strands with 0.2 mm fiber spacing, 2. 0º/90º crosshatch where the 

printed layers are alternatively perpendicular to each other with 0.2 mm fiber spacing. 3. 

45º/45 º crosshatch with 0.4 mm fiber spacing). Each combination with different printing 

parameters for different types of PLGA was printed for further evaluation and statistical 

analysis. For degradation and mechanical testing, 0°/90° crosshatch pattern was used to test 

the scaffold properties. 

4.2.6 Micro-Computed Tomography 

Micro-computed tomography (microCT) was used to noninvasively image and characterize 

the printing quality of the scaffolds. Scanning was performed on a microCT 100 (SCANCO 

Medical, Brüttisellen, Switzerland) operated at 55 kVp (peak kilovoltage), 9 mm voxels, and 

200 mA. The resulting 3D datasets were segmented using thresholds (lower: 60, maximum: 

1000), with gauss sigma (0.8) and support (1) values to separate 3D printed pores and pores 

within the polymer 205. We used a peak histogram approach to determine the threshold 

segmentation values so that the 3D scaffold can be identified from the background visually. 

The 3D images were evaluated for fiber diameter, fiber spacing, and porosity using Scanco’s 
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Image Processing Language (IPL). After processing, each fiber diameter of the whole 

scaffold was automatically calculated. These numbers were used to report the average yield 

fiber diameter of scaffold printed with different PLGA and various printing conditions. 

 

4.2.7 Statistical Analysis  

For GPC results, data were analyzed using Student’s t test.  A significant level of 95% was 

chosen, and a p-value less than 0.05 was considered to indicate a significant difference 

between samples. 

 

Statistical models were utilized to: (1) evaluate the effects of different experimental factors, 

including LA:GA ratio, end cap, molecular weight, temperature, pressure, speed, and fiber 

pattern, on the error of 3D printing (ε), defined as 

 ε = �𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�
d𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

× 100% Equation 1 

where dfiber is fiber diameter and dneedle is needle diameter; (2) build a model to predict the 

error/accuracy of 3D printing under given experimental conditions (i.e. material composition 

and printing conditions, listed in Figure 3a). The experimental data were separated into two 

groups based on dneedle (0.2 mm or 0.4 mm). For the group with dneedle = 0.4 mm, all 

experimental factors were used in the linear model. Pressure was excluded in dneedle = 0.2 mm 

group since the values were kept constant for all experimental groups (9 bars). A linear 

regression was performed using statistical package R. The p-values of β coefficients in the 

linear models were used to determine if the experimental factors significantly impacted ε. An 

experimental factor was considered significant if its p-value < 0.05. To evaluate the 

predictive performance of these linear models, root mean squared error (RMSE) was used to 
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compare the predictions from the linear regression model ( , predicted error) and the actual 

3D printing error ( ), for a sample size, n. 

  Equation 2 

 

4.2.8 In Vitro Degradation 

Scaffolds printed with a 0º/90ºcrosshatch pattern (0.2 mm fiber spacing) were chosen as an 

example in the following scaffold characterization tests. The scaffolds were placed in 5ml of 

PBS (Sigma-Aldrich, St. Louis, MO) and shaken at 37ºC at 65 rpm for in vitro degradation. 

The original weight of each scaffold was recorded. The pH of each sample was measured and 

PBS was changed every 7 days to make sure it was maintained at 7.4. Before measuring the 

wet weight, the scaffolds were removed from the PBS and then dried with a paper towel. 

After measuring wet weight, the scaffolds were lyophilized to determine the dry weight 206. 

To measure the wet scaffold mass, scaffolds were removed from PBS, dried with a paper 

towel, and then the weight was measured. For water adsorption statistical analysis, percentage 

water uptake was compared between each two groups. 

 

4.2.9 Compression Mechanical Testing 

Compression mechanical testing was performed on degraded scaffolds using an Instron 

mechanical testing system (33R/4465) (Norwood, MA). At each time point, fully hydrated 

scaffolds were removed from PBS and immediately tested in air (days 7, 14, and 21). Five 

scaffolds of each PLGA composition from each time point were tested (0º/90º crosshatch 

pattern was chosen as a standard pattern for testing). The compressive mechanical properties 

during degradation were evaluated. Samples that lost the shape due to significant degradation 
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were excluded from the measurement and indicated by “-“ in Figure 4.4B. A 50N load cell 

was applied to all samples. Samples were compressed at a displacement rate of 0.5 mm/min 

and values were recorded every 10 ms. A pre-load of 0.05N was applied to all samples reduce 

the noise of the measurement. The compression was maintained until a drop of at least 10% 

in force was observed or it reached the machine protection distance. Engineering stress and 

strain were calculated based on original cross-sectional area and height of the wet scaffolds 

measured before testing. For each time point, compressive stress and strain was recorded. 

Compressive modulus was calculated using R software to determine the linear region and the 

slope of the stress-strain curve. The program found the linear region (which determines the 

compressive modulus based on definition) that contained more than 100 data points and 

searched for the longest valid region for the calculation, which has R2≥0.95. The slope of the 

region is the calculated as compressive modulus. 

4.3 Results 

It is important to understand the basic material behavior before 3D printing. In particular, 

when using a high temperature extrusion technique, it is essential to quantify the thermal 

response of the material. First of all, we studied the heat flow of the five types of PLGA when 

temperature changes (Figure 4.1A). Based on the plot, we observed a glass transition 

temperature around 35°C to 60°C. By comparing the glass transition temperature for the 

various material compositions, it was indicated that the glass transition temperature largely 

depends on the molecular weight. PLGA 0.5-10kD-ester with a low molecular weight has a 

dramatic lower temperature compared to other PLGA. Although each composition had a 

different LA:GA ratio and end cap, the glass transition starting points were similar among 

groups with comparable molecular weights. The PLGA 0.85-62kD-ester group (with the 

highest LA:GA ratio and molecular weight) exhibited the highest glass transition temperature 

around 57°C. The energy of the materials was stable without a significant energy wave in the 
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temperature range that includes the printing temperature, which demonstrates that the high 

temperature printing conditions do not break down the polymer. 

 

The rheology plot was presented as viscosity versus temperature for all five PLGA 

compositions (Figure 4.1C). The temperature range includes all extrusion temperatures. 

Viscosity decreased linearly with increasing temperature for all samples. At a given 

temperature, for ester end capped-PLGA groups, the viscosity was higher for compositions 

with higher LA:GA ratios and/or higher molecular weights. In particular, the acid end cap-

PLGA group showed a significantly lower viscosity compared to the ester end cap-PLGA 

groups. The viscosity at the optimized printing temperature for each group also depended on 

the selected needle size. For effective extrusion, the viscosity of the polymer was observed in 

the range of 0.1-10 Pas. 

 

Gel permeation chromatography was performed to compare the molecular weight of different 

types of PLGA before and after printing. In general, other than the PLGA 0.85-62kD-ester 

group, the molecular weight of printed PLGA and the unprocessed PLGA were significantly 

different (Figure 4.1A). By comparing 0.5-10kD-ester and 0.5-30kD-ester, the PLGA with 

lower molecular weight has a relatively lower percentage molecular weight loss. We 

observed that the ester end cap is more resistant to the temperature increase, which is 

consistent with the results observed in rheology. Notably, in the rheology test, the ester end 

cap PLGA also showed greater resistance to high temperature. As the LA:GA ratio increases 

from 50:50 to 85:15, the molecular weight loss is inversely related to the increased LA ratio. 
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Figure 4. 1. Evaluation of PLGA Material Properties Before and After 3D Printing.  A.  
Differential scanning calorimetry assay showed normalized heat flow as temperature 
increases.  PLGA glass transition was observed between 35°C to 60°C, which is significantly 
lower than extrusion temperature.  B.  Comparison of molecular weight of five PLGA 
compositions before and after printing. * Indicated significant difference in each group (p-
value < 0.5). C. Complex viscosity of different types of PLGA as a function of temperature. 
Viscosity generally decreased with increasing temperature. The complex viscosity was 
measured at a fixed frequency of 10 rad/s.   

 

Scaffolds with designed patterns were successfully fabricated using direct melt extrusion 

(Figure 4.2). Based on the designed dimension, scaffolds with 9 layers were built layer-by-

layer, and the printer camera took images of single printed layers. The programmed spacing 

of the adjacent fibers for the parallel and crosshatch patterns is 0.2 mm. The programmed 

spacing of the adjacent fibers for 45° crosshatch pattern is 0.4 mm. (In Figure 4.3, “pattern” is 

simplified to the spacing between adjacent fibers in mm to transfer this categorical factor to 

numerical factor). The printed scaffolds had a comparable pattern to the CAD model for each 

layer. MicroCT was performed to reveal the details of the complete 3D printed scaffolds. 
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This non-destructive technique can further quantify the scaffold structural properties, such as 

fiber diameter, which was used as a metric to assess printing quality. 

 
 

Figure 4. 2.  Scaffold Design and Image Analysis.  3D printed PLGA scaffolds with distinct 
patterns (from top to bottom: parallel, 0o/90o crosshatch*, and 45o/45° crosshatch) were 
printed in a dimension of 4 mm × 4mm ×1.5 mm.  From left to right column: the CAD model 
design, a single layer picture recorded by the printer camera, a 3D view of printed 9-layer 
scaffold, and a microCT-reconstructed image are shown. The table summarizes the average 
fiber diameter and printing accuracy (mean fiber error) of printed scaffolds using different 
needle sizes. A smaller needle size resulted in higher printing resolution with a smaller error. 
*Crosshatch means that the printed layers are alternatively perpendicular to each other (in a 
0o/90o

 or a 45o/45o
 alternating pattern, where the angle is measured between inner structure 

and outer contour). SEM image of the printed scaffold showed smooth surface and clean 
fibers.  

 

The printing conditions to form fine fibers that will yield the programmed fiber diameter 

(±0.01 mm) are listed in Table 4.2. Notably, since the three main printing parameters are 
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not independent of each other, other combinations, such as higher temperature with higher 

speed, can also be applied to achieve similar printing quality. However, in order to minimize 

the degradation that could be caused by extreme temperature, the conditions summarized in 

Table 4.2 were set at a lower temperature with a reasonable printing speed. As the needle 

inner diameter is reduced by half, the required temperature and pressure for extrusion 

increased significantly. For the 0.2mm ID needle, the pressure was kept at 9 bars, which is 

the safe upper limit our printer could provide. Comparing PLGA with different compositions, 

the temperature required for extrusion depends strongly on the molecular weight, although 

LA:GA ratio and end cap also play a role in determining the printing conditions. In general, 

higher molecular weight, higher LA:GA ratio, and an ester cap demand more extreme 

processing temperatures and pressures. 

 
  0.2 mm ID* 0.4 mm ID 

Composition 
Code 

Temperature Pressure Speed Temperature Pressure Speed 
(°C) (bar) (mm/s) (°C) (bar) (mm/s) 

0.5-10kD-
ester 110 9 1.5 95 7.5 1.5 

0.5-30kD-
ester 135 9 0.7 125 8 1.5 

0.6-42kD-
ester 165 9 0.7 140 9 0.5 

0.6-34kD-acid 150 9 1.5 130 8 1 
0.85-62kD-

ester 170 9 0.5 145 8 0.5 

Table 4. 2. Printing conditions for PLGA with different compositions. Printing conditions 
such as temperature, pressure, and speed were optimized to print fine fibers for each 
composition. * Two syringe needles were used to print PLGA fibers, ID = inner diameter. 

 

 

In order to understand how material properties and printing parameters determine the 

extrusion fabrication accuracy, PLGA compositions with different LA:GA ratios, molecular 

weights, and end caps were printed at various temperatures, pressures, speeds, and patterns. 

Each combination was printed and then imaged and analyzed using microCT and the 
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supporting software. From the 3D reconstruction results, the fiber diameter as a function of 

different printing parameters is listed in Figure 4.3A. 

 

We evaluated the printing accuracy based on different extrusion needle sizes (Figure 4.2). 

The printing error (or fiber error) was calculated from Equation 1. The statistical results 

summarized from different types of PLGA gave an average fiber diameter of 0.1773 mm 

when using a 0.2mm ID needle and an average fiber diameter of 0.2993 mm when using 0.4 

mm ID needle. The calculated error when using 0.2 mm ID is lower than the 0.4 mm ID. 

These interesting findings indicate that a smaller needle size requires more extreme 

processing conditions (i.e. higher temperature and pressure) but also produces more precise 

fibers since the conditions are more restricted and more close the optimized case. 

 

A linear regression model was applied to the experimental data to determine the impact of 

each material and printing parameter on the printing accuracy (Figure 4.3B). In the results, 

factors with a p-value less than 0.05 were considered as significantly impactful on the 

printing error (Equation 1). Since the same pressure was applied during fabrication using the 

0.2 mm ID needle, this factor was not considered in the 0.2 mm statistical model. With the 

0.2 mm needle size, the material parameters including LA:GA ratio (ratio), molecular weight 

(Mw), and end cap, and printing parameters, such as temperature, speed, and pattern 

(simplified as the fiber spacing for the parallel, 0º/90º crosshatch, and 45º/45º crosshatch 

patterns) , all played a significant role in determining the precision of printing. The small p-

value associated with the material parameters indicated them as significant factors for the 0.2 

mm needle. However, when using a larger needle with 0.4 mm ID, we observed that the 

printing accuracy relies more on the printing parameters, and some printing parameters 

became less significant. In both groups, the designed pattern did not have a significant impact 



 

 76 
 

on the printing accuracy, indicating the feasibility of using this technique for broader 

applications containing complex structures. 

 

0.2 mm Needle Linear Regression 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  2.79 − 3.54 ×  ratio + 6.561 × 10−5  ×  Mw − 0.326 ×  endcap− 0.00217 ×

 temperature + 0.5539 ×  speed− 0.0555 ×  pattern  

Equation 3 

0.4 mm Needle Linear Regression 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 0.6648 +  0.0846 ×  ratio −  1.36 × 10−5  ×  Mw −  0.3756 ×  endcap +

 0.013 ×  temp −  0.1555 ×  pressure −  0.2947 ×  speed −  0.0237 ×  pattern  

Equation 4 

 

The linear models showed an R2 of 0.76 for the group with dneedle = 0.2 mm and 0.74 for the 

group with dneedle = 0.4 mm. Both groups exhibited significant linear relationships between 

the experimental conditions and the resolution of 3D printing (p-value = 3.21 × 10-4 for the 

0.02 group and 1.81 × 10-4 for the 0.04 group)(for linear model in Figure 3b). The RMSEs are 

5.52 × 10-3 and 3.75 × 10-3 for the 0.2 mm and 0.4 mm group respectively, suggesting that our 

linear models performed well in prediction in both scenarios. 
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Figure 4. 3.  Statistical Analysis of Printing Resolution. A. Fiber Diameter Distribution 
with Different Material Properties and Printing Parameters.  Data points associated with 0.2 
mm ID needle were shown in blue, while data points associated with 0.4 mm ID needle were 
shown in red.  X-axis includes material and printing control parameters, and y-axis shows 
measured fiber diameter calculated from microCT scanning. B. Main effect analysis of the 
material parameters and printing parameters impact on printing accuracy. Two significant 
digits were applied in p-value analysis. A p-value < 0.05 is considered to be statistically 
significant. C. Evaluation of the Accuracy of the Predicted Model. Linear regression of 
predicted error using equation 5 & 6 and actual error calculated from microCT evaluation 
(Left: 0.2 mm ID needle, Right: 0.4mm ID needle). Both models showed strong linear 
relationship between the predicted error and actual error, indicating a precise prediction 
potential of our model. 
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We further investigated if our predicted values using Equation 3 and Equation 4 were 

capable of representing the actual error (Figure 4.3). Linear regression was performed to 

evaluate the relationship between the actual errors and the errors predicted from the linear 

models. 

 

0.2 mm Needle Linear Regression Error 

 Predicted Error = 0.75855 × Actual Error + 0.06384 Equation 5 

 p-value = 6.45 × 10-8 

 

0.4 mm Needle Linear Regression Error 

 Predicted Error = 0.73987 × Actual Error + 0.06151 Equation 6 

 p-value = 8.88 × 10-9 

 

Both cases suggest that there is a significant linear relationship between the actual errors and 

the predicted errors because the p-value is much less than 0.05. Based on statistical precision 

of our model, we believe this model could provide a good prediction of printing outcome.  

 

In order to use the printed PLGA scaffold for osteochondral defect repair, the scaffold 

properties were also investigated (Figure 4.4). The scaffolds were kept on shaker at 37°C for 

in vitro degradation and the scaffold morphology and mechanical properties were evaluated. 

As expected, PLGA with a 50:50 LA:GA ratio experienced fast degradation with significant 

mechanical strength loss over 21 days 207. Both 50:50 groups lost about 50-60% mass during 

the 21-day incubation (Figure 4.4A). In particular, the acid end cap played a significant role 

in accelerating the degradation and resulted in weaker compressive modulus. The acid end 

capped PLGA scaffolds lost around 80% mass after 21 days at 37 °C. The compressive 

modulus of PLGA 0.5-10kD-ester was not measurable due to the structural loss during its 

rapid degradation. With a 85:15 LA:GA ratio and moderate molecular weight, PLGA 0.85-
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62kD-ester showed a steady degradation during early time points (Figure 4.4B). In the water 

adsorption test, the wet mass at each time point was compared with the initial scaffold mass 

(Figure 4.4C). The printed scaffolds with different polymer composition all demonstrated the 

ability to adsorb water. In general, PLGA with a lower LA:GA ratio and an acid end cap was 

able to uptake water more readily during in vitro incubation. Based on the statistical analysis 

comparing significance between each two groups, by day 7, the acid end capped PLGA 

adsorbed significantly more water than the ester end capped PLGA. 

 

 
Figure 4. 4. Printed scaffold properties.  A.  Degradation profile of scaffolds printed with 
different types PLGA. The mass remaining of different types of PLGA was recorded. PLGA 
with lower molecular weight and acid end cap experienced faster degradation. B.  
Compressive modulus of scaffolds with different compositions during in vitro degradation. 
PLGA with moderate molecular weight and an ester end cap showed stable compressive 
mechanical properties during the study. C. Water adsorption of the printed scaffold. The 
printed scaffolds showed ability to uptake water. Scaffolds printed with an acid end and more 
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PGA content adsorbed more water during the course of study because the material is more 
hydrophilic.  

 

4.4 Discussion 

In this study, we evaluated the feasibility and impact factors of using a direct melt extrusion 

printing method to process PLGA, a thermoplastic material. At first, mDSC was performed to 

determine the glass transition and thermal energy at the printing temperature. The stable 

thermal energy at our desired printing temperature confirms that the high temperature 

processing is not likely to break down the material. Therefore, DSC may serve as an initial 

step to consider the processing temperature for new material printing. In order to prevent 

breakdown of the material, the printing temperature should be kept at a range higher than the 

glass transition temperature but lower than the thermal molecular decomposition temperature. 

Particularly in extrusion printing, rheology is an important factor to evaluate, which can be 

utilized as a further guide to determine the fabricating conditions 208. The rheological 

properties of five types of PLGA were analyzed. In this case, the plot of complex viscosity at 

certain frequency equals to the viscosity at certain shear rate according to Cox-Merz rule. To 

protect the material under shear, the experiment was conducted under oscillatory setting so 

the complex viscosity was measured.  We observed effective extrusion and an optimal 

printing resolution when the viscosity was within the range of 0.1-10 Pas, which is 

consistent with documented ranges using other materials 199, 209, 210. Specific viscosity at 

certain extrusion condition depends on the needle size, where smaller needle requires lower 

viscosity for effective extrusion. The linear relationship between viscosity and temperature 

confirmed that a high temperature extrusion technique would not harm to the polymer 

structure during printing. However, the GPC data comparing the molecular weight between 

unprocessed PLGA and printed PLGA revealed a molecular difference. This could be a result 

from the lower printing temperature since the melting temperature mostly relies on the 
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molecular weight. This indicates that for actual applications, we may take account the 

molecular weight change after printing if it is a critical factor to consider in the further 

studies. These results indicate that although the direct melt extrusion procedure does not seem 

to drastically alter the polymer structure, the printed scaffolds may still have different 

mechanical and degradation properties as casted scaffolds, which should be considered in the 

future applications. 

 

We performed a linear regression model to systematically investigate the effects of material 

composition and printing parameters on printing accuracy. In general, we found that using a 

smaller needle results in a smaller error. The printing conditions are unlikely to have a linear 

relationship with the viscosity or the resulted printing error. An exponential relationship 

between the temperature and viscosity would be one reason that when using smaller diameter 

needle, the fiber diameter change is more resistant to the printing condition parameters 

change. The Hagen-Poiseuille Law (Equation 7) 211 provides the connection between the 

viscosity, needle size and volume of plotting material. Due to a proportional fourth power in 

needle size in the equation, the needle diameter affects the dispensed material at a given time 

dramatically, which makes the fineness of extruded fiber harder to control. An interesting 

finding we learned from the main effect analysis of the control parameters and fiber accuracy 

is that the printing error is more material-dependent when using a small diameter needle 

while more printing condition dependent when using a larger diameter needle. 

 

By comparing the significant factors between printing using small needle and large needle, 

we observed that when using smaller diameter needle, the material properties play a more 

important role in the resulting printing quality. In contrast, when using a large diameter 

needle, the printing parameters such as pressure, and speed became more significant to 

determine the fiber quality. One explanation could be that when the needle diameter is very 
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small, the printing conditions are strict and extreme without much flexibility. As a result, the 

printing outcome most depends on the material itself. However, when the needle diameter 

increases, multiple 1st order factors in the Hagen-Poiseuille Law can be considered as 

predominant factors to compensate the material property difference. 

𝑉𝑉 = 𝜋𝜋×∆𝑝𝑝×∆𝑡𝑡
8×𝜂𝜂×𝐿𝐿

× 𝑟𝑟4                                                     Equation 7 
where V is the volume of the plotting material, η is the dynamic viscosity, p is pressure, t is 

dispensing time, L is needle length and r is the needle diameter. 

 

In the statistical analysis, the small RMSEs values, 5.52 × 10-3 and 3.75 × 10-3 for the 0.2 mm 

and 0.4 mm group, respectively, suggest that our linear models (Equation 3 and 4) 

performed well in the prediction of yield printing accuracy. We also demonstrated that our 

prediction model has a strong linear relationship relating to the actual accuracy, which further 

confirmed the power of this established prediction model. However, statistically, a new set of 

experimental data with new input material and printing parameters is needed to test the true 

power of our model in future applications and analysis. 

 

In terms of printed scaffold properties, from the mechanical properties of the scaffolds during 

degradation, PLGA scaffolds with a low LG:GA ratio quickly lost their compressive strength 

and morphology in the first two weeks. In addition, an ester end cap is beneficial to stabilize 

the material during both the printing process and degradation. Since glycolic acid is more 

hydrophilic than lactic acid due to the presence of methyl side groups in LA, scaffolds with a 

lower LA:GA ratio were more capable of adsorbing water 212. An acid end cap also decreases 

the hydrophobicity, in addition to accelerating the degradation. Therefore, for 3D printed 

scaffolds, PLGA that has a high LA:GA ratio and ester end cap may serve as a suitable 

scaffold for cartilage regeneration, considering the relatively slow degradation rate and 

similar compressive mechanical strength to native human cartilage 213. For future 
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applications, a wide variety of PLGA compositions can be combined with direct melt 

extrusion to design 3D printed implants requiring unique chemical, mechanical, and 

degradation properties.  

4.5 Conclusions 

In conclusion, for the applications of 3D printing thermoplastic material using direct melt 

extrusion, it is important to first understand the material properties and use the analysis as a 

guide to determine optimal printing conditions. For applications that prefer to maintain 

scaffold structure and mechanical strength over a relatively long period, it is recommended 

that a high LA:GA ratio is chosen for the printing process. PLGA with an ester end cap also 

demonstrated a better structural stability in 3D printing for tissue engineering applications. 

These well-characterized PLGA scaffolds with high resolution can be used in many tissue 

engineering applications. Although the techniques and discovery in this study are not 

restricted to a specific type of tissue or certain applications, our research mainly focuses on 

optimizing printing procedures and scaffold characteristics to repair osteochondral defects. 

This systematic study will contribute to developing standards for the 3D fabrication 

procedures in tissue engineering and regenerative medicine. 
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Chapter 5:  3D Extrusion Printing Induces Polymer Molecule Alignment 
and Cell Organization within Engineered Cartilage5 

 

5.1 Introduction 

Recognizing the relatively more flexible fabrication process and reduced labor and cost of 

acellular scaffolds compared to cell-laden approaches, the tissue engineering field has 

advanced to develop scaffolds that can better support biological functions for cells introduced 

in vitro or in vivo. 214 Among many cell types that have been combined with acellular scaffold 

to form an engineered tissue construct, stem cells are the most commonly used due to the 

advantages of multipotency and more abundant cell sources. 215-218 Besides widely used 

chemical cues such as growth factors to control stem cell lineage commitment, material cues 

including stiffness and geometry have been shown to contribute in stem cell 

differentiation.219-222 

Therefore, cell-surface interactions with extracellular biomaterials are an important 

consideration when constructing tissue regenerative devices as such interactions can 

influence cellular attachment, alignment, proliferation, and differentiation when using 

multipotent cells such as mesenchymal stem cells (MSCs). The basement membrane in 

vertebrates is composed of a complex mix of ECM proteins with varied pore and fiber size 

and orientation serves as the substrata for supporting cellular structures. 223 Although the 

process is not well understood, it is generally accepted that the surface topography of the 

basement membrane or synthesized material provides cues to influence cellular function and 

differentiation, through activation of plasma membrane integrin receptors. 224, 225 Surface 

features at the microscale influence cell adhesion, alignment, morphology, proliferation and 

                                                 
5 Adapted from: Guo T, Ringel JP, Lim CG, Bracaglia LG, Noshin M, Baker HB, Powell 
DA, Fisher JP. 3D Extrusion Printing Induces Polymer Molecule Alignment and Cell 
Organization within Engineered Cartilage. Journal of Biomedical Materials Research: Part 
A. In Press. 
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differentiation; having an even greater impact at the nanoscale. 226, 227 For example, 

topographically influenced MSCs showed similar efficiency when differentiating into bone 

lineage as to MSCs treated with osteogenic media. 228 In another study, nanotopography also 

showed a stronger effect on the upregulation of neuronal markers than biochemical cues 

alone on unpatterned surfaces. 229 In general, the presence of surface features on the scaffold 

such as ridges, steps or spaces affects cell attachment and proliferation by as the cells 

increase their complement of filopodia and microspikes, which are known to be the “sensing” 

organelles. 230 

 

Articular cartilage tissue exemplifies the impact of cellular organization on tissue function. It 

is composed of 3 zones: the superficial or tangential zone, the middle or transitional zone, and 

the deep zone, each with different biological functions. Cartilage in the superficial zone 

provides high tensile properties by having parallel collagen fibers and chondrocytes to the 

surface of the cartilage.231 Cartilage in the middle zone provides a transition between the 

superficial and deep zones. Collagen fibers and chondrocytes in this zone are randomly 

organized to provide a functional bridge between the superficial and deep zones. The deep 

zone collagen fibers and cells are arranged perpendicular to calcified cartilage and bone, 

which allows it to adhere to bone tissue and provide resistance to compression. Zonal 

differences in matrix organization and structure are due to variations in the cellular activity of 

each zone. For example, proteoglycan 4 (PRG4), which is a large glycoprotein contributes to 

the lubricating function of the synovial fluid, is predominantly produced by the superficial 

zone chondrocytes.  

 

The dysfunction of articular cartilage affects millions of people of all ages. The prevalence of 

clinical osteoarthritis had grown to nearly 27 million by 2007 with trends indicating this 



 

 86 
 

number will continue to increase every year. 232 A limited self-renewal capacity owing to lack 

of blood vessels and low cellularity makes cartilage one of the most difficult tissues to 

regenerate. A few of the most frequently employed treatments include microfracture, 

autologous chondrocyte implantation (ACI), but these strategies have limited success. 233 To 

significantly reduce the potential immune response from transplanting allogeneic cartilage 

tissue and the cost and time associated with ACI, the use of biomimetic acellular scaffolds 

which provide zonal biological and mechanical cues to stimulate seeded stem cell 

differentiation is an attractive alternative for functional cartilage regeneration. 

 

Our present study investigated the impact of 3D printing induced surface properties on MSC 

adhesion and chondrogenic differentiation, both at a scaffold pattern (~100 μm) and polymer 

molecule level (nano scale) so that cell distribution as a population and cell alignment at the 

single cell level were observed. Unlike the complicated nanofabrication process used in 

previous studies to achieve desired surface patterns, the polymer molecule and cell alignment 

we observed was a result from the 3D extrusion without any additional processing. The 

objective of this study is to demonstrate effect of polymer molecule alignment and induced 

cell alignment caused by extrusion based 3D printing. The cell alignment was revealed and 

quantified both in in vitro and in vivo models. Finally, the chondrogenic differentiation of 

MSCs on scaffolds printed with different patterns was evaluated.  

5.2 Materials and Methods 

5.2.1 Scaffold Fabrication 

PLGA with LA:GA ratio of 85:15 and molecular weight of 35kD was purchased PolySciTech 

(West Lafayette, IN). The 3D printed scaffold was fabricated using 3D Bioplotter 

(EnvisionTEC, Gladbeck, Germany) with direct melt extrusion technique. The scaffold was 
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programmed with inner patterns using the provided EnvisionTEC software. For printing, the 

material was loaded into the printing cartridge and melted at 165°C and extruded at 9 bar 

with an average speed of 1.5 mm/s using a 0.2 mm inner diameter needle based on previously 

established methods 234 . Parallel pattern scaffold has fibers diameter of 0.2 mm parallel to 

each other with 0.2 mm edge-to-edge spacing of two adjacent fibers. For random pattern, the 

angle to the contour and the spacing of each layer were randomly selected using a random 

generator package in R software. All scaffolds have a dimension of 4 mm (length) × 4 mm 

(width) × 1.5 mm (height). The casted PLGA was made by melting the raw PLGA material 

and shape to the same size as the printed scaffold. 

 

5.2.2 Small Angle X-Ray Scattering  

SAXS has been used to determine the material internal structure as the interference pattern is 

characteristic to the molecule orientation in the material. Therefore, by recording the 

scattered pattern or signal distribution on each direction, the intrinsic molecule alignment of 

the material can be interpreted. SAXS measurements were performed with Xenocs Xeussat 

system at the X-ray Crystallographic Center, located at Department of Chemistry & 

Biochemistry, University of Maryland. The system was equipped with 5 Meter system with 

CuKα sealed 30W tube high brightness micro-focus source at a constant X-ray energy of 10 

keV. The samples were taped on a metal holder in the experiment chamber. The exposure 

time to collect each scattering profile was 600 s. The sample-to-detector distance was set at 

2514.72 mm for all samples. The incidence angle between x-rays and the sample surface was 

fixed at 0.14°. Scattering profiles were recorded on a Pilatus 1M 2-D area detector.  
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5.2.3 Cell Culture and Seeding 

Primary hMSCs (P2) were purchased (Lonza, Basel, Switzerland) and expanded in a 

monolayer in high glucose Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies, 

Carlsbad, CA) containing 0.1% penicillin/streptomycin (Life Technologies), 0.1 mM non-

essential amino acids (Life Technologies) and 10% fetal bovine serum (Life Technologies, 

Carlsbad, CA) (MSCs growth media).  After reaching the desired amount, cells were lifted 

with trypsin to form a cell pellet. Approximately 1 million cells were seeding onto each 

scaffold by dropping 100 μL concentrated cell solution covering the entire scaffold. Before 

adding fresh MSCs growth media, seeded scaffolds were kept in 37 °C for 4 hours to allow 

attachment. Cell culture media was changed every the other day during maintenance.  

 

5.2.4 Live/Dead Staining 

Live/Dead assay was performed to show cell viability and morphology. The scaffolds were 

washed in Hank’s buffered saline solution (HBSS, Life Technologies, Carlsbad, CA) for 5 

minutes to remove extra media and other active reagents.  The cells on the scaffolds were 

stained in a 2 μM ethidium homodimer and 4 μM calcein AM (Life Technologies, Carlsbad, 

CA) combined with HBSS for 30 minutes in the dark.   

 

5.2.5 Confocal Imaging 

Cells were imaged using Zeiss LSM 710 confocal microscope (Carl Zeiss Microscopy, Jena, 

Germany). Separate channels of lasers were applied, A488 for green, A594 for red, and a 

DAPI channel. Images were taken at frame scanning mode, with a size of 1024 × 1024 at 

medium speed to achieve desired resolution. Each laser power was kept in consistent for 

comparable results.  
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5.2.6 Cell Alignment Quantification 

The degree of cell alignment was quantified using an Image J plugin Orientation J following 

a series of steps. First the image taken from Zeiss software was converted to 8 bit in Image J. 

The region of interest (ROI) was defined by circling cells along their shape. Orientation J 

automatically measured the alignment angles to the horizontal axis. By extracting the printed 

fiber orientation, the angle to the printed fiber can be calculated. Images were taken from 

three different regions to calculate average orientation. All cells on each image was counted 

to eliminate the biased choices. Single-blinded experiment was conducted to analyze the 

images.  

 
 

5.2.7 Animal Surgery 

The scaffolds pre-seeded with rat MSCs were implanted subcutaneously in rats. Three rats 

were used with 6 implantations per rat, 3 dorsal and 3 ventral. The scaffolds were UV 

sterilized and seeded with rat MSCs (R&D systems, Minneapolis, MN). The cell-laden 

scaffold was prepared one day before the implantation and was allowed to culture and 

maintained at 37 °C until the surgery. After induction and maintenance with isoflurane, a 

small dorsal incision was made in the skin. Subsequently, a subcutaneous pocket was created 

cranially and caudally to the incision by blunt dissection and then the scaffolds were placed 

into the created space. The wound was closed by subcuticular suturing along the incision 

lines using 4-0 C-14 reverse cutting resorbable sutures. After 7 days of implantation, the rats 

were euthanized and the implants were collected for analysis.  Using both histology and 

confocal microscopy, cell alignment was examined within the scaffolds. This animal protocol 

was approved by University of Maryland College Park Institutional Animal Care and Use 

Committee (IACUC) (Project 955010-1). 
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5.2.8 RNA Isolation and qRT-PCR 

Toal RNA was isolated from the hMSCs using an RNeasy Plus Mini Kit (Qiagen, Frederick, 

MD) and then reverse transcribed to complementary DNA (cDNA) using a High Capacity 

cDNA Archive Kit (Life Technologies, Carlsbad CA).  The cDNA solution was then 

combined with a Universal Master Mix (Life Technologies, Carlsbad CA), as well as 

oligonucleotide primers and Taqman probes for Sox 9, type II collagen (COL2A1), aggrecan 

(AGC), and the endogenous gene control glyceraldehyde 3 phosphate dehydrogenase 

(GAPDH) (Thermo Fisher Scientific, Waltham, MA) to perform quantitative reverse 

transcriptase-polymerase chain reaction (qRT-PCR). A standard protocol at thermal 

conditions of 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C 

was applied.  The relative gene expression level of each target gene was normalized to the 

mean of GAPDH in each group then the fold change was determined relative to the first time 

point baseline gene expression.  Fold change was calculated using the ΔΔCT relative 

comparative method as described previously 235. 

 

5.2.9 Statistical Analysis 

Student t-test was performed to compare cell orientation between two groups. To assess gene 

expression, data were analyzed using analysis of variance and Tukey’s multiple-comparison 

test.  A significance level of 95% was chosen, and a p-value less than 0.05 was considered to 

indicate a significant difference between samples. 

 

5.3 Results 

5.3.1 Polymer Alignment 

We scanned our printed scaffold and a casted PLGA scaffold using small angle X-ray 

scattering to investigate the polymer molecule organization between casted and printed 
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scaffolds. Differences in molecular organization of materials results in different scattering 

maps due to the different paths traveled by the X-ray. Therefore, the distribution of scattering 

signals on each direction carries structural information of the molecular alignment in each 

direction. The scattering intensity map here shows homogeneous scattering in each direction 

for casted PLGA polymer samples, which indicates the polymer molecules were randomly 

distributed in the material. However, the scattering of printed PLGA was compressed to one 

direction as a result of constructive interference, which indicates a polymer molecule 

orientation exists in the printed sample (Figure 5.1A). Notably, the scaffold was printed in 

solid construct without spacing and the X-ray beam diameter was smaller than the printing 

nozzle diameter to avoid structure interference. The intensity was presented as an arbitrary 

detector unit so that the value itself does not carry any structural information; only the ratio of 

distribution of the scattered signal in each direction indicates the intrinsic polymer molecules 

organization.  
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Figure 5. 1. 3D printing induced polymer molecule alignment and resulted cell 
alignment. A. SAXS set up and results comparing casted and printed PLGA scaffolds. 
Scattered X-ray waves arrive at the detector at different time to form signals as a result of 
material intrinsic structure. X-ray scattering shows uniform scattering in all directions of the 
casted scaffold, which indicates random polymer molecule organization. However, scattering 
shows higher intensity on the horizontal direction of the printed scaffold, which indicates 
vertically oriented polymer molecule existing after printing. Blue boxes indicate regions of 
interest (ROI) upon incoming x-ray. B. Cell alignment on scaffolds printed with different 
patterns. Confocal microscope image showed hMSCs aligned differently on printed patterned 
scaffolds. Live cells were shown in green and dead cells were shown in red. Short black lines 
indicates the polymer molecule alignment. 

 

5.3.2 In Vitro Cell Alignment 

hMSCs were seeded on the 3D printed PLGA scaffolds with different patterns. Confocal 

microscopy was used to reveal the cell organization followed a quantitative analysis using 

ImageJ. We observed different cell alignment levels when seeded on scaffolds printed with 

different patterns (Figure 5.1B). Since the polymer molecules on each single printed fiber 

were aligned due to the extrusion processing, cells seeded on scaffolds with parallel fibers 

showed an induced alignment along the extrusion direction. As a control group, hMSCs were 
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also seeded on casted PLGA scaffold (melt and shaped with parallel pattern), where cells 

appeared randomly ordered on each fiber. As another control, printed solid scaffold without 

spacing was seeded with cells to exclude structural cues. Without spacing, cells were still 

observed to be aligned on the printed direction. For a 45° crosshatch pattern, the printed 

fibers were less ordered compared with the parallel fibers considering the interactions at the 

crossed regions. As a result, the cells appeared less ordered than cells seeded on the parallel 

scaffold. For the random patterned scaffold, with multiple connection points for cells to 

migrate, cells appeared more randomly aligned compared to the previous two cases. In 

particular, cells on scaffold corners appeared to be bridging into different directions. In order 

to test if the cells were encouraged to align due to high concentration, cells were also seeded 

on the parallel printed scaffold at 10X and 100X diluted concentration. The yield cell 

attachment efficiency on the scaffold was approximately 15% according to hemacytometer 

counting. At different seeding concentration, the cells appeared similar degree of alignment, 

where the majority of the cells attached with an angle less than 30°.  Although limited cells 

can be detected were seen at 104 cells/scaffold seeding density after attachment, the detected 

cells showed positive alignment along the printed fiber direction (Figure 5.2A).  
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Figure 5. 2. Cell alignment quantification and the impact of different factors on cell 
attachment. A. Cell alignment and quantification for different seeding densities. Cells 
seeded at various concentration all showed aligned pattern, with more than 80% of the total 
population had an angle to the fiber less than 30 degree. B. Cell alignment quantification for 
scaffolds with different patterned and fabrication methods from Figure 1. Individual cells 
were selected manually in ImageJ, then the angles were automatically calculated by the built 
in Plugin OrientationJ. Cells on scaffolds with parallel pattern mostly aligned along the 
fibers, by displaying an alignment angle to the printed fiber of less than 30°. As a 
comparison, cells on random printed fibers aligned with less order, displaying more evenly 
distributed angles. As a control, cells on casted scaffold showed evenly distribution of 
attachment angles. In a nother control using printed solid disk without any patterns, cells 
showed directional alignment along the printed fibers. All cells from the captured images 
were included for analysis. C. Preferred adhesion with different scaffold spacing. With a 200 
µm printed fiber, when the width of the spacing is smaller than the fiber, most cells appeared 
in the gap spacing rather than attached on the surface of the scaffold. However, when the 
spacing was larger than the diameter of the fiber, cells tended to attach on the scaffold surface 
instead. D. Phalloidin staining of actin fibers and comparison of cell alignment before and 
after cytochalasin D treatment. After cytochalasin D treatment, the attached cells completely 
lost their organized direction due to loss of focal adhesion. 

 

The quantified cell alignment revealed that the cells on parallel patterned scaffolds were more 

organized. The general trend distribution showed that the majority of cells seeded on parallel 

scaffolds had a smaller contact angle to the horizontal fiber compared to the random 
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patterned scaffold. 50% of cells on the parallel patterned scaffold showed a contact angle less 

than 10° while only 26% of cells on the random patterned scaffold had contact angles less 

than 10° (Figure 5.2B).  

 

The above results suggested that not only the aligned polymer molecules determines the how 

the cell would adhere, but also the pattern of the printed fibers contributes to the overall cell 

distribution. Taking account this effect, we conducted experiment on how the orientation of 

the fiber influence the cell adhesion. We found that when the spacing was 100 μm or less, 

cells tend to fill the gaps rather than grow on the printed fibers. On the contrary, for spacing 

larger than 200 μm, cells would choose to attach on top of PLGA fibers (Figure 5.2C).  

 

The phalloidin staining revealed aligned actin fibers in the ECM of aligned hMSCs. 

However, after treating the attached and aligned cells with 2μM cytochalasin D, a known 

inhibitor of actin polymerization, the cells were disassembled and completely lost their 

organized direction due to loss of focal adhesion. The quantified resulted showed significant 

different angle distribution between the untreated group and the cytochalasin D treated group 

(Figure 5.2D).  

 

5.3.3 In Vivo Cell Alignment 

We then conducted an in vivo study using a rat model by subcutaneously implanting the 

scaffold to see if the cell alignment can be maintained (Figure 5.3A). After retrieving 

samples from the rats, the scaffold was visually intact with clear preserved patterns. The 

whole scaffold was stained and imaged, where cell nuclei were stained blue using DAPI and 

actin was stained red using phalloidin to show the cell morphology and orientation. While 

cells appeared randomly distributed on the casted scaffolds, on the printed scaffolds cells 
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were aligned along printed fibers (one fiber marked with dashed line) (Figure 5.3B). Cell 

orientation (angle to the fiber) was quantified using ImageJ and the Plugin OrientationJ by 

manually selecting individual cells and automatically calculating the angles. A total of 178 

cells from three images of the casted group and 118 cells from three images of the parallel 

were included in the single blinded quantification study. Most of the cells on the parallel 

printed implant displayed an angle less than 50°, with 37% having an angle to the fiber of less 

than 20°. However, the cells attached on the casted scaffold showed an evenly distributed 

orientation. In terms of cell morphology, the MSCs on parallel printed scaffolds also 

appeared more elongated or star shaped compared to those on the casted scaffold. 

 

Figure 5. 3. In vivo cell alignment evaluation and quantification. A. Experimental flow of 
the animal study. Rat MSCs were seeded on parallel printed or casted scaffolds, then 
scaffolds were implanted subcutaneously in rats. After 7 days, retrieved scaffolds showed 
intact structure and printed patterns. B. Cell alignment was maintained after in vivo 
implantation. Cells appeared mostly aligned on the parallel patterned scaffold, while cells 
were more randomly distributed on the casted scaffolds. C. Quantification of cell alignment 
in vivo. The average number was calculated from three different images. 
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5.3.4 Chondrogenesis Response 

Finally, we investigated the chondrogenesis as a response to different scaffold patterns and 

the induced cell alignment. Positive markers aggrecan (main proteoglycan in articular 

cartilage), type II collagen (composes main part of chondrocyte ECM), Sox 9 (transcription 

marker) and PRG4 (superficial zone marker) were evaluated. Generally, increased expression 

of positive markers was observed in parallel patterned scaffolds, which indicates a potential 

to engineer zonal scaffolds with a controlled cellular response. Expression of aggrecan on 

both day 14 and day 21 was significantly higher for the MSCs seeded on parallel patterned 

scaffolds. Similarly, approximately 2.5 folders higher expression of type II collagen was 

observed in the parallel group compared to the random pattern group. In particular, the 

superficial zonal marker expression was 7 fold increased for cells on parallel aligned 

scaffolds, and the increased expression was maintained throughout the 21 day study.   

 

Figure 5. 4. Comparison of chondrogenic gene expression for cells grown on scaffolds 
with different patterns. All chondrogenic markers showed different levels of expression as a 
response to different scaffold patterns and induced cell alignment. In general, positive 
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chondrogenic markers aggrecan and type II collagen expression were up-regulated for the 
parallel pattern group. Superficial zonal marker PRG4 expression was significantly higher 
when hMSCs were parallel aligned.   

 

5.4 Discussion 

In this study, we investigated the impact of polymer alignment as a result of extrusion-based 

3D printing at high pressure and temperature. Most of the reported PLGA printings use 

solvents or adhesives combining with an ink jet printer. 236, 237 Because of the more extreme 

processing conditions required, only few direct fusion extrusion on PLGA printing has been 

attempted. As a result, detailed cell-material interactions such as cell attachment or alignment 

under such fabrication ways have not been studied. In fact, as a result of sheared polymer 

“solution” under high pressure (9 bar) through a fine needle (0.2 mm), induced MSC 

alignment as a response to different scaffold fabrication methods and patterns was 

demonstrated and evaluated both in vitro and in vivo. Our results showed that MSCs 

exhibited more controlled and organized attachment on printed scaffolds compared to casted 

scaffolds. The nanoscale polymer molecule alignment is believed to be the major determining 

factor for cell alignment, although the overall cell distribution could be affected by the 

micropatterning of the printed scaffold. In one aspect, the aligned polymer molecules caused 

attached cells to align, where we saw most of the cells aligned along the printed fiber with a 

pure parallel pattern, with and without a space in between the printed fibers. However, this 

effect can be compromised by the scaffold patterns that have crossed fibers, so that the level 

of alignment was weakened as the randomness degree of the polymer fibers increased. These 

findings will provide useful insight surrounding cell-material interactions, in particular in the 

context of 3D-printing approaches. The results will help to develop scaffolds with desired cell 

distribution in complex tissue engineering applications such as engineered zonal cartilage.  
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SAXS is a useful way to determine the material internal structure since the interference 

pattern is characteristic to the material structure. The intensity of the interfering waves is a 

result of distance of the particles and their orientations with respect to the incidence beam, so 

that the detector can record brightness and darkness based on whether the scattered waves 

arrive in phase or out of phase. In our case with a solid polymer sample, the orientation of 

polymer molecules and their degrees can be revealed by the 2D scattering pattern. In SAXS, 

where the purpose is to reveal the material intrinsic structure properties, only Thomson 

scattering is concerned as this type of photon collision is strictly synchronous to create 

coherent scattering that carries structural information. 238 Therefore, only the ratio of intensity 

distribution on each direction tells the particle or molecule orientation, not the overall 

intensity of each sample. In the casted samples, the scattering pattern has equal intensities 

around the incident beam, which indicated randomly oriented polymer molecules. As a 

contrast, the compressed scatter pattern on the horizontal direction demonstrated a molecule 

partial orientation along the vertical direction. We hypothesize that this phenomenon is 

caused by the shear force during high temperature and high pressure printing when polymer 

undergoes glass transition because similar partial orientation patterns are commonly seen in 

sheared liquids or spun fibers. 239 In another aspect, such alignment was not observed in our 

ongoing low temperature and low pressure printing project using the same polymer.  

 

The cell organization on the printed scaffold was investigated. Our results demonstrated that 

the overall cell distribution combines the effect of aligned polymer molecules and printed 

fiber orientation. As a major factor during extrusion, sheered polymer “fluid” generated an 

organized micro-environment of aligned polymer molecules that had an impact on cell 

alignment. As the polymer molecules and polymer chains align, it may influence the regional 

wettability chemogradient and thus have an impact on the cell adhesion and organization. 240 

However, it was noticed that cells also have an intension to bridge into small gaps (Figure 
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5.1B). This bridging feature has been found to be favored by cells during settlement because 

it reduces the unfavorable energy barriers by increases the tension along the unsupported cell 

membrane as well as reducing the overall adhesion strength. 241 Therefore, on parallel printed 

scaffolds, cells appeared highly aligned along each printed fiber because in this case, the 

molecule alignment is the only dominating factor as all printed fibers were separated from 

each other. For the crosshatch pattern or random pattern, where fibers crossed each other, the 

resulted small gaps in crossed regions served as another driving force for cell to settle besides 

the aligned polymer molecules. As a result, when the degree of randomness of the fiber angle 

increased (Figure 5.1B, 2B), attached MSCs were found to be less aligned, due to the effect 

of alignment caused by polymer molecule alignment was compromised by the gaps between 

crossed fibers favored by cells to reduce the attachment energy. The later driving force 

became more and more dominating as there were more connections between fibers present. 

To exclude the effect that the relatively high cell seeding density (107 cells/ml, equivalent to 

106 cells/scaffold, with a yield attachment efficiency of 15%) may have a potential to 

encourage cells to grow in a certain direction as they were packed, lower seeding densities at 

106 cells/ml and 105 cells/ml were performed, where same degree of alignment was 

demonstrated. Such alignment was based on cell adhesion through ECM. The demonstrated 

alignment phenomenon is believed to apply to other synthetic polymers going through 

comparable extrusion process. In fact, similar alignment effect was also achieved using 

scaffolds printed during our ongoing study using poly (L-lactide-co-caprolactone) (PLCL). 

After treating with an actin inhibitor cytochalasin D to interrupt the focal adhesion, the 

aligned pattern was completed lost and resulted random cell organization on the printed 

scaffold.  

 

Next we expanded the cell alignment study in an in vivo rat model by implanting pre-seeded 

casted and parallel printed scaffolds subcutaneously. The demonstration of maintaining the 
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desired cell orientation in vivo is an essential step before future pre-clinical investigation, so 

that such potential was assessed in this study. Besides similar cell orientation observed as the 

in vitro studies, the anisotropic shape of cells on printed scaffold and the more rounded shape 

on casted scaffold indicated cellular function difference. These results demonstrated that the 

cell shape and alignment can be maintained or achieved in a in vivo model, which makes this 

approach very attractive to develop functional complex tissue with layered or controlled cell 

behavior such as creating zonal cartilage by printing a scaffold containing different patterns 

in each zonal. 

 

It was previously discovered that the MSC shape as it adhered to a micro-patterned surface 

affects differentiation, wherein cellular anisotropy was indicated to have an impact on the 

lineage commitment of MSCs. 242 Although the full mechanism remains unclear, relevant 

progress made in the past decade indicated that the attached cellular shape might be a result 

of cytoskeletal tension. 243-245 In this study, we observed variable cell morphology among 

different printed patterns and printed vs. casted samples, which we hypothesize to be a result 

of the initial cellular adhesion response to surface environment (Figure 5.1B, Figure 5.3B). 

The cell shape can further influence differentiation capacity. 246-248 In our evaluation of 

chondrogenic gene expression, variable levels of chondrogenic differentiation of MSCs was 

demonstrated in the PCR results (Figure 5.4). We observed that attached MSCs appeared 

more elongated and aligned on the parallel patterned scaffolds and had enhanced 

chondrogenic gene marker expression. In particular, the zonal specific marker PRG4 

expression associated with the superficial zone, was significantly higher in the parallel 

scaffold group where chondrocytes aligned parallel to one another.  The recapitulation of 

articular cartilage zonal structure has been a great challenge in the field. The achievement of 

zonal marker expression as a result of cell alignment is an important step to develop 

functional cartilage tissue by engineering the cellular microenvironment. Although future 
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steps of more quantitative analysis and further comprehensive research is needed to 

understand more about how and why MSC morphology has an impact on differentiation, our 

demonstrated results will help open a new way to create and control such desired cell 

organization by using 3D printing techniques. Research in the field will greatly benefit the 

understanding of cell-cell and cell-material interactions and thus provides new concepts and 

techniques to develop advanced biomaterials for tissue regeneration. 

 

5.5 Conclusions 

The results indicated that PLGA molecules can be forced to align in the extruded direction at 

high shear conditions (e.g. high pressure and temperature, small needle). This phenomenon 

further induced the attached cells to align along the extruded fiber, which we propose could 

be a result of aligned polymer molecules on scaffold surface involved in cell attachment. 

However, the overall cell distribution on the scaffold can be influenced by the printed fiber 

organization as well. With the parallel printed pattern, molecule alignment dominates the cell 

alignment, where with the random pattern, such alignment can be altered as the cells are 

bridging the small gaps. The cell orientation was maintained in vivo in a subcutaneous 

implant, making this approach promising for combining with surgical procedures that release 

native stem cells for improved cartilage repair. The results on the effect of printed pattern on 

cell organization and differentiation demonstrated that this approach is promising to create 

scaffolds with controlled cell and ECM arrangement to achieve desired biological function 

required for chondrogenesis. Furthermore, the polymer molecule and cell alignment achieved 

by 3D extrusion will have a significant impact on regenerating biomimetic cartilage tissue in 

a cost and labor effective way, as well as providing a fundamental understanding of cell-

material interactions.  
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Chapter 6: Bioactive Scaffold in Combination with Microfracture to 
Enhance Cartilage Regeneration 

 

6.1 Introduction 

Osteoarthritis is the most common cause of disability in adults.232 To 2016, there are 

approximately 14 million individuals in the United States that experience symptomatic knee 

osteoarthritis. 249 Whether caused by trauma or pathological change, this degenerative disease 

is resulted from the breakdown of articular cartilage between joints. Articular cartilage is the 

highly specialized connective tissue surrounding surfaces at joints. Its primary function is to 

protect these surfaces by providing smooth, low friction contact and enabling smooth load 

transfers at the joints. Articular cartilage has a unique and distinct structure, despite the fact 

that it is innervated and lacks blood vessels, nerves, and lymphatics. Articular cartilage is 

composed of one cell type, chondrocytes, surrounded by a dense extracellular matrix (ECM) 

composed of water, collagen, hyaluronic acid, and proteoglycans.250 Articular cartilage can be 

broken up into 3 zones, superficial, transitional, and deep zones that correspond to the 

cartilage depth. The distinct alignment of cells and collagen fibers in each zone provides 

specific support again mechanical loadings. ECM composes more than 90% of dry weight of 

articular cartilage and it also has an impact to maintain the water content of the tissue. 

Therefore, it is essential to understand and restore the ECM function in cartilage tissue 

engineering. The ECM of cartilage can be divided into 3 regions, pericelluar, territorial, and 

interterritorial, based on its composition and properties that it lends to cartilage.251 The 

pericellular matrix composes the thin layer surrounding the chondrocytes. It is composed of 

mainly proteoglycans as well as other proteins and is responsible for transducing signals to 

the cell when the cartilage undergoes load bearing. It is theorized that the territorial matrix 

contributes to protecting chondrocytes from mechanical stresses and strains caused and 
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providing strength to the cartilage to endure loading. The final region of the ECM is the 

interterritorial region that composes the largest percentage of the ECM and supplies most of 

its mechanical properties. Large collagen fibers with the highest concentration of 

proteoglycans are randomly oriented throughout this region to provide compressive strength. 

Proteoglycans play an essential role in the ECM because the overall negative charge retains 

water molecules; so the resulted swelling pressure allows the tissue to resist compressive 

force.252 The most abundant proteoglycan that composes the ECM of articular cartilage is 

aggrecan. It is decorated with several types of sulfated glycosaminoglycans (GAGs), 

including chondroitin sulfate and keratan sulfate. Multiple aggrecan monomers self-assemble 

into large molecules by covalently bond to hyaluronic acid forming large aggregated 

proteoglycans which carry a negative charge, resulting in significant amounts of water being 

retained by the tissue.253, 254  

 

The most common surgical treatment for cartilage defects are microfracture and Autologous 

Chondrocyte Implantation (ACI). ACI is usually recommended for defects greater that 2 cm2 

in size and requires an extensive recovery time. It is also difficult to harvest and cultivate a 

large enough number of chondrocytes for implantation due to low proliferation rate and 

potential to dedifferentiate during culture.255, 256 The recently FDA approved product Matrix-

Induced Autologous Chondrocyte Implantation (MACI) showed improved treatment 

results.257 However, it has the same drawbacks including the dual-surgery procedures and less 

abundant cell source. The most common surgical technique to treat cartilage defects is 

microfracture considering its well established standard procedure and lower cost. During the 

surgery, small holes are drilled into the subchondral bone underlying a cartilage defect to 

trigger the release of stem cells from bone marrow which differentiate into chondrocytes to 

regenerate articular cartilage tissue.258 However, stem cells lack the guided cell 
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microenvironment to orient in the correct alignment that mimics native articular cartilage so 

the regenerated tissue is generally more fibrous and weaker than native tissue. 

 

At the research stage, tissue engineering techniques have allowed scientists to attempt to 

regenerate biomimetic cartilage tissue, for example, by utilizing various levels of collagen II. 

214 Other researchers have also attempted to isolate chondrocytes from the different zones of 

cartilage before seeding them onto 3D scaffolds in an effort to replicate the various zones in 

native articular cartilage.259 However, besides the limited biological complexity and cell 

characterization involved in the design, the success of these approaches largely depend on the 

responses of the cells seeded on the scaffold, which is very challenging and not well-

understood till now. An acellular scaffold with biological activities can be an attractive 

alternative for the cell-laden scaffold considering the potential manufacturing, preservation as 

a clinical product. To enhance the cartilage healing process, the acellular scaffold can be 

combined with the standard microfracture procedure without a second surgery.260, 261 MSCs 

and growth factors released from bone marrow migrated to the defect site can initiate the 

tissue regeneration process. The goal of this study is to improve the cartilage tissue quality 

regenerated by microfracture by incorporating 3D printed scaffold functionalized with 

aggrecan. As the main proteoglycan component of native articular cartilage tissue, aggrecan 

provides binding sites to better recruit stem cells and growth factors to aggregate on the 

scaffold surface and increase cell attachment. Its function of trapping water in the cartilage 

microenvironment will also enhance the physiological environment for the stem cells released 

from microfracture. The first aim of the study is to design and verify the scaffold surface 

modification of aggrecan. We seeded the scaffold with bone marrow and analyzed the 

attached cell population using a customized centrifugation assay. After in vitro evaluation, we 

tested the scaffold function in a lapine model with microfracture, in comparison with the non-
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functionalized scaffold and the standard procedure. The moving ability and regenerated tissue 

quality were assessed.  

 

 

6.2 Materials and Methods 

6.2.1 Scaffold Fabrication 

Poly(L-lactide-co-caprolactone) (PLCL, PolySciTech, West Lafayette, IN) with lactic 

acid:caprolactone ratio of 70:30 and molecular weight of 45kD to 55kD was purchased for 

3D printing. PLCL-amine scaffold material was made by combining PLCL with 15% 

poly(lactic-co-glycolic acid) (PLGA, PolySciTech, West Lafayette, IN) by weight and 

grinding the polymers together to form a homogeneous mixture. 3D printed scaffolds were 

fabricated using the 3D Bioplotter (EnvisionTEC, Gladbeck, Germany) using direct melt 

extrusion technique.234 The scaffold inner pattern was programmed using the provided 

EnvisionTEC software. For printing, material was loaded in the printing cartridge and melted 

at 155°C for extrusion at 6.5 bar with an average speed of 4 mm/s using a 0.2 mm inner 

diameter stainless steel needle. Scaffolds had dimensions of 4 mm (length) x 4 mm (width) x 

0.8 mm (height).  

6.2.2 Aggrecan Functionalization of Scaffolds Through Covalent Bonding 

Covalent bonding of aggrecan to the printed scaffold was achieved through the covalent 

bonding of EDC and sulfo-NHS. EDC acts as a zero-space linker and covalently binds the 

glycolic group on aggrecan molecules to the amine group on the printed PLCL scaffolds. 

PLCL-amine scaffolds were soaked in 0.1M 2-[morpholino]ethanesulfonic acid buffer (MES, 

Sigma-Aldrich, St. Louis, MO) buffer for 15 minutes prior to aggrecan functionalization. For 

each scaffold, a functionalization solution was composed of 0.5 mg lyophilized bovine 
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aggrecan (Sigma-Aldrich, St. Louis, MO), 1 mL MES buffer, 1.6 mg 1-ethyl-3-[3-

dimethlaminopropyl] carbodiimide (EDC, Thermo Fisher Scientific Waltham, MA), and 4.4 

mg N-hydroxysulfosuccinimide (sulfo-NHS, Thermo Fisher Scientific Waltham, MA) and 

allowed to react for 15 minutes based on the EDC-NHS reaction manufacturer protocol. 

Scaffolds were placed in the functionalization solution and placed on the shaker to react for 2 

hours. Scaffolds were washed with phosphate-buffered saline (PBS, Sigma-Aldrich, St. 

Louis, MO).  

 

6.2.3 Nuclear Magnetic Resonance Spectroscopy 

Bruker Advance III 600 NMR spectrometer with BBFO gradient probe was used for the 1H 

NMR experiments. Polymer samples were dissolved in Dimethyl Sulfoxide-d6 (CD3SOCD3). 

The internal solvent signal δ (CD3SOCD3) = 2.5 ppm was used as reference. Aggrecan was 

dissolved in D2O at 1mg/ml. Printed scaffold functionalized with aggrecan (PLCL-aggrecan) 

was dissolved in CD3SOCD3 / D2O at 2:1 ratio for better solubility. Solvent suppression pulse 

sequence was used to suppress solvent 1H signal for Aggrecan and PLCL-aggrecan samples 

to achieve the optimum sample signals. A total of 64, and 128 scans were used for 1H, solvent 

suppression experiments, respectively.  

 

6.2.4 Cell Culture and Seeding 

Human mesenchymal stem cells (hMSCs, RoosterBio, Frederick, MD) were expanded in 

RoosterNourish high performance MSC media (RoosterBio, Frederick, MD). Cells were 

maintained according to the manufacturer’s recommendation and grew 10X within 7 days of 

culturing. After reaching the recommended cell density provided by RoosterBio, cells were 

lifted with trypsin-EDTA (Gibco-LifeSciences, Gaithersburg, MD) and centrifuged at 200xg 
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for 10 minutes to form a cell pellet. Cells collected in a cell pellet were re-suspended in 

RoosterNourish media at a concentration of 10 million cells/mL of media. Approximately 1 

million cells were seeded onto each scaffold by adding 100 µL of concentration cell solution 

to cover each scaffold. Scaffolds were kept at 37 ºC for 4 hours to allow for attachment to the 

scaffold surface. Cell culture media was changed every other day for cell maintenance.  

 

6.2.5 Live/Dead Staining and Confocal Imaging 

Live/dead assays were used to determine cell viability and morphology. Scaffolds were 

washed with Hank’s buffered saline solution (HBSS, Life Technologies, Carlsbad, CA) for 5 

minutes to remove excess media and other reagents. Cells on the scaffolds were stained with 

2 μM ethidium homodimer and 4 μM calcein AM (Life Technologies, Carlsbad, CA) 

combined with HBSS and incubated for 30 minutes in the dark. Scaffolds were then washed 

with HBSS, soaked in 200 µL of 4% paraformaldehyde for each scaffold, and left to incubate 

for 15 minutes. Scaffolds were washed with 200 µL of phosphate-buffered saline (PBS) and 

stored in PBS until they could be imaged using a confocal microscope.  

6.2.6 DNA Quantification 

Human mesenchymal stem cells (hMSCs) were lifted from scaffolds using trypsin and 

centrifuged into a cell pellet. DNA was isolated from hMSCs using a DNeasy Plus MiniKit 

(Qiagen, Frederick, MD). DNA was quantified using a PicoGreen dsDNA Assay Kit (Quanti-

iT, ThermoFisher Scientific, Waltham, MA). DNA isolates from the DNeasy kit were 

normalized to standard curve generated from the PicoGreen Assay to quantify DNA amounts.  

6.2.7 Centrifugation Device Fabrication 

A lid was designed in SolidWorks (Dassault Systémes, Vélizy-Villacoublay, France) for a 

slight press fit into the inner wells of a standard 24 well plate, allowing the assembly to be 

https://www.google.com/search?sa=X&rlz=1C1GCEA_enUS765US765&biw=1366&bih=637&q=V%C3%A9lizy-Villacoublay+France&stick=H4sIAAAAAAAAAOPgE-LQz9U3KKgys1TiBLGS0nKykrS0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQCctoYMQwAAAA&ved=0ahUKEwiM5Je1jI3aAhWDZd8KHQq1CcIQmxMI-wEoATAV
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flipped upside down and centrifuged. The designed device was intended to capture the 

scaffolds and cell solution during centrifugation. The lid was fabricated using an EnvisionTec 

Perfactory 4 Mini Multilens (Gladbeck Germany) using E-Shell 300, a clear, biocompatible 

acrylate-based resin (envisionTEC, Inc., Dearborn, MI). Excess resin was removed by 

submerging printed objects in 99% isopropanol (Pharmco-Aaper, Shelbyville, KY) for 5 

minutes and blowing the interior dry with air. Complete resin curing was achieved with 1000 

flashes of broad spectrum light (Otoflash, envisionTEC, Inc., Dearborn, MI). Scaffolds were 

cleaned in 100% ethanol (Pharmco-Aaper, Shelbyville, KY) for >30 minutes to leach any 

remaining soluble contaminants. Scaffolds were sterilized under fresh 100% ethanol and UV 

light for 20 minutes. Scaffolds were rehydrated in a serial dilution of ethanol to pH 7.4 sterile 

PBS (principal chemicals sourced from Sigma-Aldrich St. Louis, MO) in 4 steps (75:25, 

50:50, 25:75, and 0:100 ethanol:PBS), with each intermediary step allowed to soak for 5 

minutes. 

6.2.8 Bone Marrow Seeding 

Human whole unprocessed bone marrow (Lonza, MD) was seeded onto the printed scaffolds 

placed in ultra-low attachment 24-well plate (ThermoFisher). Equal amount of Dulbecco’s 

modified Eagle’s medium (DMEM; Life Technologies, MD) supplemented with 1.0% v/v 

penicillin/streptomycin (Life Technologies) and 0.1 mM nonessential amino acids (Life 

Technologies) was added to each well. The plate was incubated at 37°C, 5% CO2, and 80% 

humidity for 24 hours to allow attachment. 

6.2.9 Centrifugation Assay Set Up 

The centrifugation assay set up is shown in Figure. The concept and determination of the 

centrifugal force were based on previously established protocol 262. Upon test, the original lid 

of the 24-well plate was removed and the 3D printed cover (SmartLid)was applied to air-seal 
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the wells. The plates were centrifuged upside down at a relative centrifugal force (RCF) of 50 

g for 5 min at 22°C to separate the adhered cells and non-adhered cells. After first 

centrifugation, the supernatant at the bottom of the SmartLid containing non-adhered cells 

were collected for cell counting. Tripsin-EDTA (Gibco) was then added to lift the adhered 

cells following a second centrifugation to harvest the adhered cells. The scaffolds and wells 

were washed once with PBS.  

6.2.10 Evaluation of hMSCs Isolated from Whole Bone Marrow 

Flow cytometry analysis was conducted to analyze the cell population isolated from the bone 

marrow. The cells were re-suspended at a concentration of approximately 5 million/mL. Cells 

and controls were stained using Human MSC Analysis Kit (BD Stemflow; BD, NJ) following 

the manufacturer’s instruction. The data was analyzed using FlowJo for gating and population 

differentiation. Briefly, 100 µL of sample was mixed with 20 µL of the hMSC Positive 

Cocktail (CD90 FITC, CD73 APC, and CD105 PerCP-Cy5.5) and 20 µL of the hMSC 

Negative Cocktail (CD34 PE, CD45 PE, CD11b PE, CD19 PE, and HLA-DR PE) and 

incubated at 4°C in the dark for 30 min. After incubation, the mixed cell suspensions were 

washed twice with 500 µL of PBS containing 1% bovine serum albumin (BSA). The final 

cell pellet was suspended in 500 µL of PBS containing 1% BSA and analyzed using a BD 

FACSCanto II. The positive control using hMSCs (Lonza) and the negative isotype controls 

was used to set up the gate for all samples. The samples were running at medium rate for 90 

second.  

 

6.2.11 Animal Surgery and Tissue Harvest 

Total of 14 New Zealand White Rabbit (7-9 lb) (Covance Inc., NJ) were included in this 

study. Anesthesia was induced by the veterinary resource staff with Ketamine (35-40 
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mg/kg)/Xylazine (2-5 mg/kg). Post sedation Isoflurane delivered from a precision vaporizer 

(1.5-3%) in 100 % O2 was administered via face mask during the surgery. In this unilateral 

defect model, the right hind leg was served as defect leg while the left hind leg was treated as 

healthy control. Bupivacaine 0.25 % (up to 2 mg/kg) was injected to the trochlear grove prior 

to patella dislocation as local analgesia. The patella was dislocated laterally to expose the 

articular surface. A full thickness cartilage defect was then created on the trochlear grove 

with a size of 3 mm in length and width in the center of the trochlear groove.  For groups with 

microfracture, the procedure was carried out by drilling with 0.75 mm K-wire. After 

debridement of the calcified cartilage layer, small holes (0.75 mm diameter holes 

approximately 2 mm deep equidistant from the created patellar groove defect) were made 

using K-wire at the four corners and the middle of the defect in the exposed bone of the 

chondral defect. Modified or unmodified polymer constructs were inserted into the cartilage 

defect site for two experiment groups and immediately thereafter the exposed patellar groove 

was reverted and the injury site was closed using resorbable sutures (Figure 6.3A).  

 

The joints from both knees were harvested after 8 weeks. Euthanasia was performed with 

Beuthasol (Pentobarbital iv, 100 mg/kg) in auricular vein after a ketamine 20-40 mg/kg and 

2-5 mg/kg xylazine subcutaneous injection. After euthanasia, the bilateral rabbit knee joints 

(femur end and chondyle) were then harvested for further analysis. The animal study 

including the following locomotion test (protocol #0717009) was approved by Institutional 

Animal Care and Use Committee (IACUC) at University of Maryland, School of Medicine.  

6.2.12 Animal Locomotion Test and Evaluation 

After two weeks (recovered from the surgery based on veterinarian’s advice), the rabbits 

taken to an open field restricted by a 1.4 m × 0.5 m fence to allow for locomotion evaluation. 

Videos were recorded of rabbit test subjects from the top and side view on week 3, 4, 5, 6 and 
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8 post-surgery implantation of the scaffold. Videos were analyzed and test subjects were 

evaluated by Basso, Beattie, Bresnahan (BBB) Locomotor Rating Scale to quantify the 

subjects’ movement, coordination, and weight bearing abilities post scaffold implantation. 

The BBB scale was slightly modified to fit the rabbit moving habits (Table 1). The score was 

averaged from three evaluators in a single blind study. 

 
0 No observable movement of the hindlimbs. 
1 Slight (limited) movement of one or two joints, usually hip and/or knee. 

2 Extensive movement of one joint or extensive movement of one joint and slight 
movement of the other. 

3 Extensive movement of two joints. 
4 Slight movement of all three joints of the hindlimbs. 
5 Slight movement of two joints and extensive movement of the third joint. 
6 Extensive movement of two joints and slight movement of the third joint. 
7 Extensive movement of the three joints in the hindlimbs. 

8 Sweeping without weight bearing or plantar support of the paw without weight 
bearing. 

9 
Plantar support of the paw with weight bearing only in the support stage (i.e., when 
static) or occasional, frequent or inconsistent dorsal stepping with weight bearing and 
no plantar stepping. 

10 Plantar stepping with occasional weight bearing and no forelimb-hindlimb 
coordination. 

11 Plantar stepping with frequent to consistent weight bearing and no forelimb-hindlimb 
coordination. 

12 Plantar stepping with frequent to consistent weight bearing and occasional forelimb-
hindlimb coordination. 

13 Plantar stepping with frequent to consistent weight bearing and frequent forelimb-
hindlimb coordination. 

14 

Plantar stepping with consistent weight support, consistent forelimb-hindlimb 
coordination and predominantly rotated paw position (internally or externally) during 
locomotion both at the instant of initial contact with the surface or frequent plantar 
stepping, consistent forelimb-hindlimb coordination and occasional dorsal stepping. 

15 Consistent plantar stepping, consistent forelimb-hindlimb coordination; predominant 
paw position is parallel to the body at the time of initial contact. 

16 
Consistent plantar stepping and forelimb-hindlimb coordination during gait; the 
predominant paw position is parallel to the body at the time of initial contact and 
curved at the instant of movement. 

17 
Consistent plantar stepping and forelimb-hindlimb coordination during gait; the 
predominant paw position is parallel to the body at the time of initial contact and at 
the instant of movement. 
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18 
Consistent plantar stepping and forelimb-hindlimb coordination during gait; the 
predominant paw position is parallel to the body at the time of initial contact and 
curved during movement. The animal presents partial standing. 

19 
Consistent plantar stepping and forelimb-hindlimb coordination during gait; the 
predominant paw position is parallel to the body at the instant of contact and at the 
time of movement, and the animal presents occasionally full standing. 

20 
Consistent plantar stepping and forelimb-hindlimb coordination during gait; the 
predominant paw position is parallel to the body at the instant of contact and at the 
time of movement, and the animal presents frequent full standing. 

21 
Consistent plantar stepping and coordinated gait, consistent movement; paw position 
is predominantly parallel to the body during the whole support stage; consistent full 
standing. 

  DEFINITIONS 
  Slight: partial joint movement through less than half the range of joint motion. 
  Extensive: movement through more than half of the range of joint motion. 

  
Sweeping: rhythmic movement of HL in which all three joints are extended, then 
fully flex and extend again; animal is usually side lying, the plantar surface of paw 
may or may not contact the ground; no weight support across the HL is evident. 

  No Weight Support: no contraction of the extensor muscles of the HL during plantar 
placement of the paw; or no elevation of the hindquarter 

  Weight Support: contraction of the extensor muscles of the HL during plantar 
placement of the paw, or elevation of the hindquarter. 

  Plantar Stepping: The paw is in plantar contact with weight support then the HL is 
advanced forward and plantar contact with weight support is reestablished. 

  Dorsal Stepping: weight is supported through the dorsal surface of the paw at some 
point in the step cycle. 

  FL-HL Coordination: for every FL step an HL step is taken and the HLs alternate. 
  Occasional: less than or equal to half. 
  Frequent: more than half but not always; 51-94%. 
  Consistent: nearly always or always; 95-100%. 

  Partial standing: lifting the forelimb off the ground but with trouble holding the body 
straight for more than 1 second. 

  Full standing: lifting the forelimb off the ground with a full support provided by the 
hindlimb. 

  

Table 6. 1. Modified BBB Locomotor Rating Scale for Rabbits after Orthopedic 
Surgery 

   

6.2.13 Optical Coherence Tomography 

The frequency-domain OCT imaging system utilized in this study was equipped with a 

wavelength-swept laser as light source which was centered at 1310 nm with 100 nm 
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bandwidth 263. The wavelength-swept frequency was 16 kHz and the output power was 17 

mW. 3% of the laser output power went into a Mach-Zehnder interferometer (MZI) and 

generated a frequency-clock signal with uniformly spaced optical frequency to trigger the 

sampling of the OCT signal. The system applied a fiber-based Michelson interferometer and 

about 97% of the laser power was split evenly to the sample and reference arms of the 

interferometer. The signals reflected from the sample and reference arms encountered at the 

fiber couple (FC) and formed interference fringes, which encoded with different frequencies 

and then received by a balanced detector (BD). Depth-resolved tomography was achieved by 

performing fast Fourier transform of the interference fringes 264. The scanning field of view 

(FOV) was set at 5 mm x 5 mm to cover the entire defect area with 800 pixels in each 

direction. During imaging, the tissue was irrigated by phosphate buffer saline (PBS) to 

prevent dehydration. For cartilage thickness analysis on the acquired images, 10 random 

sections were picked on the X-axis (cross-section from top of trochlea groove) and the 

thickness of each section was calculated from a random point on Y-axis. The average 

thickness of each group was calculated from all biological samples of that group. 

6.2.14 Histological Staining and Image Analysis 

After harvesting and OCT scanning, the tissue samples were fixed in buffered 4% 

paraformaldehyde solution containing 1% sucrose. After decalcification, followed by a 

standard series of dehydration, the samples were embedded in paraffin. The samples were 

sectioned to 5mm thick slices and placed on positively charged glass slides. For H&E 

staining, the samples were stained by hematoxylin, followed by counterstaining of eosin. For 

Alcian Blue staining, samples were stained by Alcian Blue for 30 minutes, then 

counterstained under nuclear fast red for 5 minutes. The pictures were taken using Nikon Ti2 

microscope (Nikon, Tokyo, Japan) mounted with Nikon DS Ri2 camera. The images were 

analyzed using the automatic measurement tools built in the microscope software. 
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Chondrocytes number was counted in the H&E images by thresholding the RGB color. 

Circularity (0.33-1.00) and area (≥3.93) were applied as restrictions to determine cell nuclei. 

The binary area of Alcian Blue stained GAGs was quantified by adjusting HSI value (Hue, 

Saturation, Intensity). Area (0.05-13807 µm2) was applied as a restriction factor to eliminate 

noise and background. In both cases, the healthy control image was used to set up the 

threshold and restrictions. The same settings were applied to all images. 

 

6.3 Results and Discussion 

Aggrecan functionalization and evaluation of cell adhesion  

An EDC-NHS chemistry was performed to covalently bind the carboxyl groups on the side 

chains of aggrecan and the amine groups on the printed PLCL-amine scaffold (Figure 6.1A). 

After chemical reaction, the modified scaffold sample was compared to PLCL and PLCL-

amine samples using NMR. First of all, by comparing the spectra of printed plain PLCL 

sample, raw PLGA-amine, and printed PLCL-amine sample (blended with 85% PLCL and 

15% PLGA-amine), we demonstrated that the amine group can be preserved through the 

printing process (Figure 6.1D). Amine shift at 0.93 and 2.61 were observed in the PLCL-

amine sample. Further analysis on PLCL-amine sample, pure aggrecan sample, and the 

functionalized sample revealed matching peaks to confirm the presence of aggrecan (Figure 

6.1D). Because of the complex structure of aggrecan, the acquisition of separate peaks was 

challenging. The 1H signal was relatively low due to low solubility of aggrecan as a large 

proteoglycan molecule. After solvent suppression, the match peaks were primarily observed 

at 3.94 resulted by sulfate shift and 1.5 resulted by carboxylic ester, since these two groups 

are the most abundant side chains of aggrecan.  
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The biological function of the modified sample was evaluated in the next steps. We seeded 

hMSCs onto PLCL scaffold, PLCL-amine scaffold, fibronectin coated PLCL scaffold, 

aggrecan coated scaffold, and aggrecan modified scaffold, respectively. The cells were 

stained with calcium AM (live) and EH (dead) after 24 hours. While all groups showed great 

cell viability, the cell attachment efficiency on PLCL and PLCL-amine scaffold is 

significantly lower than the other three groups, indicating that the proteins on the scaffold 

played an important role in improving the cell attachment (Figure 6.1C). The DNA 

quantification data after 7 days confirmed the live/dead imaging conclusion. The aggrecan 

modified scaffold showed three times more DNA content than the unmodied scaffold (Figure 

6.1B). Note that although the PLCL-amine group appeared higher DNA content in the 

presented graph, the repeated experiment demonstrated that this difference is not significant 

between PLCL and PLCL-amine groups. 
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Figure 6. 1. Design and characterization of aggrecan functionalization on PLCL 
scaffold. A. Schematic diagram of chemical reaction between aggrecan and PLCL-amine 
scaffold using EDC and sulfo-NHS. B. DNA quantification of hMSCs seeded on PLCL, 
PLCL-amine, and PLCL-aggrecan scaffold after 7 days. C. Cell viability and attachment 
efficiency of hMSCs adhered on scaffolds after 24 hours. Live cells were stained green and 
dead cells were stained red. D. NMR spectrum confirming the presence of amine group after 
printing the blended PLCL and PLGA-amine material and the aggrecan modification. 

 

A cell centrifugation assay to isolate the adhered cells from whole bone marrow was followed 

in order to analyzed the cell phenotype through flow cytometry (Figure 6.2A). By 

incorporating a 3D printed lid that can air seal the 24-well plate with designed features for 
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this experiment as demonstrated in the Method section, the non-adhered and adhered cell 

population were separated for further analysis. A hMSC cocktail was used in the flow 

cytometry to identify the hMSCs population (CD105+, CD90+, CD73+, CD11b-, CD19-, 

CD45-, HLA-DR-). The adhered population is approximately 0.1% of all cells in the whole 

bone marrow, according to both flow counting and hemocytometer counting. The aggrecan 

modified scaffold had approximately 10 times more adhered cells than the control groups. 

The adhered/attached cell count in controlled 90 second flow for aggrecan modified scaffold, 

PLCL scaffold and PLCL-amine scaffold was 286377, 21113, and 32551, respectively 

(Figure 6.2B). Among the adhered cells, after gating with isotype controls, the positive 

hMSCs count in 90 second flow for aggrecan modified scaffold and the two controls are 387, 

200 and 214, which yields a positive hMSCs percentile of 0.1-1% among the adhered cells in 

the whole bone marrow (Figure 6.2B). 
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Figure 6. 2. Centrifugation assay to evaluate cell adhesion and adhered cell phenotype. 
A. Set up of the centrifugation assay for scaffolds seeded with whole bone marrow. A 3D 
printed lid was applied to separate the adhered and non-adhered cells. B. Flow cytometry 
analysis of the adhered cell population. Total attached cell number and positive hMSCs 
number were quantified. 

 

In vivo assessment of scaffold function 

NZW rabbits were used as an animal model to further evaluate the scaffold biofunctionality. 

NZW rabbit is a well-established small animal model for orthopedic surgeries because the 

condyle of mature rabbits is large enough to incorporate scaffold treatment with feasible 

surgical procedures. The thickness of the cartilage layer is also enough to prevent the 
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potential intrinsic repair compared to mouse or rat model.265 Since cartilage regeneration 

process varies by gender, for example, the sexual hormones play a role in regulating 

chondrocytes function and collagen contents. In particular, female sex is strongly associated 

with higher incidences of OA.266 Therefore, female rabbit has been used as a standard model 

in cartilage repair studies in existing literature, for the purpose of (1) consistent cartilage 

physiology properties and (2) a model associated with the disease prevalence. The animal 

surgery was completely successful following the approved protocol. All 14 rabbits survived 

with an overall good health condition until the termination of the study. The knee joints were 

harvested after 8 weeks for further analysis including tissue evaluation, OCT scanning and 

histology. The implanted scaffolds were mostly degraded after 8 weeks. A thin layer of 

regenerated cartilage tissue visibly appeared to cover the defect area in the experimental 

groups. With the additional scaffold, especially when functionalized scaffold, the newly 

regenerated cartilage tissue showed a healthier appearance (Figure 6.3B). 

 

In the locomotion test, rabbit movement was recorded at each time point from both side view 

and top view throughout the eight week observations. The locomotion behavior was 

evaluated using a modified BBB score scale. While the defect control group appeared a 

waved shape, indicating no movement improvement over the course of study, all 

experimental groups showed an increasing trend of scores over time. Rabbits treated with 

aggrecan functionalized scaffold or plain scaffold had comparable scores with the rabbits 

treated with clinical procedure microfracture. BBB score was initially developed to evaluate 

locomotion test after spinal cord injury for rats.267 The application in rabbit model has also 

been reported.268 In this study of orthopaedic surgery, we modified the score to better 

represent the rabbit locomotion behavior. All the rabbits received a score higher than 13. 

Considering the relatively good recovery in regard to the movement ability with treatments, 

no significant difference among the experimental groups were observed at each time point. 
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All experimental groups with treatments had an average score of around 19 on week eight 

(Figure 6.3C). In addition, images at the moment of moving straight were captured to assess 

the foot pointing angle to their body. If the rabbits movement were affected by pain or the 

joint function, they would apply unbalanced force on their hind limb or even dragging the 

surgical site limb when walking, which can be reflected by the angle of the surgical site hind 

limb to their body. From the analysis, all groups with treatment show significantly small 

angle than the defect control group, indicating a healthier walking pattern (Figure 6.3D). The 

groups with implantation showed similar small angle (less than 10 degree) compared to the 

microfracture group, demonstrating that the scaffold didn’t cause discomfort during 

movement. 

 

Figure 6. 3. Animal surgery and locomotion evaluation. A. Surgical procedure of 
microfracture and scaffold implantation. A 3 mm×3 mm full thickness defect was made in the 
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center of the trochlear groove (top left); 5 small holes (0.75mm) were drill at the four corner 
and the center of the defect on the subchondral bone (top right); scaffold with the defect size 
was covered the defect area (bottom left); the exposed patellar groove was reverted and the 
wound was closed by buried absorbable suture (bottom right).  B. Harvested joints after 8 
weeks showing regenerated cartilage tissue. Top left: defect without treatment; top right: 
defect treated by microfracture; bottom left: defect treated by microfracture and PLCL 
scaffold; bottom right: defect treated by microfracture and PLCL-aggrecan scaffold. C. BBB 
score evaluation over the 8 weeks of post-surgery observation in open field locomotion test. 
D. Measurement of foot alignment during movement. 

 

The joints (femur end) were harvested for OCT scanning and histological analysis. The 

samples were scanned by OCT immediately after harvesting. A 5mm x 5mm scanning area 

was used to ensure the coverage of the entire defect area. Clinically, cartilage thickness is an 

important judgment of degree of osteoarthritis. In this study, it was measured as an important 

factor to evaluate the regeneration potential of different treatments. OCT, known as an 

analogous to ultrasound but presents advantages on resolution by measuring the intensity of 

backreflected infrared light instead of sound, has been used as an non-invasive method to 

assess the tissue both qualitatively and quantitatively including study on rabbit cartilage.269, 270 

The bone and cartilage boundary can be determined by the reflected light contrast due to 

different tissue structures.269 The healthy control sample was used as a reference to determine 

the scan settings, and the outer and inner boundary of cartilage tissue. From the scanning, 

aggrecan functionalized scaffold resulted a more homogenous thickness distribution (Figure 

6.4). This difference compared to the non-treated scaffold indicated a better integration with 

the newly regenerated tissue as a result of the biological function provided by aggrecan. The 

released cells and growth factors from bone marrow were better preserved through the 

proteoglycan support in this case. Furthermore, the average regenerated cartilage thickness of 

samples in the aggrecan-PLCL treatment group was 264 ± 80 µm, which is significantly 

higher than all other groups. The samples from defect control group, microfracture treatment 

group and PLCL scaffold group showed regenerated thickness of 47 ± 41 µm, 139 ± 72 µm, 

and 155 ± 80 µm, respectively (Figure 6.4). These resulted demonstrated the therapeutic 
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effect of biological functionalized scaffold using aggrecan. The combination of microfracture 

and this acellular bioactive scaffold resulted greatly improved cartilage regeneration in 8 

weeks. 

 

Figure 6. 4. 3D OCT images of cartilages and thickness quantification. The representative 
images of groups were listed: (a) Healthy control group, (b) Defect control group, (c) 
Microfracture group, (d) Microfracture and PLCL scaffold group and (e) Microfracture and 
Agg-PLCL scaffold group. Cartilage thickness was calculated from 10 randomly selected 
sections along y-axis. On each section, a random position on x-axis was selected for 
calculation. The average and standard deviation of the thickness in the plot was calculated 
from all samples in each group. 

 

We performed histological staining for the harvested joints after embedding and 

decalcification. In the H&E staining, the nuclei were stained dark purple by hematoxylin and 

the eosinophilic structures mainly composed of intracellular and extracellular proteins were 
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counterstained by eosin Y as pink. The regenerated cartilage tissue appeared as lighter pink 

compared to the subchondral bone tissue (Figure 6.5B). Chondrocytes number in the 

cartilage layer was quantified using the Nikon Ti2 built-in analysis tool. The healthy control 

was used to set the color threshold and restrictions (circularity and area) to identify the cell 

nuclei. The defect control group showed very limited regenerated tissue with only 55 ± 26 

chondrocytes in the imaging area. The microfracture treated group and the PLCL scaffold 

group showed similar amount of newly formed tissue with a chondrocytes count of 112 ± 26 

and 134 ± 95, respectively. The slightly improved regeneration with non-treated scaffold 

might be caused by the initial support provided the implant, however, the poor integration 

with the local tissue limited the positive effect. With the addition of aggrecan, the tissue 

formation was significantly improved with almost three times more (366 ± 95) cell present in 

the cartilage layer. The alcian blue staining further confirmed the therapeutic effect of the 

functionalized scaffold (Figure 6.5A). As a major component of native cartilage, the produce 

of GAG by the chondrocytes have been used as a common way to assess the chondrogenesis 

or cartilage tissue regeneration. The GAG contents stained by alcian blue were greatly 

enhanced with the support of scaffold. The GAG expression was quantified as binary area 

(µm2) in each image. The calculated average GAG contents of samples from defect group, 

microfracture group, PLCL scaffold group and aggrecan-PLCL scaffold group were 4412 ± 

940 µm2, 21052 ± 22064 µm2, 380120 ± 32307 µm2, and 92603 ± 30177 µm2, respectively. 

The aggrecan functionalization resulted 20 times more GAG production than non-treated 

group and 4.4 times more GAG production compared to microfracture treatment. 
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Figure 6. 5. Histological staining of regenerated cartilage tissue. A. Alcian Blue staining 
showing the GAGs production in different groups. Cell nuclei were stained purple and 
surrounding GAGs were stained blue. The GAGs expression level was quantified by binary 
area. B. H&E staining showing newly regenerated cartilage tissue. Cell nuclei were stained 
purple and the background tissue was stained pink. The cartilage layer presents a lighter pink 
than the bone tissue. The chondrocytes number was calculated and compared among groups. 
* Groups that do not share a letter are significantly different. 
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A major concern of microfracture is the success variance among different cases because the 

released stem cell and biomolecules have limited guidance and support in the defect area. The 

three rabbits in the microfracture group also showed relatively big standard deviation in 

multiple assessments. However, such variance seems to be reduced by incorporating the 

aggrecan-PLCL scaffold. All rabbits in this group showed similar recovery results both in 

locomotion test and histology evaluation, demonstrating the consistency of the treatment 

effect.  

 

6.4 Conclusions 

This study developed an effective method to regenerate critical articular defect by combining 

a 3D printed bioactive scaffold with the microfracture surgical procedure. The surface of 3D 

printed polymer scaffold was covalently modified with aggrecan to improve cell adhere and 

maintain cell function at the scaffold surface. With the functionalized scaffold, the 

microfracture outcome was significantly enhanced by providing extra support to the stem 

cells and growth factors released from bone marrow during the healing process. The 

additional aggrecan scaffold treatment resulted thicker and healthier regenerated cartilage 

layer. This biofunctionalized acellular scaffold combining with microfracture will have a 

great potential and impact on the future clinical solutions to improve the quality of repaired 

cartilage tissue for the demonstrated therapeutic effect without additional surgeries and the 

relative low cost compared to cell treatments. 
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Chapter 7:  Summary and Future Directions 

7.1 Summary 

The overall objective of this thesis work was to develop new solutions for effective cartilage 

regeneration by engineering the favored cellular microenvironment. This goal was achieved 

by investigating the key components of tissue engineering in several steps including 

understanding the cell function, environment stimuli, cell-scaffold interaction. The 3D printed 

scaffold with biofunctionality was finally combined with the standard surgical procedure in a 

pre-clinical model to demonstrate the therapeutic potential in cartilage repair.  

 

The first aim was to understand the impact of external mechanical stimuli to MSC 

proliferation and differentiation. We developed a bioreactor that can apply both shear and 

compressive forces to engineered tissues in dynamic culture.  In our system, alginate 

hydrogel scaffolds with encapsulated hMSCs were cultured under different dynamic 

conditions while subjected to periodic, compressive force. Compared to static culture, 

dynamic culture can maintain a higher cell population throughout the study.  With the 

application of only shear stress, qRT-PCR and immunohistochemistry revealed that hMSCs 

experienced less chondrogenic differentiation than the static group.  The second study 

showed that chondrogenic differentiation was enhanced by additional mechanical 

compression.  After 14 days, Alcian blue staining showed more extracellular matrix formed 

in the compression group.  The upregulation of the positive chondrogenic markers such as 

Sox 9, aggrecan, and type II collagen were demonstrated by qPCR.  Our bioreactor provides a 

novel approach to apply mechanical forces to engineered cartilage.  Results suggest that a 

combination of dynamic culture with proper mechanical stimulation may promote efficient 

progenitor cell expansion in vitro, thereby allowing the culture of clinically relevant articular 

chondrocytes for the treatment of articular cartilage defects. 
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This first work showed the importance of external signals for cartilage regeneration, which 

inspired a more comprehensive approach to incorporate novel material and physical signals 

for cartilage scaffold design. In the second aim, we utilized 3D printing technology to 

fabricate the cartilaginous scaffold for its potential capability to meet specific patient need 

and the controlled manufacturing conditions. Although many studies have contributed to this 

emerging field of additive manufacturing, which includes material development and 

computer-aided scaffold design, current quantitative analyses do not correlate material 

properties, printing parameters, and printing outcomes to a great extent. A model that 

correlates these properties has tremendous potential to standardize 3D printing for tissue 

engineering and biomaterial science. In Chapter 4, we printed poly(lactic-co-glycolic acid) 

(PLGA) utilizing a direct melt extrusion technique without additional ingredients. We 

investigated PLGA with various lactic acid:glycolic acid (LA:GA) molecular weight ratios 

and end caps to demonstrate the dependence of the extrusion process on the polymer 

composition. Micro-computed tomography (microCT) was then used to evaluate printed 

scaffolds containing different LA:GA ratios, composed of different fiber patterns, and 

processed under different printing conditions. We built a statistical model to reveal the 

correlation and predominant factors that determine printing precision. Our model showed a 

strong linear relationship between the actual and predicted precision under different 

combinations of printing conditions and material compositions. This quantitative examination 

establishes a significant foreground to 3D print biomaterials following a systematic 

fabrication procedure. Additionally, our proposed statistical models can be applied to couple 

specific biomaterials and 3D printing applications for patient implants with particular 

requirements. 
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With the developed techniques to achieve high resolution in patterning the scaffold, in the 

third aim, we focused on the cell-material interaction since it’s critical to remain cell function 

for further tissue regeneration. Many fabrication processes have been developed to create 

microenvironments to control cell attachment and organization on a 3D scaffold. However, 

these approaches often involve heavy engineering and only the surface layer can be patterned. 

We found that 3D extrusion based printing at high temperature and pressure will result an 

aligned effect on the polymer molecules, and this molecular arrangement will further induce 

the cell alignment and different differentiation capacities. In particular, articular cartilage 

tissue is known to have zonal collagen fiber and cell orientation to support different 

functions, where collagen fibers and chondrocytes align parallel, randomly, and 

perpendicular, respectively, to the surface of the joint. We used small angle X-ray scattering 

analysis to substantiate the polymer molecule alignment phenomenon. The cellular response 

was evaluated both in vitro and in vivo. Seeded mesenchymal stem cells showed different 

morphology and orientation on scaffolds, as a combined result of polymer molecule 

alignment and printed scaffold patterns. Gene expression results showed improved superficial 

zonal chondrogenic marker expression in parallel-aligned group. The cell alignment was 

successfully maintained in the animal model after 7 days with distinct MSC morphology 

between the casted and parallel printed scaffolds. This 3D printing induced polymer and cell 

alignment will have a significant impact on developing scaffold with controlled cell-material 

interactions for complex tissue engineering while avoiding complicated surface treatment, 

and therefore provides new concept for effective tissue repairing in future clinical 

applications. 

 

In the last aim, we developed a strategy to combine our engineered scaffold with the clinical 

surgical procedure, microfracture, where local stem cells and growth factors can be released 

from the bone marrow to cover the cartilage defect area. To better represent the mechanical 
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properties of native cartilage, we changed the PGA component in the co-polymer PLGA to 

PCL and used co-polymer PLCL as our carrier scaffold in the lapine cartilage defect model. 

The aggrecan functionalization on the scaffold surface was proven to overcome the 

drawbacks associated with regular microfracture treatment. Both the animal locomotion test 

and histology evaluation showed more consistent successful recovery in all subjects in the 

aggrecan-PLCL treated group in regard of higher BBB score and improved tissue quality.  

 

In conclusion, the use of acellular scaffold with bioactivity can serve as an additional 

therapeutic approach to microfracture, to achieve enhanced cartilage tissue regeneration by 

guiding the local cells and biomolecules organization and signaling. The simple fabrication 

and single surgery procedure make this approach very practical in future clinical treatment. 

 

7.2 Future Directions 

In the present work, we have accomplished effective methods to recapitulating the cartilage 

environment and demonstrated the promising tissue regeneration capability. Described below 

are some thoughts that may bring the current design closer to future realities. 

 

In Chapter 2, we suggested a combined culture conditions to expand chondrocytes to a 

clinical relevant amount, as well as suggested the mechanical stimuli to improve MSC 

chondrogenesis. Notably, the combined effects of growth factors and mechanical stimuli on 

chondrogenesis have not been well understood.  Future studies to evaluate different 

combinations of growth factor loading and mechanical loading would be necessary to better 

address the complex consequence.  For both shear only dynamic culture and dynamic 

compression culture, we observed a trend increased of chondrogenic marker expression 

towards the end of the study. A study with longer time points to reveal the further 
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differentiation process and cell phenotype will be beneficial to understand the behavior of 

hMSCs undergoing chondrogenic differentiation in this complex culture system.  Detailed 

effects such as hypertrophic phenotype prevention induced by the compression dynamic 

culture will be further evaluated in future studies. The small dimension and moderate 

mechanical loading in this study tried to minimize the possible heterogeneity, but further 

investigation into forces distribution and cellular response will help us better understand this 

bioreactor system. 

 

The quantitative study on how material composition and printing conditions impact the 

printing resolution we discussed in Chapter 4 has brought in an important concern in using 

3D printed scaffold for clinical treatment. Although many materials with various mechanical 

properties have been reported in different regenerative medicine areas, most of these 

materials are very specific to a certain application. The lack of standards in material 

composition choices and manufacturing specifications would potentially hinder the process to 

transit most of 3D printing concept into clinical reality. Future work on creating a material 

library and standard operating procedure would be very beneficial and meaningful to help 

researchers and clinicians to better utilize this advanced technology. 

 

Our findings on the induced molecule and cell alignment in Chapter 5 provide an effective 

way to recapture the detailed cellular organization in native cartilage tissues. This concept 

can also be applied to further studies that require controlled cell organization. However, this 

pilot study could be strengthened by incorporating more comprehensive characterization of 

the molecule alignment. Although engineering approaches have created the many solutions 

for current clinical problems, the understanding of the biological mechanism is always 

essential to break the bottleneck of tissue engineering development. The detailed biological 
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process involved in the cellular organization and response to their microenvironment needs to 

be better understood in order to accomplish success in the regenerative medicine field. 

 

In the last objective (Chapter 6), we proposed to combine our engineered scaffold with the 

standard clinical procedure microfracture. The aggrecan functionalized scaffold showed 

promising results as a therapeutic material. For the limited cartilage thickness in our lapine 

model, our current scaffold fabrication only allowed 2 layers of material deposition. 

Therefore, the microstructure of the zonal cartilage was not well presented. Future studies 

with more details included in the scaffold design that recapitulates the cell alignment and 

ECM formation would greatly improve the ability to direct in situ cellular behavior. For 

example, a surface structural modification using aligned nanofibers to mimic the thin layer of 

superficial zone of native cartilage would be helpful to improve the complexity of the 

scaffold. Considering the complicated structure of cartilage tissue, as well as a weight bearing 

tissue, it will be beneficial to use a larger pre-clinical model to test the treatment outcome 

because the scaffold can be better integrated with more local tissue and the mechanical 

loading is more similar to human body. 

7.3 Contributions 

The work presented in this dissertation has resulted in five first author publications, along 

with two manuscripts in preparation. I was also listed as co-authors in 3 additional 

publications. I have also presented the related work at six international conferences. My 

research was partially supported by the Ann G. Wylie Dissertation Fellowship and the 

Graduate School Summer Research Fellowship. The use of patterned scaffold for cartilage 

regeneration has been filed for a provisional patent.  
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Multiple techniques developed in this thesis work will have a broad impact to the society in 

advancing the healthcare products and research devices. 

 

The cell culture system featuring static and dynamic conditions at different stages will 

provide a favored way to expand cells in vitro to the clinical relevant amount while 

maintaining cell phenotype for cartilage regeneration and help solve the problems associated 

with the current cell-based treatments. 

 

The concept of establishing a systematic printing library of biocompatible material will 

greatly facilitate the transition of 3D printing technologies from bench work to future clinical 

applications with standardized manufacturing procedures. 

 

The acellular therapeutic scaffold we developed in combination with the microfracture will 

provide a cost-effective method to improve the treatment outcome of the current standard 

clinical surgery for cartilage repair. The fabrication process and the one step procedure make 

it a feasible and promising approach to achieve a fast clinical transition. 

 

Last but not least, the tools we invented during assay development have a great potential to 

benefit other researchers. For example, the 3D printed lid (invention disclosure in progress) 

for centrifugation assay provides a convenient way to separate attached and non-attached 

cells on 3D scaffolds, which can be marketed as an assay product for many laboratory uses. 
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