
 

 

UNIVERSIDAD POLITÉCNICA DE MADRID 
Escuela Técnica Superior de Ingenieros de Caminos, Canales y Puertos 

 

Development of 3D-printed 

biodegradable polymer scaffolds for 

osteochondral tissue engineering 

 

 

 

 

DOCTORAL THESIS 
Submitted for the degree of Doctor by:  

 

Yuyao Liu 
Master in Science 

 
 
 
 
 
 
 

Madrid, 2025  



  

UNIVERSIDAD POLITÉCNICA DE MADRID 

Escuela Técnica Superior de Ingenieros de Caminos,  

Canales y Puertos 

 

 

Doctoral Degree in Engineering of Structures, Foundations 

and Materials 

 

Development of 3D-printed 

biodegradable polymer scaffolds for 

osteochondral tissue engineering 

 

 

DOCTORAL THESIS 
Submitted for the degree of Doctor by: 

 

Yuyao Liu 
Master in Science 

 

Under the supervision of: 

Prof. Javier LLorca 

Dr. Mónica Echeverry-Rendón 

 

Madrid, 2025 



i 

 

 

Title: Development of 3D-printed biodegradable polymer scaffolds for 

osteochondral tissue engineering 

Author: Yuyao Liu 

Doctoral Programme:  Engineering of Structures, Foundations and Materials 

Thesis Supervision:   

Prof. Javier LLorca, Professor, Universidad Politécnica de Madrid / IMDEA 

Material Institute 

Dr.  Mónica Echeverry-Rendón, Junior Researcher, IMDEA Material Institute 

 

 

External Reviewers:  

 

 

 

Thesis Defense Committee:  

 

 

 

 

 

 

Thesis Defense Date:  

 

 

 

 

 





iii 

 

 

 

 

 

 

 

 

 

 

 

Viva la Vida.





v 

 

Acknowledgement 

      ‘‘Remember that you are an actor in a play determined by the author: if short, then 

short; if long, then long. If he wants you to act as a beggar, then act even that with 

excellence, just as a cripple, a ruler or a citizen. Because that is your objective: to act the 

role that is given to you well. To select the role is up to someone else.’’ 

---- Epictetus  

        This thesis was carried out during my PhD between the September 2021 and 

September 2025 in IMDEA Materials Institute. I am very grateful to every 

researcher, colleague and friend who has provided me with help and care in my 

PhD life.  

        First of all, I would like to thank my supervisor, Dr. Monica Echeverry-

Rendon. She is the best supervisor I have ever met, and she is always there to 

support me. She is a very nice and excellent person who has guided me from a 

polymer researcher to a biomaterial researcher. I cherish every moment with her, 

lunch time, coffee time, discussion time, and time in the lab. Without a doubt, she 

is the person who has been with me the longest and given me the most care and 

love. She is my supervisor but also my best friend here. No matter how I perform, 

she always stands by me and helps me fight for my rights and opportunities. Thank 

you very much, Monica! Secondly, I want to express my thanks to my supervisor, 

Prof. Javier Llorca, who adheres to the rigorous scientific spirit, carefully analyses 

my experiments, and gives me a lot of guidance. Also, he gave me a lot of 

suggestions and care in my personal life. He is the one who is always saying, “Tell 

me what you want, and I will help you get it”. I know he has tried his best for me. 

Thank you so much, Javier! Then, I would like to say my both of my supervisors 

look like my parents in my PhD, who are taking care of all my thing! I love them! 

Also, thanks to my visiting supervisor Prof. Fergal J. O´Brien, who gave me a lot 

of guidance on my work. I really appreciate the opportunity that he gave me to 

work in RCSI, which makes me improve a lot in my research and gain a lot of 

knowledge. 



vi 

 

       Secondly, thanks to Dr. Juan Pedro Fernández,who gave me a lot of help on 

my polymer synthesis and really saved me from darkness and loneliness at the 

beginning of my PhD. Thanks to Guillermo Domínguez, my best friend and brother, 

who gave me numerous help both research and life and never complain about me 

(jajaja). He has been with me all the time and never let me alone. He is the most 

awesome friend in my life. For sure, I cannot express how much grateful I feel to 

him, sincerely (I almost cried when I put these words). Dr. Jesús Ordoño, my best 

friend and my forever reviewer No.2, who helped me a lot in my research, and he 

always had answers or doubts to my numerous questions or research. We have 

been suffered a tough time together when we started with biodevices, but luckily, 

we both make it! Also, I cannot express how much grateful I feel to him (I feel bad 

because of lack of vocabulary. I am crying now). Thanks to Claudio and Marko, 

who are together with me on my PhD research, gave me meticulous care and 

detailed guidance. Without them, I cannot make great progress on the 

osteochondral research. Thanks to both of you to take care of me! 

       Moreover, I am very grateful to all the people who help me and accompany me 

during my PhD life. Thanks to Prof. Deyi Wang, Dr. Jon Molina, Dr. Miguel 

Monclús, Dr. Pedro José Díaz Payno, Vanesa, José Luis, Miguel de la Cruz, Amalia, 

Manuel, Carlota, Javier García, Jimena... Thanks to my IMDEA friends, Wahaaj, 

Cillian, Carolina, Ignacio Rodríguez, Jorge Valilla, Marcos, Saumya, Ángela de la 

Camacha, Viktoriia, Pedro I, Carlos, Oscar, Thomas, Adrián, Nafiseh, Monsur, 

Mahdi, Ignacio Escobar, Miguel Grande Ráez, José Hobson… Thanks to my 

Chinese friends, Jun Hu, Shuanglan Du, Wei Shao, Biaobiao Yang, Chenying Shi, 

Yi Yang, Xiang Ao, Jinyi Huang, Shuai Tang, Yidi Li... Thanks to my RCSI friends, 

Shan An, Kulwinder Kaur, Giulio, Fransico, Javier, Jack, Bingbing and Arlyng… 

          Last but not least, I would like to thank the China Scholarship Council (CSC), 

who supported me to come to Spain and conduct my PhD work. Thank my parents 

and close friends who always stand behind me. 

          Thank to myself who did not give up! 

 

Yuyao Liu



vii 

 

Abstract 
Osteochondral defects caused by trauma or disease contribute to joint 

instability, ultimately leading to osteoarthritis. Therapies such as autologous 

transplantation and microfracture offer potential for osteochondral repair, but 

limitations remain, including donor shortages, infection risks, and immune 

rejection. Recent advances in tissue engineering and novel biomaterials have led 

to promising possibilities for osteochondral scaffolds. Notably, the osteochondral 

unit consists of the articular cartilage layer and the underlying subchondral bone 

layer, and the development of novel biodegradable polymer scaffolds with gradient 

structures and tailored mechanical properties is particularly attractive to enhance 

the repair efficiency of osteochondral defect. 

In this thesis, two biodegradable polymers were investigated, flexible poly 

(glycerol sebacate) (PGS) and rigid poly(ɛ-caprolactone)-poly(ethylene glycol)-

poly(ɛ-caprolactone) (PCL-PEG-PCL, PCEC), which were further fabricated into 

porous scaffolds via 3D printing. To enhance bioactivity, prechondrogenic collagen 

type I/II-hyaluronic acid (CI/II-HyA) and bone-active collagen type I-

hydroxyapatite (CI-nHA) matrices were incorporated into PGS and PCEC scaffolds 

respectively, to create biomimetic CI/II-HyA@PGS and CI-nHA@PCEC composite 

scaffolds targeted for the cartilage layer and the subchondral bone layer. The 

processing, structure, mechanical properties, degradation behaviour of the isolated 

composite scaffolds as well as of the combined bilayer composite scaffold were 

systematically characterized. Additionally, the chondrogenic capability of the 

CI/II-HyA@PGS composite scaffold layer and the osteogenic capability of the CI-

nHA@PCEC composite scaffold layer were investigated separately to evaluate the 

potential of the combined bilayer composite scaffold for application in 

osteochondral tissue engineering. 

        Chapter 3 presents the synthesis of PCEC copolymers with tunable 

mechanical properties and degradation rates. Three different crystallization 

regimes were found, which significantly affected the mechanical properties and 

degradation rates depending on PCL/PEG block ratio. Additionally, they presented 
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cell mitochondrial activities above 70% and cell adhesion of mouse fibroblast L929 

cells, indicating good biocompatibility. Moreover, they can be manufactured into 

3D-printed scaffolds with controlled microstructure, presenting the potential for 

applications in tissue engineering. 

        Chapter 4 studies the processing, structure, mechanical properties, 

degradation rate, and biological performance of CI/II-HyA@PGS composite scaffold. 

Porous CI/II-HyA@PGS scaffold exhibited an elastic modulus of 167 kPa, similar 

to that of native cartilage. Moreover, it maintained structural, mass, and 

mechanical stability during the initial cartilage regeneration period of four weeks, 

while degraded linearly over time. In vitro biological tests with rat-derived 

mesenchymal stem cell (MSC) revealed that CI/II-HyA@PGS scaffold displayed 

effective chondrogenic stimulation. 

        Chapter 5 examines the processing, structure, mechanical properties, 

degradation rate and biological performance of CI-nHA@PCEC composite scaffold. 

It showed a hierarchical porosity, as well as an elastic modulus of 37 MPa, similar 

to that of native cancellous bone. Additionally, in vitro degradation tests in 

physiological conditions demonstrated its stability during the initial bone 

regeneration period of eight weeks. In vitro biological experiments demonstrated 

its biocompatibility, osteogenesis and angiogenesis, indicating the ability to 

enhance bone defect repair.  

       Chapter 6 investigates the processing, structure, mechanical properties, and 

degradation rate of bilayer composite scaffold. It showed different compositions 

and morphologies, as well as a transition of compressive modulus from 0.142 MPa 

to 46.9 MPa at top and bottom layers, which were similar to the native tissue. 

Moreover, in vitro degradation tests in physiological conditions demonstrated its 

stability during the initial osteochondral regeneration period of eight weeks.  

  In summary, a novel bilayer biodegradable polymer scaffold was fabricated 

for osteochondral tissue engineering. It was made up of a CI/II-HyA matrix 

incorporated in a soft 3D-printed PGS scaffold as the cartilage layer, and a CI-nHA 

matrix incorporated into a rigid 3D-printed PCEC scaffold as the bone layer. 

Comprehensive characterizations revealed that the bilayer composite scaffold 



ix 

 

exhibited biomimetic composition and structure, gradient mechanical properties, 

compatible degradation rate with tissue regeneration, and effective 

chondrogenesis in top layer and osteogenesis in bottom layer, highlighting its 

potential for osteochondral tissue engineering. 
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Resumen 
        Los defectos osteocondrales causados por traumatismos o enfermedades 

degenerativas contribuyen a la inestabilidad articular, lo que finalmente conduce 

a la osteoartritis. Terapias como el trasplante autólogo y la microfractura son las 

actuales opciones terapéuticas para la reparación osteocondral. Sin embargo, la 

escasez de donantes, los riesgos de infección y el rechazo inmunológico son una 

limitación en estos casos. Los avances recientes en ingeniería de tejidos y nuevos 

biomateriales han abierto posibilidades prometedoras para andamios 

osteocondrales. La unidad osteocondral está compuesta por una capa de cartílago 

articular y la capa subyacente de hueso subcondral, y el desarrollo de nuevos 

andamios poliméricos biodegradables con estructuras en gradiente y propiedades 

mecánicas adaptadas resulta particularmente atractivo para facilitar su 

reparación. 

        Esta tesis desarrolla dos polímeros biodegradables: el flexible poli(sebacato de 

glicerol) (PGS) y el rígido poli(ɛ-caprolactona)-poli(etilenglicol)-poli(ɛ-caprolactona) 

(PCL-PEG-PCL, PCEC), que posteriormente fueron fabricados en forma de 

andamios porosos mediante impresión 3D. Para mejorar la bioactividad, se 

incorporaron matrices de colágeno tipo I/II-ácido hialurónico (CI/II-HyA) 

precondrogénicas y colágeno tipo I-hidroxiapatita (CI-nHA) osteoactivas a los 

andamios de PGS y PCEC, respectivamente, para crear andamios compuestos 

biomiméticos CI/II-HyA@PGS y CI-nHA@PCEC dirigidos a la capa de cartílago y 

a la capa de hueso subcondral. Se caracterizaron sistemáticamente el 

procesamiento, la estructura, las propiedades mecánicas y el comportamiento de 

degradación de los andamios compuestos individuales, así como del andamio 

bicapa combinado. Además, se investigó por separado la capacidad condrogénica 

de la capa de andamio compuesto CI/II-HyA@PGS y la capacidad osteogénica de la 

capa de andamio compuesto CI-nHA@PCEC, con el fin de evaluar el potencial del 

andamio compuesto bicapa combinada para su aplicación en ingeniería de tejidos 

osteocondrales. 

        El capítulo 3 presenta la síntesis de copolímeros PCEC con propiedades 

mecánicas y velocidades de degradación ajustables. Se encontraron tres regímenes 

de cristalización diferentes, que afectaron significativamente a las propiedades 

mecánicas y a las velocidades de degradación, dependiendo de la proporción de 

bloques PCL/PEG. Además, mostraron actividades mitocondriales celulares 

superiores al 70% y adhesión celular de fibroblastos de ratón L929, lo que indica 

una buena biocompatibilidad. Asimismo, pueden ser fabricados en forma de 
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andamios impresos en 3D con microestructura controlada, lo que demuestra su 

potencial para aplicaciones en ingeniería de tejidos. 

        El capítulo 4 estudia el procesamiento, la estructura, las propiedades 

mecánicas, la velocidad de degradación y el desempeño biológico del andamio 

compuesto CI/II-HyA@PGS. El andamio poroso CI/II-HyA@PGS presentó un 

módulo elástico de 167 kPa, similar al del cartílago nativo. Además, mantuvo la 

estabilidad estructural, de masa y mecánica durante el período inicial de 

regeneración del cartílago de 4 semanas, mientras se degradaba de forma lineal 

con el tiempo. Las pruebas biológicas in vitro con células madre mesenquimales 

(MSC) derivadas de ratas revelaron que el andamio CI/II-HyA@PGS estimulaba 

eficazmente la condrogénesis. 

        El capítulo 5 examina el procesamiento, la estructura, las propiedades 

mecánicas, la velocidad de degradación y el desempeño biológico del andamio 

compuesto CI-nHA@PCEC. El andamió presentó una porosidad jerárquica, así 

como un módulo elástico de 37 MPa, similar al del hueso esponjoso nativo. Además, 

las pruebas de degradación in vitro en condiciones fisiológicas demostraron su 

estabilidad durante el período inicial de regeneración ósea de ocho semanas. Los 

experimentos biológicos in vitro demostraron su biocompatibilidad, capacidad 

osteogénica y angiogénica, lo que indica su capacidad para mejorar la reparación 

de defectos óseos. 

        El capítulo 6 investiga el procesamiento, la estructura, las propiedades 

mecánicas y la tasa de degradación del andamio compuesto bicapa. El andamió 

presentó diferentes composiciones y morfologías, así como una transición del 

módulo elástico desde 0.142 MPa en la capa superior hasta 46.9 MPa en la capa 

inferior, similares a los del tejido nativo. Además, las pruebas de degradación in 

vitro en condiciones fisiológicas demostraron su estabilidad durante el período 

inicial de regeneración osteocondral de ocho semanas. 

        En resumen, se fabricó un nuevo andamio polimérico biodegradable bicapa 

para ingeniería de tejidos osteocondrales. Estaba compuesto por una matriz de 

CI/II-HyA incorporada en un andamio blando de PGS impreso en 3D como capa de 

cartílago, y una matriz de CI-nHA incorporada en un andamio rígido de PCEC 

impreso en 3D como capa ósea. La caracterización exhaustiva reveló que el 

andamio compuesto bicapa presentaba una composición y estructura 

biomiméticas, propiedades mecánicas en gradiente, una velocidad de degradación 

compatible con la regeneración tisular, y una condrogénesis eficaz en la capa 
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superior y osteogénesis en la capa inferior, lo que destaca su potencial para la 

ingeniería de tejidos osteocondrales. 
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1. Introduction  

1.1. Scaffolds for tissue engineering 

        Tissues and organs are often subjected to damages caused by trauma, 

degenerative processes, or congenital abnormalities. Current clinical solutions 

include autologous transplantation (from the same patient), allogeneic 

transplantation (from a genetically non-identical donor of the same species), and 

xenogeneic transplantation (from a donor of a different species). However, these 

options are significantly limited due to the scarcity of available tissues and organs, 

as well as the risk of immune system rejection [1]. As an alternative, tissue 

engineering has emerged as a field that integrates cells, scaffolds, and bioactive 

molecules to support tissue regeneration. Among these components, scaffolds play 

a critical role by serving as growth platforms that guide the formation of new 

tissues [2]. Depending on the specific application, scaffolds can be fabricated from 

different materials, including metals [3], ceramics [4], polymers [5], or their 

combinations [6]. An ideal scaffold should simultaneously promote tissue healing 

and provide mechanical support while gradually degrading as the tissue 

regenerates, which will ensure that the scaffold fulfils its role as a temporary 

structure without hindering the native regenerative process. 

        Most metals are neither biodegradable nor bioabsorbable, limiting their 

applications in tissue engineering [7]. Among biodegradable metals, Mg presents 

challenges due to its high reactivity, hydrogen gas generation, and alkalinization 

of the surrounding environment during degradation, which can compromise the 

viability of the tissue near the implant [8]. Fe has a slow degradation rate of 

approximately 20.4 μg/cm2·h in vitro and a high modulus of 200 GPa, both of which 

fall short of the requirements for native bone tissue repair [9]. Zn, which is the 

least explored, has insufficient mechanical properties for bone applications (e.g., 

tensile strength of ~120 MPa and ductility of < 10%) and is prone to 

creep deformation at body temperature, which can alter the structural integrity of 
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implants over time [10]. Bioceramics are often used in bone applications due to 

their excellent osteoinductive and osteoconductive properties. However, their 

limited biodegradability and the challenges to manufacture complex structures 

restrict their use as scaffolds, owing to their brittleness and poor processability 

[11]. In contrast, polymers are widely used in tissue engineering because of their 

versatility in composition, processing methods, biological compatibility, and 

controllable degradation rates [12]. Among these, poly (lactic acid) (PLA) is the 

most commonly used biodegradable material in various applications due to its high 

strength and biodegradability [13,14]. But the stringent requirements for 

biological characterization and certification drive up the cost of medical grade 

biopolymers, limiting market options and making them significantly more 

expensive than those used in other industries. Thus, there is an urgent need for 

the development of biopolymers with tunable mechanical, degradable, and 

biological properties.   

        In the design of polymeric scaffolds, biocompatibility, biodegradability, and 

mechanical properties are the main features to be considered. Biocompatibility 

ensures that the scaffold can perform its function without eliciting toxic or immune 

responses in the host organism, while biodegradability allows the scaffold to 

gradually degrade and be replaced by native tissue after fulfilling its function  [15]. 

Together, these characteristics ensure that biodegradable polymer scaffolds do not 

trigger permanent foreign body reactions and are seamlessly integrated into 

regenerating tissues. Moreover, mechanical properties, determined by structure 

and molecular weight of polymers, should be tailored to match the stiffness, 

strength, and ductility required for native hard or soft tissues [16].  

        The performance of scaffolds is also heavily influenced by the manufacturing 

technique, which determines their macro- and micro-structural features. Over the 

past decades, diverse fabrication technologies have been developed, each tailored 

to the requirements of materials and target tissues [17]. Traditional 

manufacturing methods, such as freeze-drying, porogen leaching, melt molding, 

and phase separation, are cost-effective and suitable for large-scale polymer 
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processing. Nevertheless, these techniques often result in scaffolds with poor pore 

accuracy and limited three-dimensional (3D) structural precision [18]. In contrast, 

additive manufacturing, or 3D printing, offers precise and efficient fabrication of 

scaffolds with complex structures and multifunctional designs. 3D-printed 

scaffolds also exhibit highly regular geometries, accurate pore interconnectivity, 

and resemblance to human tissue structure at both macroscale and microscale 

[19]. These advantages make 3D-printed biodegradable polymer scaffolds highly 

promising for applications in tissue engineering. 

1.2. 3D printable biodegradable polymers 

        Biodegradable polymers employed in tissue engineering should exhibit 

mechanical properties and degradation rates closely aligned with those of target 

tissues. Regarding their origin, biodegradable polymers used in 3D printing can be 

broadly categorized as natural or synthetic. Natural polymers, derived from 

organisms, are valued for their high biocompatibility and biodegradability. 

Examples include collagen, gelatin, chitosan, alginate, and hyaluronic acid (HyA). 

Synthetic polymers, produced through chemical synthesis, have the advantages of 

easy availability, tunable mechanical properties, and controllable degradation 

rates. Some examples include poly (caprolactone) (PCL), poly (lactic acid) (PLA), 

poly (glycolic acid) (PGA), poly (vinyl alcohol) (PVA) and polyethylene glycol (PEG). 

In the following sections, the most common polymers used in tissue engineering 

that are compatible with 3D printing technology are discussed. Their chemical 

structures are shown in Figure 1.1. 

1.2.1. Natural polymers 

        Collagen: It is the most abundant protein in mammals, constituting 

approximately 30% of the total human protein. Notably, type I collagen is the main 

component of extracellular matrix (ECM) in tissues such as skin, tendon, cartilage, 

and bone [20]. Structurally, collagen is composed of peptide chains forming a triple 

helix configuration, which facilitates extensive interactions with cells via 

integrins. These interactions regulate intracellular signalling pathways, thereby 
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promoting cell adhesion, proliferation, and differentiation [21]. Moreover, Hung et 

al. [22] demonstrated that collagen enhances proliferation and osteogenic 

differentiation of human mesenchymal stem cell (MSC) by activating the ERK and 

Akt signalling pathways, underscoring its potential for applications in bone tissue 

engineering. However, pure collagen scaffolds are typically modified through 

physical and chemical crosslinking or combined with other materials to create 

composite scaffolds due to the inherently weak mechanical properties. These 

modifications significantly enhance the mechanical properties, with scaffold 

moduli ranging from 0.1-89,500 kPa [23]. 

        The hydrolysate of collagen, commonly known as gelatin, is a single-chain or 

multi-chain polypeptide that retains properties similar to collagen. It preserves the 

abundant arginine-glycine-aspartic acid (RGD) sequence derived from collagen, 

enabling interactions with integrins and thereby promoting cell adhesion and 

proliferation [24]. Still, gelatin exhibits poor thermal and mechanical stability due 

to its gel-sol transition at approximately 37 °C. As a result, gelatin-based scaffolds 

in tissue engineering are typically produced through physical and chemical 

crosslinking or combining with other biomaterials [25]. Among them, gelatin-

methacrylamide (GelMA) is one of the most widely used modifications, which can 

be easily crosslinked using ultraviolet (UV) light at room temperature to form 

hydrogels that are stable at 37 °C. Additionally, its properties are tunable by 

adjusting the degree of crosslinking, making it highly versatile in tissue 

engineering [26]. 

        Chitosan: It is derived from marine organisms, such as shrimp and other 

shellfish, and has a structure similar to glycosaminoglycans (GAGs). Notably, 

chitosan possesses a positively charged surface, enabling it to aggregate red blood 

cells and platelets, thereby exerting a hemostatic effect, which is critical for 

treating injuries to skin, muscle, or nerve tissues [27]. Moreover, Woods et al. [28] 

demonstrated that chitosan promotes collagen production by fibroblasts and 

enhances cell support, making it a widely used material for wound healing and 

skin scaffolds. Similar to collagen, chitosan scaffolds also exhibit poor mechanical 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/integrin
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properties and rapid degradation in vivo. Consequently, they often require 

additional physical or chemical crosslinking after printing to enhance their 

stability and functionality [29].  

        Alginate: It is a polysaccharide derived from marine algae, known for its 

advantages of low cost, easy availability, and low toxicity. As an anionic polymer, 

alginate readily undergoes gelation under mild conditions through crosslinking 

with calcium ions to form stable hydrogels, making it highly suitable for the 

encapsulation of cells and bioactive factors for tissue regeneration [30][31]. But 

alginate scaffolds lack biological binding sites on their surface, resulting in poor 

cell adhesion, and exhibit fast degradation rates in vivo due to their high 

hydrophilicity [32]. These limitations restrict their standalone application in tissue 

engineering. To address these challenges, alginate is often combined with other 

biomaterials. For instance, hybrid scaffolds incorporating chitosan have 

demonstrated improved mechanical properties and enhanced osteoblasts 

attachment through ionic bonding [33]. 

        Hyaluronic acid (HyA): It is a linear polysaccharide composed of repeating 

disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine. It is a major 

component of ECM in connective tissues, including skin and cartilage [34]. Due to 

its abundance of carboxyl and hydroxyl groups, HyA exhibits hygroscopic and 

water-retaining properties, making it highly promising for applications in skin 

tissue engineering [35]. Furthermore, Ghatak et al. [36] demonstrated that HyA 

can bind to proteins, particularly interacting with the major receptor cluster 

determinant 44 (CD44). This interaction is associated with intracellular signal 

transduction, which regulates inflammation, promotes cell proliferation, and 

facilitates cartilage regeneration. However, due to its high-water solubility, HyA 

undergoes rapid degradation in vivo, leading to the loss of mechanical properties 

and structural stability [37]. Consequently, HyA often requires post-crosslinking 

or combination with other biomaterials, such as collagen, to improve its 

performance as a tissue-engineered scaffold.  
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Figure 1.1: Chemical structures of 3D printable biodegradable polymers for tissue 

engineering. 

1.2.2. Synthetic polymers 

        Poly (caprolactone) (PCL): it is an aliphatic polyester with a low melting point 

of ~ 60 °C, making it convenient for scaffold processing. Compared with other 

synthetic polymers, PCL has a slow biodegradation rate (in vivo degradation takes 

approximately 2-3 years) and produces less acidic degradation products, which 

makes it suitable for tissue engineering applications requiring long regeneration 

period [38]. Moreover, PCL exhibits modulus of 0.4-0.6 GPa and high flexibility, 

making it particularly attractive for cartilage, tendon, and bone tissue engineering. 

Nevertheless, studies have shown that PCL exhibits poor cell adhesion due to its 

hydrophobic surface [39]. To address these limitations, it is often combined with 

hydrophilic and bioactive factors to accelerate degradation rates and improve 

bioactivity. Research has demonstrated that incorporating metallic particles (e.g., 

ZnO, MgO), ceramics (e.g., hydroxyapatite (HA), beta-tricalcium phosphate (β-

TCP), bioglass), and natural polymers (e.g., collagen, gelatin) effectively improves 

PCL scaffolds by optimizing degradation rates and bioactivity [40] [41] [42].  
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        Poly (lactic acid) (PLA): it is a bio-based polyester derived from dextrose, 

capable of degrading into carbon dioxide and water, which can be eliminated 

through normal metabolic pathways in the body. PLA is also easily processed due 

to its melting point of 175 °C. Furthermore, PLA scaffolds exhibit modulus of 2-3 

GPa, closely resembling that of native bone with 3-20 GPa, thus showing great 

potential for bone tissue engineering [43]. But its hydrophobicity and high 

crystallinity lead to a slow degradation rate exceeding 24 months in vivo, which 

does not align with the bone regeneration timeline of 12-18 weeks. Additionally, 

its acidic degradation products can induce inflammation, negatively impacting the 

bone healing process [44]. To address these limitations, the incorporation of 

hydrophilic biomaterials or additives has been extensively explored to enhance its 

biodegradability and bioactivity. Especially, the addition of hydrophilic HA 

particles to the PLA scaffold has been proven to effectively accelerate the 

degradation rate and mitigate the acidic environment via calcium-phosphate 

precipitation. This modification also improves osteoconductivity and 

osteoinductivity, making it a widely studied approach in bone tissue engineering 

[45] [46]. 

        Poly (glycolic acid) (PGA): it is a hydrophilic polymer characterized by its 

rapid degradation within a few weeks, making it ideal for short-term medical 

applications such as surgical sutures and vascular implants. Its hydrolysis 

products are non-toxic and can be eliminated through the tricarboxylic acid cycle 

or via urine. PGA exhibits a high mechanical strength of 90-110 MPa and an elastic 

modulus of 6-7 GPa, making it suitable for load-bearing applications such as bone, 

tendons, and ligaments [47]. Additionally, its highly hydrophilic surface endows it 

with excellent bioactivity by promoting cell adhesion, cell infiltration, and cell 

migration, which has been shown to support the growth of multiple cell types on 

its surface [48]. But its rapid degradation can result in inflammation due to acidic 

product accumulation and a fast loss of mechanical properties, which limits its 

applications in tissue engineering [49]. Therefore, recent attention has been paid 

to the combination of PGA with other materials with slower degradation rates, 

such as PCL and PLA, to tailor its degradation behavior and extend its utility [50]. 
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        Among them, Poly (lactide-co-glycolide acid) (PLGA) is synthesized through 

the copolymerization of PLA and PGA, allowing its degradation rate to be 

adjustable within the range of 1-6 months in vitro and its modulus to be tailored 

between 1.4-2.8 GPa, depending on the LA:GA ratio [51]. Due to the easy 

manipulation of mechanical and degradation properties to achieve intermediate 

characteristics resembling native tissues, PLGA has been extensively applied in 

several tissue engineering applications, including skin [52], cartilage [53] and bone 

[54]. However, it is important to note that the accumulation of degradation 

products can also lead to an acidic environment, causing localized inflammatory 

responses. Similar to other synthetic materials, PLGA lacks inherent bioactivity, 

so it is often combined with other biomaterials or bioactive factors, particularly 

anti-inflammatory agents such as magnesium hydroxide (Mg (OH)2) [55].  

        Poly (vinyl alcohol) (PVA): It is a water-soluble polymer with a tensile 

strength in the range of 1-17 MPa in hydrogel form, closely resembling the 

mechanical properties of native articular cartilage. Due to the abundance of 

hydroxyl groups in the structure, PVA hydrogels exhibit excellent water adsorption 

and retention capabilities, making it highly attractive for skin and cartilage tissue 

engineering [56].  Notably, in an indirect way, Wolff et al. [36] utilized 3D-printed 

PVA scaffolds as sacrificial templates to fabricate perfused scaffolds with dense 

vascular channels of organ size [57]. However, PVA lacks bioactive components, 

limiting its protein adsorption and cell adhesion capabilities. Thus, it is often 

combined with natural materials, such as chitosan, which have been demonstrated 

to effectively improve mechanical stability and cell-matrix interactions through 

the formation of abundant intermolecular and intramolecular hydrogen bonds 

between the hydroxyl groups of PVA and chitosan [58]. 

        Poly (ethylene glycol) (PEG): This is another widely used polymer in 

biomedical applications, which can be metabolized and excreted by the body. The 

blocked dihydroxy groups in PEG can be easily modified or reacted to create 

scaffolds with tunable properties and functions [59]. Like PVA, PEG is water-

soluble and can be readily converted into hydrogels. A commonly used derivative 
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is photo-crosslinkable polyethylene glycol diacrylate (PEGDA), which exhibits 

improved mechanical stability and is frequently employed in tissue engineering 

[60]. Moreover, the low glass transition of ~ 40 °C and melting temperature of ~ 70 

°C make it an ideal candidate for blending or copolymerization with other 

biodegradable polymers such as PCL and PLA to enhance their processability [61]. 

However, due to its low protein adhesion properties, PEG exhibits limited 

bioactivity. To address this, PEG is often combined with other biomaterials or 

bioactive factors. For instance, incorporating PEG with GelMA has been shown to 

significantly increase stiffness and enhance the proliferation of human MSCs 

compared to PEG scaffold alone [62]. 

1.3. 3D printing of biodegradable polymer scaffolds  

        3D printing is an additive manufacturing technique that uses computer-aided 

design (CAD) models to create three-dimensional (3D) objects layer by layer. This 

process eliminates the need for traditional tools, fixtures, or multiple processing 

steps, enabling the efficient and accurate fabrication of complex geometries in a 

single operation [63]. In tissue engineering and regenerative medicine, 3D printing 

has attracted widespread attention due to its ability to produce customized 

structures with precise specifications. Its rapid prototyping capabilities meet the 

medical demand for small-batch and individualized solutions. Biodegradable 

polymers are particularly well-suited for biofabrication due to their low-cost, ease 

of processing, and adaptability to various forms such as filaments, resins, powders, 

or bio-inks [64]. The main 3D printing techniques applicable to biodegradable 

polymers include extrusion, vat photopolymerization, binder jetting, selective laser 

sintering, and bioprinting, as illustrated in Figure 1.2.  



YUYAO LIU 

10 

 

 

Figure 1.2: 3D printing techniques for fabricating biodegradable polymer scaffolds in 

tissue engineering. 

 

1.3.1.  Extrusion 

        Fused deposition modelling (FDM) is the most widely used 3D printing 

technique in tissue engineering due to its simplicity, cost-effectiveness, accuracy, 

and repeatability. In FDM, material filaments are melted and extruded through a 

nozzle at the operating temperature and then solidified after deposition to form 

desired architectures [65]. Biodegradable thermoplastic polymers such as PCL, 

PLA, PLGA, and PVA, and their composites are frequently used in FDM, resulting 

in scaffolds with high mechanical properties [66][67][68]. However, the high 

operating temperature of FDM makes it incompatible with natural polymers and 

bioactive factors sensitive to heat, such as proteins, which significantly limits their 

applications in tissue engineering. 

        Direct ink writing (DIW) is another type of extrusion-based technique that 

typically operates at room or physiological temperature, where liquid or hydrogel 

inks are deposited under pressure. This technique is highly dependent on the 
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rheological behavior of the printing inks, making it well-suited for various types of 

material [69]. Inks used in DIW should exhibit shear-thinning behavior with a 

critical viscosity ranging from 102 to 106 mPa·s at a shear rate of approximately 

0.1 s-1, to ensure printability. After deposition, post-curing under specific 

conditions, such as solvent evaporation, photocuring, or heat treatment, is required 

to achieve structural stability [70]. DIW inks used in tissue engineering are 

polymer hydrogels or viscous polymer solutions (e.g. PCL, PLA in chloroform) with 

high particle content, which solves the problem that polymers with high particle 

content cannot be processed into filaments required for FDM [71][72]. However, 

due to the critical viscosity of inks, scaffolds structures are prone to sagging or 

collapsing after deposition, leading to low resolution. 

1.3.2. Vat photopolymerization (VP) 

        Vat photopolymerization (VP) is an effective 3D printing method for 

fabricating polymer scaffolds under physiological conditions.  This technique relies 

on light-activated polymerization using UV, visible, or near-Infrared (NIR) light to 

solidify structures layer by layer. VP is mainly divided into two types, 

stereolithography (SLA), which uses a top-down configuration, and digital light 

processing (DLP), which employs a bottom-up configuration [73]. The ink used in 

SLA and DLP should be liquid with a viscosity of less than 10 Pa·s to ensure proper 

fluidity and continuity of the reaction. Compared with other 3D printing 

techniques, SLA and DLP provide higher accuracy and resolution, reaching up to 

100 nm. However, additional post-processing, such as heat treatment or 

photocuring, is often required to enhance mechanical properties of fabricated 

scaffolds [74]. The selection of biodegradable polymers suitable for SLA and DLP 

is limited because most are not inherently photoactive. Some biodegradable 

polymers can be modified with acrylate or methacrylate groups to enable 

photopolymerization. Some examples include collagen, gelatin, chitosan, alginate, 

HyA, PEG. Among these, GelMA [75] and PEGDA [76] are two widely used 

modified polymers for scaffold fabrication in tissue engineering.  



YUYAO LIU 

12 

 

1.3.3. Binder jetting (BJ) 

       Binder jetting (BJ) is a special 3D printing process where a liquid binder is 

sprayed through a nozzle onto a solid powder bed along a designed path, bonding 

the powder layer by layer to create 3D scaffolds. This method offers several 

advantages, including low cost, high fabrication speed of 200 cm3/min, the ability 

to produce complex structures without the need for support, and the reuse of 

unbound powder [77]. However, BJ has limitations such as a low resolution (< 200 

μm) and poor layer adhesion, requiring post-curing process to improve the scaffold 

performance. Moreover, the limited selection of binder and powder (in terms of size 

and flow properties) directly impacts the quality of scaffold and overall printing 

performance [78]. Scaffolds produced via BJ for tissue engineering are primarily 

made from metals or ceramics. A smaller proportion of scaffolds are fabricated from 

polymers such as PCL, PLA, PVA and their composites, which are mainly used for 

drug delivery implants and load-bearing bone scaffolds [79][80].  

1.3.4. Selective laser sintering (SLS) 

        Selective laser sintering (SLS), a type of powder bed fusion (PBF), binds 

material powders layer by layer to form scaffolds using laser power. SLS shares 

similar advantages with BJ, such as high fabrication speed, the ability to create 

complex structure without the need for support, and reusable powder [81]. It also 

offers high accuracy and resolution, which depends on precise conditions of the 

powder (size, shape and flow properties) and laser settings (power, energy density, 

and speed) [82]. However, the high cost associated with lasers is a significant 

drawback. Additionally, the high temperature generated by lasers limits the 

selection of materials suitable for tissue engineering, and rapid cooling can easily 

cause scaffold deformation and shrinkage [83]. Despite these challenges, polymers 

such as PCL, PLA, PVA, PLGA and their composites are commonly processed by 

SLS to fabricate scaffolds with high mechanical properties [86,87]. 
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1.3.5.  Bio-printing (BP) 

        Bio-printing is a technique based on the aforementioned 3D printing 

techniques, to manufacture scaffolds including living cells, tissues, and growth 

factors in a mild environment. This strategy has enormous potential for cell-loaded 

applications in tissue engineering. Bio-printing mainly includes the following 

techniques: extrusion-based bioprinting (EBB), inkjet-based bioprinting (IBB), 

light-based bioprinting (LBB) and laser-assisted bioprinting (LAB). The bioinks 

used are mainly hydrogels made from collagen, gelatin, alginate, chitosan, HyA, 

PEG or PVA, which can encapsulate cells for proliferation and differentiation. 

        EBB is the most widely used and efficient bio-printing technique. It mainly 

relies on pneumatic, piston or screw-based pressure to extrude bio-ink at room or 

physiological temperatures [84]. Bioinks used in EBB have a wide viscosity range, 

from 30 to over 6 × 107 mPa·s, making it compatible with high-viscosity inks and 

high cell loading (108 -109 cells/mL), which is suitable for large cell-loaded scaffolds 

fabrication [85]. EBB is compatible with various biodegradable hydrogels, such as 

collagen [86] and gelatin [87]. A major issue is the printing pressure and shear 

forces from the nozzle during printing, which results in relatively low cell viability 

(40% - 86%) compared to other bioprinting methods [85].  

        The second technique is IBB, a material jetting (MJ) method that jets bio-inks 

through a nozzle onto the printing platform layer by layer under the influence of 

thermal, piezoelectric, or electromagnetic forces. IBB offers advantages such as low 

cost, high fabrication speed (0.1-1 m/s), high resolution (<30 μm), and high cell 

viability (>90%), making it promising to create scaffolds with complex 

microstructures [87]. But the cell loading in the bioink is limited to 106 -107 

cells/mL, while exceeding this range increases viscosity (3.5-12 mPa·s), which can 

cause several issues such as uneven droplets, cell aggregation, and nozzle clogging 

[88]. Additionally, due to the limited viscosity, a post-crosslinking process is 

required after deposition to maintain structural integrity. 

        To address these issues, nozzle-free methods have been developed, which 

avoid the shear force caused by printing nozzles. One such method is light-based 

bioprinting (LBB), which includes SLA and DLP. LBB works by selectively cross-
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linking bio-inks with UV or visible light [89]. Due to the absence of nozzle, LBB 

offers high printing resolution (50 μm) and high cell viability (90%), enabling the 

fabrication of cell-loaded scaffolds with precise architectures [90]. However, the 

limited availability of photoactive materials and the potential damage from 

accumulated UV irradiation restrict its application. 

       The final method is LAB, which uses a laser to project energy onto the printing 

platform containing a top laser-absorbing substrate layer and a bottom bio-ink 

layer. The top layer absorbs laser energy, causing a phase change that ejects the 

bio-ink onto the platform [91]. For LAB, the viscosity of the bio-ink ranges from 1 

to 300 mPa·s, allowing for a high cell loading density (>108 cells / mL) and high cell 

viability (> 90%). Additionally, LAB achieves a high resolution (10-50 μm) due to 

the micro-scale control of droplets by the laser [90]. Nevertheless, LAB is 

expensive, and the potential laser damage to cells both limit its application in 

tissue engineering.  

1.4. Osteochondral tissue engineering application 

       The current applications of 3D-printed biodegradable polymers scaffolds in 

tissue engineering are both diverse and promising. In principle, the mechanical 

properties of the scaffold must match those of native tissues, depending on the 

application requirements of the target tissue. At the same time, the scaffold should 

gradually degrade during the growth of new tissues, ultimately leaving no residue 

in the body. Osteochondral tissue is a complex structure composed of cartilage and 

subchondral bone, playing a crucial role in load-bearing and joint function. The 

cartilage layer provides a smooth, low-friction surface for articulation, while the 

underlying bone layer ensures mechanical support and nutrient exchange. Due to 

its limited self-healing capacity, repairing osteochondral defects requires 

biomimetic scaffolds that can support tissue regeneration. An ideal scaffold should 

possess a hierarchical structure that mimics the native osteochondral interface, 

with a gradient in composition and mechanical properties to accommodate the 

distinct characteristics of cartilage and bone. Due to the distinct structure and 

properties, cartilage layer and bone layer are discussed separately as follows. 
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1.4.1.  Cartilage layer  

        Cartilage tissue is a flexible connective tissue that bears loads, lubricates 

joints, and protects bones from mechanical damage. It is composed of water, 

cartilage cells (primarily chondrocytes) and ECM consisting of GAGs, 

proteoglycans, and collagen fibers. Due to the lack of nerves and blood vessels, 

cartilage is unable to self-repair following trauma or disease, resulting in the loss 

of mobility [92]. Thus, the objective of cartilage tissue engineering is to design 

scaffolds that provide adequate mechanical strength, flexibility, and support for 

the regeneration of cartilage tissue, while promoting cell proliferation and ECM 

deposition. Hydrogels made of collagen, gelatin, HA, and PEG are highly attractive 

in cartilage tissue engineering due to their flexibility, water retention, and ability 

to support chondrocyte activity  [93]. Meanwhile, synthetic polymers such as PCL, 

PGA, PVA, and PLGA have also been widely used as frameworks to provide 

sufficient mechanical strength and flexibility to support tissue growth [56,94]. 

Additionally, depending on the application, SLA/DLP and EBB are suitable for 

fabricating customized or cell-laden scaffolds for articular cartilage regeneration 

and small cartilage defect repair, while FDM and SLS are more optimal for 

creating strong, mechanically stable scaffolds used in load-bearing cartilage 

regeneration [95–97]. 

        Jiang et al. [98] used EBB to fabricate a 3D-printed hydrogel scaffold 

featuring an interpenetrating double network structure made from gelatin derived 

from cold-water fish skin and alginate. By fine-tuning the ratio of these materials, 

the scaffolds achieved compression modulus up to 20 MPa, making them suitable 

for load-bearing tissues such as knee joints. Notably, these scaffolds showed non-

immunogenicity, non-toxicity, and biodegradability, enabling substantial cartilage 

defect repair and regeneration in a rat model, while gradually degraded within 12 

weeks. To replicate the gradient structure of native cartilage, Li et al. [97] 

developed a biphasic scaffold combining PCL and GelMA. The top layer consisted 

of GelMA hydrogel embedded with rat-derived MSCs and chondrocytes, while the 

bottom layer featured an FDM-printed PCL scaffold impregnated with the same 

cell-loaded GelMA hydrogel. Their results showed that the co-culture of these cell 
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types effectively induced synergistic chondrogenesis and cartilage regeneration 

both in vitro and in vivo. Moreover, the biphasic scaffolds had a modulus of 228.9 

kPa closely resembling that of native cartilage, and less mechanical pain than 

cartilage defects observed by gait analysis after implantation in rats, highlighting 

the potential for cartilage regeneration. 

1.4.2. Subchondral bone layer 

        Subchondral bone supports the overlying articular cartilage and distributes 

mechanical loads across the joint surface by gradually changing stresses and 

strains. It is a hard connective tissue primarily composed of collagen type I and 

minerals, including both subchondral cortical plate and subchondral trabecular 

bone. Effective subchondral bone scaffolds should possess mechanical properties 

compatible with those of native tissue, which has an elastic modulus in the range 

297-475 MPa [99]. Additionally, subchondral trabecular bone are porous structures 

with abundant vessels and nerves that play an important role in load absorption 

and structural support as well as nutritional supply to cartilage. Thus, porosity 

plays a critical role in subchondral bone. An optimal pore size of 200 to 500 μm is 

considered ideal for bone regeneration and vascularization [100,101]. Natural 

polymers, such as collagen and chitosan, are attractive for bone tissue engineering 

due to their biocompatibility but are limited by weak mechanical properties. On 

the other hand, synthetic polymers such as PCL, PLA, and PLGA offer high 

stiffness but lack osteoconductive and osteoinductive properties, resulting in low 

bone regeneration efficiency [102]. Therefore, there has been growing interest in 

incorporating bone-promoting additives into 3D-printed scaffolds, such as calcium 

phosphate-based materials (e.g., HA and β-TCP), metallic particles like ZnO and 

MgO, and growth factors like bone morphogenetic protein-2 (BMP-2) [103,104].  

       Zhang et al. [45] developed 3D-printed PLLA/nHA scaffolds with a high nHA 

content of up to 50% through FDM. This scaffold achieved a high compressive 

strength of 14.2 MPa, comparable to that of human cancellous bone (2-12 MPa). 

The addition of hydrophilic nHA improved the degradation rate and mitigated the 

acidic degradation environment by the formation of Ca-P whiskers. In vivo studies 
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revealed that, after 4 weeks of implantation in the rabbit femur, the scaffold with 

50% nHA were filled with newly formed bone tissue, which was tightly integrated 

with the scaffold surface, demonstrating robust osteo-regeneration capability. 

Except for the addition, the microenvironment induced by scaffolds also plays a 

crucial role in bone regeneration by regulating cell-to-cell interaction. Yeung et al. 

[105] fabricated 3D-printed PCL-PEG-PCL scaffolds enhanced with silane-coated 

MgO nanoparticles. The gradual release of Mg ions through scaffold degradation 

promoted the proliferation and differentiation of mouse pre-osteoblasts (MC3T3-

E1) by stimulating DNA and protein synthesis. Implantation in a lateral 

epicondyle defect model further demonstrated the ability to induce in-situ bone 

regeneration, evidenced by increased mineral deposition and new bone formation 

over time. Growth factors, particularly BMP-2, have been shown to directly and 

effectively promote bone regeneration. Lee et al. [106] designed a composite 

scaffold using a 3D-printed PLA scaffold as mechanical support combined with 

BMP-2 loaded gelation/alginate gel as the biological cue. The released BMP-2 

retained comparable osteoinductive activity to fresh BMP-2, promoting better new 

bone formation than scaffold without BMP-2 in a rat calvaria defect model. 

Moreover, in an ectopic ossification model, regular-shaped bone was observed to 

form around the scaffold at the defect site, demonstrating its ability to control the 

shape of bone regeneration and avoid unwanted osteogenesis outside the scaffold. 

1.4.3. Challenges of scaffolds in osteochondral tissue engineering 

       Considering the distinct integrated properties of cartilage and subchondral 

bone, the ideal scaffold for osteochondral tissue engineering should exhibit 

different compositions, mechanical properties, and biological environments. 

However, achieving a seamless gradient between layers remains a difficult 

problem in engineering. Additionally, scaffolds must provide sufficient mechanical 

strength while maintaining porosity to facilitate cell infiltration and nutrient 

diffusion. Biodegradation rates must also be carefully controlled to match tissue 

regeneration, because premature degradation can lead to structural failure, while 

slow degradation may hinder new tissue formation. Another challenge is ensuring 

proper vascularization in the bone region while maintaining a low-vascular 
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environment in the cartilage layer, as an imbalance can impair regeneration. 

Furthermore, stimulating both chondrogenesis and osteogenesis within a single 

scaffold requires carefully tuned biomaterials, bioactive factors, and cellular 

interactions. Overcoming these challenges is crucial for developing functional 

osteochondral grafts that integrate successfully with native tissue and restore joint 

function. 

1.5. Motivation and objectives  

       Tissue engineering and regenerative medicine offer promising solutions for 

rehabilitating or replacing damaged osteochondral tissues through scaffold 

fabrication. Osteochondral tissue consists of two distinct yet integrated layers: 

cartilage, which is avascular and provides a smooth, load-bearing surface, and 

subchondral bone, which offers mechanical support and nutrient supply. The 

complex mechanical and biological gradients between these layers present a 

significant challenge for scaffold design. Selecting suitable materials and 

manufacturing methods is crucial for developing tissue-adapted and customizable 

scaffolds that effectively mimic these gradients.  

       Biodegradable polymers with excellent biocompatibility, controlled 

degradation, and appropriate mechanical properties have gained significant 

attention, particularly in 3D-printed scaffolds. Recent advancements have focused 

on multilayered and gradient scaffold designs that replicate the structural and 

mechanical transitions of native osteochondral tissue. Especially, multi-material 

approaches allow the integration of polymers with different stiffness and elasticity, 

leading to functionally graded scaffolds that enhance cell adhesion, differentiation, 

and the overall regenerative potential. However, despite some progress, it remains 

a huge challenge that how to select and design scaffolds that not only replicate the 

distinct mechanical properties of the cartilage and subchondral bone layers, but 

that also simultaneously promote both chondrogenesis and osteogenesis for 

effective tissue regeneration, while keep long-term integration and stability during 

the tissue regeneration period. 
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The overall aim of the thesis is to develop a biomimetic scaffold with gradient 

mechanical properties, matched degradation and regenerative capability suitable 

for osteochondral tissue engineering. Specifically, the first goal of this thesis is to 

develop 3D-printed biodegradable polymer scaffolds, with biomimetic structure, 

tailored mechanical properties and degradation rates in physiological conditions 

with respect to cartilage layer and bone layer in osteochondral tissue, respectively, 

while supporting cell adhesion and growth. The second goal is to conduct advanced 

assays to evaluate the chondrogenic and osteogenic capabilities of these scaffolds, 

in terms of cell proliferation, genes expression, specific factors release and matrix 

deposition, ultimately determining the potential of the combined scaffold for 

application in osteochondral tissue engineering. 

Following these goals, the thesis is structured as follows: 

Chapter 1 briefly summarized the current state of scaffolds in tissue 

engineering, including the introduction of 3D printable biodegradable polymers 

and 3D printing techniques for polymer scaffolds. Moreover, the application of 3D-

printed biodegradable polymer scaffolds in osteochondral tissue engineering was 

explored in terms of cartilage layer and bone layer, while the challenges of scaffolds 

for osteochondral tissue were also listed.  

      Chapter 2 introduced the fabrication process of 3D-printed scaffolds, 

biomimetic composite scaffolds, and bilayer scaffolds. The structural, thermal, 

crystallized, and rheological properties were characterized. Then, the mechanical 

properties were investigated in tension and compression mode, and degradation 

tests were conducted in accelerated and physiological conditions. Finally, biological 

performance was studied through a biocompatibility test, advanced chondrogenic 

assay, and advanced osteogenic assay. 

        Chapter 3 explored the processing, composition, mechanical properties, and 

accelerated degradation behaviour of PCEC copolymers. Three different 

crystallization regimes were revealed depending on the PCL/PEG block ratio, 

significantly affecting the properties. The biocompatibility of PCEC copolymers, as 

well as the ability to be manufactured into 3D-printed scaffolds, were also 

evaluated to confirm the capability in tissue engineering. 
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Chapter 4 studied the processing, mechanical properties, degradation 

behaviour of CI/II-HyA@PGS composite scaffold. Moreover, the biocompatibility 

and chondrogenic capacity were evaluated by culturing with rat-derived 

mesenchymal stem cell (MSC) for 28 days, including the exploration of metabolic 

activity, cell viability, sulfated glycosaminoglycans (sGAG) production, gene 

expression and de-novo cartilage-like matrix deposition. 

Chapter 5 examined the processing, mechanical properties, degradation 

behaviour of CI-nHA@PCEC composite scaffold. Moreover, the biocompatibility 

and the osteogenic potential were checked by culturing with pre-osteoblast MC3T3 

cells for 28 days through analysis of alkaline phosphatase (ALP) release, calcium 

deposition, gene expression. Additionally, the angiogenic potential was assessed 

by evaluating tube formation and gene expression in human endothelial EA.hy 926 

cells after 5 days of culture.  

Chapter 6 investigated the processing, mechanical properties, degradation 

behaviour of bilayer composite scaffold, revealing its unique composition, 

morphology and mechanical properties, as well as its matched degradation rate 

and mild degradation environment in physiological conditions. 

Finally, Chapter 7 discusses the application potential of the biomimetic 

bilayer composite scaffold for osteochondral tissue engineering based on the results 

in the previous chapters, including the main conclusions of the thesis and future 

directions of the work.
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2. Materials and experimental techniques 

2.1.  Scaffolds manufacturing 

2.1.1. Printing inks  

2.1.1.1. PGS ink 

       The PGS ink was prepared by mixing PGS prepolymer and sodium chloride 

particles. PGS prepolymer was synthesized through the polycondensation of 

glycerol and sebacic acid, as previously described [107,108]. Briefly, glycerol 

(anhydrous, >99.5%, Sigma-Aldrich, Germany) and sebacic acid (analytical grade, 

99%, Sigma-Aldrich, Germany) at a molar ratio of 1:1 were mixed and heated to 

120 °C under agitation in a nitrogen atmosphere for 24 h. Then, the pressure was 

reduced to 2 mbar, and a continuous stirring was conducted at 120 °C for another 

24 h to obtain the PGS prepolymer. Afterwards, the PGS prepolymer was dissolved 

in tetrahydrofuran (THF, anhydrous, 99 %, Sigma-Aldrich, Germany) at a 

mass/volume ratio of 1:5. Next, grided sodium chloride particles (NaCl, 99 %, 

Sigma-Aldrich, Germany, diameter of 1-75 µm) with a double weight of PGS 

prepolymer were added to the solution and stirred for 24 h. Finally, the mixture 

was transferred to a vacuum oven and dried at 50 °C overnight to remove the 

solvent. The resulting mixture was used as the ink for 3D printing. 

2.1.1.2. PCEC ink 

        PCEC copolymers were synthesized by ring-opening polymerization (ROP) of 

Ɛ-CL and PEG as previously described [109]. Typically, 0.2 mmol polyethylene 

glycol (PEG, Sigma-Aldrich, Mn= 0.6k, 2k, 6k, 20k and 35k g/mol, dried before use) 

and 0.175 mol Ɛ-caprolactone (Ɛ-CL, Sigma-Aldrich, 97%, distilled) were weighed 

into a Schlenk flask, and the catalyst of tin (II) 2-ethylhexanoate (Sn(Oct)2, Sigma-

Aldrich, 92.5-100.0%) with a 0.5 wt% ratio was dropped into the mixture. Then, 

the branch pipe on the flask was connected to a vacuum pump for 10 min to remove 

the residual moisture and oxygen in the flask. Afterwards, the flask was immersed 
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in an oil bath at 110 °C under stirring for 24 h. Then, the product was dissolved in 

dichloromethane (CH2Cl2, TCI EUROPA N.V. Belgium, 99.0%, anhydrous) and 

precipitated into petroleum ether (Sigma-Aldrich, boiling point ≥ 90% 40-60 °C) 

three times to purify the product. After filtration and drying in a vacuum oven at 

40 °C for 24 h, white block products were obtained (yield: > 95%). According to the 

molecular weight of initiators, the obtained samples were named by PCE0.6kC, 

PCE2kC, PCE6kC, PCE20kC and PCE35kC, respectively. PCL was synthesized as 

above from ethylene glycol (EG, Sigma-Aldrich, 99.8%, anhydrous) and Ɛ-CL at the 

same ratio. PCL and PCEC copolymer samples (~ 7 g) were transferred to a mold 

(100 × 100 × 0.5 mm3) and processed by hot-pressing at 120 °C for 10 min under a 

pressure of 20 MPa to obtain regular polymer films for characterization. Among 

them, PCE20kC was dissolved again in CH2Cl2 and poured into flat plates to obtain 

thin films. After drying overnight in hood, PCE20kC thin films were cut into small 

pieces to be used as pellet inks for 3D printing. 

2.1.2. Scaffolds fabrication 

2.1.2.1. PGS scaffolds 

       A 3D printing system (F40, Direct 3D, Italy) with a screw-assistant extrusion 

driving was used to manufacture the PGS scaffold. The ink was placed in the 

printing system installed with a 500 µm nozzle and printed at 50 °C with a moving 

speed of 10 mm/s and a screw flow percentage of 600 %. Once the printing head 

was filled up with the ink, cubic shape samples with a design of a layer thickness 

of 500 µm, a pore diameter of 1000×1000 µm, and a 0°/90° laying pattern were 

printed. Then, the samples were placed in a vacuum oven at 100 °C, 0.5 bar for 15 

h, and then at 150 °C, 1 bar for 24 h to complete the curing process. The cured 

scaffolds were soaked in distilled water for 24 h (water was changed 4-6 times) to 

remove the NaCl particles and then freeze-dried (FreeZone 4.5 Liter -50C 

Benchtop, Labconco, the United States) at -50 °C under a pressure of 0.2 mbar to 

get the final PGS scaffolds with high porosity. Finally, scaffolds were cut by a 

biopsy puncher (Kai Medical, Japan) with a 6 mm diameter to obtain the desired 

cylindrical structure. 
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2.1.2.2. PCEC scaffolds 

       PCE20kC pellets were pour into the same 3D printing system with a nozzle of 

500 µm to manufacture porous scaffolds. The extruder of the printer was set with 

a printing temperature of 90 °C, a moving speed of 10 mm/s and a flow percentage 

of 2000%. After pre-heating for 30 min, the melted materials were deposited layer 

by layer in a 0°/90° laying pattern to fabricate scaffolds with a filament diameter 

of 500 µm, a distance between filaments of 1000 µm and a final height of 3 mm. 

Finally, PCE20kC scaffolds were cut by a biopsy puncher with a 6 mm diameter to 

obtain the cylindrical structure. 

2.1.3. Biomimetic composite scaffolds 

2.1.3.1. CI/II-HyA@PGS composite scaffold 

       To fabricate the biomimetic composite scaffold, the 3D-printed PGS scaffold 

was combined with a pro-chondrogenic collagen-based matrix slurry consisting of 

collagen type I/II and hyaluronic acid (CI/II-HyA) designed in previous study [110]. 

Briefly, the CI/II-HyA slurry was prepared with a total collagen concentration of 

0.5% w/v (collagen I and collagen II at ratio 1:1) and a hyaluronic acid 

concentration of 0.05% w/v.  

       The PGS scaffold was loaded with 0.3 mL of the previously prepared CI/II-HyA 

slurry into a stainless-steel tray (dimensions: 9.5 mm diameter and 4 mm height) 

prior being freeze-dried (Virtis Genesis 25EL, Biopharma, UK) at a constant 

cooling rate of 1 °C/min to a final temperature of -20 °C and drying at a pressure 

of 200 mTorr [111]. Then, the scaffold was punched to get a final dimension of 6 

mm in diameter and 3 mm in height using a biopsy puncher. CI/II-HyA scaffold 

without the 3D-printed PGS framework was also fabricated and crosslinked using 

a dehydrothermally (DHT) crosslinking procedure in a vacuum oven (VacuCell, 

MMM, Germany) at 105 °C for 24 h under a pressure of 0.05 bar. 

2.1.3.2. CI-nHA@PCEC composite scaffold 

        Collagen based slurry including of collagen type I and nano-hydroxyapatite 

(CI-nHA) was prepared according to previous established methods [112]. Briefly, 
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calcium chloride (CaCl2, 0.13M, Fisher Chemical, Ireland) solution was added to 

trisodium phosphate solution (Na3PO4, 0.42M, Sigma-Aldrich, Ireland) with 

sodium hydroxide (NaOH, Fisher Chemical, Ireland) and DARVAN® 821-A (R.T. 

Vanderbilt Holding Company, Inc, USA), followed by stirring overnight. The 

mixture was centrifuged to remove the supernatant and resuspend in water 3 

times. Then the n-HA suspension was obtained by resuspending the precipitation 

product into acetic acid (0.5M, Sigma-Aldrich, Ireland) and then sonicated for 2-3 

minutes. Finally, n-HA suspension was dropped to 300 mL collagen type I 

(lyophilized polymeric collagen, Sigma-Aldrich, Ireland) in acetic acid slurry 

through blending for 2 h to get the homogenous CI-nHA slurry.  

        The 3D-printed PCE20kC scaffold was then placed in a stainless-steel plate, 

and 0.3 mL of prepared CI-nHA slurry was poured to cover the scaffold. Then, the 

plate was placed in the freeze-drier with a processed procedure of a constant 

cooling rate of 1 °C/min, a final temperature of -40 °C and a pressure of 200 mTorr 

for 40 h. The final composite scaffold of 6 mm in diameter and 3 mm in height was 

obtained by using a biopsy puncher. For comparation, CI-nHA scaffold without the 

3D-printed PCEC framework was also fabricated through the same methods and 

subjected to an additional treatment of a dehydrothermal (DHT) cross-linking 

procedure in a vacuum oven under 0.05 bar pressure at 105 °C for 24 h. 

2.1.3.3. Bilayer composites scaffold 

       The bilayer composite scaffold was assembled by in-situ bonding of CI/II-

HyA@PGS and CI-nHA@PCEC composite scaffolds. Briefly, a small amount of 

CH2Cl2 was applied to the bottom surface of CI-nHA@PCEC scaffold using a 

scalpel (Sigma-Aldrich). As the superficial PCEC filaments were dissolved to get a 

tacky surface, the CI/II-HyA@PGS scaffold was carefully placed on the surface and 

pressed to ensure a firm bonding. Finally, the combined bilayer scaffold was left in 

a fume hood overnight to allow complete evaporation of residual CH2Cl2. 
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2.2. Composition and structural characterization 

2.2.1. Nuclear magnetic resonance spectroscopy (NMR)  

        NMR spectroscopy is a technique for determining the structure of organic 

compounds, which identifies the positions of atoms in molecules. In this thesis, the 

composition and structure of PCL and PCEC copolymers was analysed by 1H-NMR 

and 13C-NMR spectra measured in an NMR instrument (AVANCE III 400, Bruker, 

USA) at 400 MHz using deuterated chloroform as the solvent. 

2.2.2. Fourier transform infrared spectroscopy (FT-IR) 

        FT-IR spectroscopy is a technique to define the presence and absence of 

functional groups, which can provide complementary chemical information with 

NMR spectroscopy. In this thesis, a FTIR spectrometer (Nicolet iS50, 

ThermoFisher) under an ATR mode was used to study the chemical structure of 

PCL, PCEC copolymers, glycerol, sebacic acid, PGS prepolymer, CI/II-HyA matrix, 

PGS framework and CI/II-HyA@PGS composite scaffold. 

2.2.3. Gel permeation chromatography (GPC)  

        GPC is a technique to determine the molecular weight averages and complete 

molecular weight distribution by separating polymers and organic molecules based 

on their size. In this thesis, the molecular weight and the dispersity of PCL and 

PCEC copolymers were obtained from a gel permeation chromatographer 

(Waters1525, Spain) that equipped with a Waters 2424 refractive index detector 

and a Waters 2489 UV detector. GPC process was carried out at 25 °C using 

monodisperse polystyrene (Sigma-Aldrich, Germany) as the standard sample, and 

THF as the solvent.  

2.2.4. Atomic force microscopy (AFM) 

      AFM is a high-resolution form of scanning probe microscopy that employs a 

sharp tip in a raster motion to measure and visualize materials at the atomic and 

nano scales. In this thesis, the surface morphology of PCL and PCEC copolymer 
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films was assessed by using an AFM (XE-150, Park Systems). Areas of 20×20 µm 

were scanned in contact mode at a rate of 0.3Hz. Average roughness (Ra) was 

measured and recorded from the surface. 

2.2.5. Scanning electron microscopy (SEM) 

        SEM is a technique that produces images of a sample by scanning it with a 

focused beam of electrons. In this thesis, the morphology of CI/II-HyA, PGS, CI/II-

HyA@PGS, CI-nHA, PCEC and CI-nHA@PCEC scaffolds in top and cross-section 

view were observed in field-emission scanning electron microscope (FESEM, JSM-

7800 F, ThermoFisher) at an accelerating voltage of 5.0 kV. 

2.3. Thermal properties and crystallization behaviour  

2.3.1. Dynamic mechanical analysis (DMA) 

        DMA is a technique used to characterize the thermal properties of a material 

by recording the deformation as a function of frequency, temperature or time. In 

this thesis, the thermal properties of PCL and PCEC copolymers were studied by 

using a DMA machine (TA-Q800) over a temperature range of -110°C to 40°C, a 

heating rate of 3 °C/min, and a frequency of 1 Hz. 

2.3.2. Differential scanning calorimetry (DSC) 

       DSC is a technique to determine physical or chemical changes in the material 

as a function of temperature. In this thesis, DSC was performed in PCL and PCEC 

copolymers films (5-10 mg) by using a TA-Q200 machine in an N2 atmosphere (50 

mL/min).  Samples were tested from -40 °C to 100 °C and kept for 1 min to remove 

the thermal history, then quenched to -40 °C at a cooling rate of 10 °C/min, and 

after isothermal equilibrium for 1 min, heated to 100 °C at a rate of 10 °C/min. 
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2.3.3. X-Ray diffraction analysis (XRD)  

        XRD is a rapid analytical technique primarily used for phase identification of 

crystalline materials. In this thesis, XRD was conducted on an X-ray 

diffractometer (PANalytical B.V., Netherlands) with Ni-filtered Cu Kα radiation 

from 10° to 40° to study the crystallization behaviour of PCL and PCEC 

copolymers. 

2.3.4. Rheological properties 

        Rheology is the science of flow that describes the interrelation between force, 

deformation and time. In this thesis, the rheological properties of PCL and PCEC 

copolymers were explored on a rheometer (Anton Paar MCR 702e, Austria) by 

using disk samples with a diameter of 25 mm and a thickness of 1 mm at 110 °C 

under a shear stain of 3% in a frequency range of 0.1-50 rad/s. The storage modulus 

(G’), loss modulus (G’’) and complex viscosity (η*) were recorded during the 

experiment. 

2.4. Mechanical characterization 

2.4.1. Tensile tests 

        PCL and PCEC copolymer films were cut into dog-bone shape with 

dimensions of 75 mm × 4 mm × 0.5 mm, following ISO 527/2 5A (1996) standard. 

A universal tensile testing machine (Instron 5966, USA) was utilized to carry out 

the tensile tests with a 500 N load cell and an initial length of 40 mm at a speed of 

10 mm/min. A minimum of 6 specimens were tested for each sample. 

2.4.2. Compression tests 

        The mechanical properties of original and degraded CI/II-HyA, PGS, and 

CI/II-HyA@PGS scaffolds were evaluated at room temperature in a bioreactor (TC-

3F, Ebers, Spain) with a 50 N load cell and compressive grips in dry condition (air) 

and wet condition (PBS solution). Scaffolds with cylindrical shapes of a diameter 

of 6 mm and a thickness of 3 mm were used in the tests. The scaffolds for the wet 
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tests were immersed in 0.1M phosphate-buffered saline (PBS, Gibco, UK) 

overnight before compression. Scaffolds were compressed to a strain of 50% at a 

speed of 0.1 mm/s, and stress-strain curves were recorded. Cyclic compressions in 

dry and wet conditions were carried out by compressing scaffolds up to a maximum 

strain of 10%, 20%, and 40%, for 10 cycles at the speed of 0.1 mm/s. A minimum of 

6 scaffolds were tested for each sample. 

        CI-nHA, PCEC, and CI-nHA@PCEC scaffolds with cylindrical shapes of a 

diameter in 6 mm and a thickness in 3 mm were also tested under dry and wet 

conditions. The mechanical properties of original and degraded CI-nHA scaffolds 

were tested in the bioreactor with a 50 N load cell at a speed of 0.1 mm/s. The 

mechanical properties of original and degraded PCEC and CI-nHA@PCEC 

scaffolds were tested in the universal testing system with a 2 kN load cell and 

compressive grips at a speed of 0.1 mm/s. Scaffolds for wet condition tests were 

immersed in PBS solution for overnight before testing. Each sample were tested 

by using at least 6 scaffolds to get the average.  

        Bilayer composite scaffolds were only tested under wet conditions after 

immersion overnight in PBS solution. The mechanical properties of bilayer 

composite scaffolds were tested in the universal testing system with a 2 kN load 

cell and compressive grips at a speed of 0.1 mm/s. Cyclic compressions in wet 

conditions were carried out by compressing bilayer composite scaffolds up to 

strains of 5%, 10%, and 15% for 10 cycles at the speed of 0.1 mm/s. A minimum of 

6 scaffolds were tested for each sample. 

2.5. Degradation tests 

2.5.1. Hydrophilicity test 

        The water contact angle of PCL and PCEC copolymers was measured by a 

Drop Shape Analyzer (DSA25S, KRÜSS). A drop of water (3 μL) was served on the 

surface of samples, and the image was immediately recorded. The behaviour of the 

drop and the material was recorded for 5 seconds, and the average and the 
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standard deviation were obtained. A minimum of 3 specimens were tested for each 

sample. 

2.5.2. Accelerated degradation tests 

        Accelerated degradation tests were carried out in 5 M sodium hydroxide 

(NaOH, Sigma-Aldrich, Germany) solution at 37 °C to explore the degradation 

behaviour. Briefly, PCL and PCEC copolymer films with a diameter of 15 mm × 5 

mm × 0.5 mm were placed into glass vials, respectively. Then 2 mL of 5 M NaOH 

solution was added to each vial to immerse the whole film. After tightly sealed, the 

vials were placed into an oven with a temperature of 37 °C. Samples were checked 

every 2 or 3 days to monitor the change in mass. To this end, samples were 

removed, washed with deionized water, and dried in a fume hood for 24 h. Then 

samples were weighed every time and put back to the glass vials. The process was 

repeated until the samples completely lost their structural integrity. A least 3 

pieces of each sample were performed at the same time to obtain the average and 

standard deviation. 

2.5.3. Physiological degradation tests 

        Degradation test was carried out in a 0.1 M PBS solution with a pH value of 

7.15 at the physiological temperature of 37 °C, following the ISO 13781 standard 

[113,114]. Briefly, CI/II-HyA, PGS, CI/II-HyA@PGS, CI-nHA, PCEC and CI-nHA@ 

PCEC scaffolds with a dimension of 6 mm diameter and 3 mm height, and bilayer 

composite scaffolds with a dimension of 6 mm diameter and 6 mm height were 

placed respectively into 1.5 mL or 2 mL reaction tubes and filled with PBS at a 

proportion of at least 30 mL/g to ensure a complete immersion of scaffolds. Then, 

scaffolds were placed in an oven at 37 °C and checked every 1 or 2 weeks up to 8 

weeks. At each time point, the pH was recorded using a pH meter (Sension + PH3, 

Hach, USA), and scaffolds were taken out, washed 3 times with deionized water, 

and dried at a fume hood for 24 h to obtain the change of mass.  
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2.6. Biocompatibility tests 

2.6.1. Cell culture  

2.6.1.1. Mouse fibroblast L929 cell line 

        A mouse fibroblast L929 cell line (ATCC-CRL-2593) was used for the 

cytocompatibility tests of PCL and PCEC copolymers. Cells were cultured in a 

complete medium consisted of high-glucose Dulbecco's modified eagle medium 

(DMEM, Gibco, USA), fetal bovine serum (FBS, Corning, USA), penicillin (100 

units/mL, Invitrogen, USA) and streptomycin (100 µg/mL, Invitrogen, USA). Cells 

were used at 80 % of confluence and incubated at 37 °C with an atmosphere of 95 

% air and 5 % CO2.  

2.6.1.2. Rat bone-marrow derived mesenchymal stem cells (MSC) 

        Rat mesenchymal stem cell (MSC) was isolated from the bone marrow of 

Wistar rats under the approval of the Royal College of Surgeons in Ireland 

Research Ethics Committee (REC Approval No. 237) [115,116]. Afterwards, cells 

from three separate pools of donors were expanded and cultured in completed 

culture medium (Dulbecco's Modified Eagle Medium (DMEM) + 10 % fetal bovine 

serum (FBS) + 100 U/mL penicillin/streptomycin (P/S) + 1% L-glutamine + 1% 

Glutamax + 1% non-essential amino acids) under normoxic cell culture conditions 

(37 °C, 5 % CO2).  

         Once 70% confluent, cells were passaged using trypsin 

ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, Ireland) and seeded on 

CI/II-HyA, PGS and CI/II-HyA@PGS scaffolds with a density of 5 × 105 cells per 

scaffold. Following 30 min incubation, scaffolds were cultured with 2 mL of culture 

expansion media for 24 h.  The culture expansion media was then replaced with 2 

mL of chondrogenic culture media including high-glucose DMEM with 50 μg/mL 

ascorbic acid, 40 μg/mL proline, 100 nM dexamethasone, 1×ITS, 0.11 mg/mL 

sodium pyruvate and 20 ng/mL human TGF-β3 (Prospec, Israel) (components were 

supplied by ThermoFisher Scientific, Ireland, unless otherwise specified). The cell-

seeded scaffolds were incubated for 28 days, with media changed twice weekly.  
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2.6.1.3. Mouse pre-osteoblast cell line MC3T3-E1 

        Mouse pre-osteoblast cell line MC3T3-E1 (ATCC-2593, USA) was expanded 

in completed culture medium (Minimum Essential Medium Eagle Alpha (α-MEM) 

+ 10 % fetal bovine serum (FBS) + 100 U/mL penicillin/streptomycin (P/S)) for a 

confluence of 80%-90% in cell culture plate. Then, MC3T3 cells was seeded on CI-

nHA and CI-nHA@ PCEC scaffolds at a density of 5 × 105 cells per scaffold in a 24-

well plate and cultured in 2 mL completed culture medium at conditions of 37 °C, 

and 5 % CO2. The cell-seeded scaffold was transferred to a new plate after one day 

of seeding and 2 mL of osteogenic culture medium (α-MEM + 10% FBS + 100 U/mL 

P/S + 50 μg/mL ascorbic acid + 10 mM β-glycerophosphate + 100 nM 

dexamethasone) were added and continued to an incubation for 28 days. 

Osteogenic culture media was changed every 3 or 4 days.  

2.6.2.  Indirect tests 

        Extracts of the PCL and PCEC copolymers were obtained by immersion of 

polymer films in complete culture medium with a ratio of 3 cm2/mL and incubated 

at 37 ºC for 72 h. Then, the samples were removed, and extracts were used for the 

cytocompatibility assay. To this end, L929 cells were seeded with a cell density of 

1 × 104 cells/cm2 and incubated at 37 °C for 24 h. Then, the culture medium was 

removed and replaced with diluted extracts (100%, 50%, 25%, 12.5%, 6.25% and 

3.125%) and incubated for another 24 h. The mitochondrial activity was measured 

by adding thiazolyl blue tetrazolium bromide (MTT, Sigma-Aldrich, Germany) at 

a concentration of 5 mg/mL with a ratio of 10 μL by each 100 μL of complete culture 

medium. Afterwards, the cells were incubated under the same conditions for 

another 3 h and 100 μL dimethyl sulfoxide (DMSO, Sigma-Aldrich, Germany) was 

added in each well to dissolve the formazan crystals produced. Finally, the 

absorbance was measured in a microplate reader (Tecan Infinite M Plex, 

Switzerland) at a 570 nm wavelength. Cells without extract but with complete 

culture medium were used as the control. The mitochondrial activity was reported 

after normalizing the optical density (OD) of the cells exposed to the extracts with 
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respect the control (mitochondria activity (%) = (OD of sample / OD of positive 

control) × 100 %).   

2.6.3. Direct tests 

        L929 cells were seeded at a cell density of 1 × 104 cells/cm2 directly on the 

surface of the samples and incubated at 37 °C for 24 h. Afterwards, cells were fixed 

with paraformaldehyde (PFA 4%, Thermo Fisher Scientific, USA) at 37 °C for 25 

min. Cell morphology was studied for immunofluorescent staining. After fixation, 

cells were treated with 0.1% of triton® X-100 (Thermo Scientific, USA) for 15 min 

and washed several times with Dulbecco’s phosphate buffered saline (D-PBS, 

Corning, USA). Afterwards, cells were stained with Alexa Fluor 488 phalloidin 

(Invitrogen, USA) at a concentration of 1:300 to observe the cytoskeleton, and with 

DAPI (Invitrogen, USA) at a concentration of 1:1000 for the identification of the 

nucleus.  After incubation under dark at room temperature for 1 h, the morphology 

of cells was observed under confocal microscopy (Olympus FV3000, Japan).   

2.6.4. Cellular metabolic activity assay  

         An AlamarBlue assay (ThermoFisher Scientific, Ireland) was conducted to 

measure the metabolic activity of the cells within the CI/II-HyA, PGS, CI/II-

HyA@PGS, CI-nHA and CI-nHA@ PCEC scaffolds. Scaffolds were initially washed 

in PBS twice and later cultured in fresh media containing 10% AlamarBlue 

viability reagent at 37 °C for 1 h (for MSC) or 3 h (for MC3T3 cells). A 

spectrophotometer (Victor2 D, Wallac, Boston, MA, USA) with an excitation 

wavelength of 550 nm and an emission wavelength of 590 nm was used to read the 

resulting fluorescence level. Media containing 10% AlamarBlue were used as a 

blank sample, subtracted from the experimental readings to eliminate background 

fluorescence. The cellular metabolic activity of cells grown on scaffolds at days 1, 

3, 7, 14, 21, and 28 was measured. 

http://sharepoint/Idinet/Procesos.aspx?IdProceso=23928&Modal=No&Buscar=SI
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2.6.5. DNA quantification assay 

       Cell-seeded CI/II-HyA, PGS, CI/II-HyA@PGS, CI-nHA and CI-nHA@ PCEC 

scaffolds were washed in PBS and digested in a papain enzyme solution prepared 

with 0.5 M EDTA, cysteine-HCl, and 1mg/mL papain enzyme (Carica papaya, 

Sigma-Aldrich, Ireland) at 60 °C for 12 h. Then the DNA concentration was 

determined using a Quant-iTTM PicoGreen® dsDNA assay kit (Invitrogen, UK). 

2.7. Advanced biological assays 

2.7.1. Chondrogenic assay 

2.7.1.1. Sulfated glycosaminoglycan (sGAG) quantification 

        CI/II-HyA, PGS, and CI/II-HyA@PGS scaffolds were washed in PBS and 

digested in a papain enzyme solution prepared with 0.5 M EDTA, cysteine-HCl, 

and 1mg/mL papain enzyme (Carica papaya, Sigma-Aldrich, Ireland) at 60 °C for 

12 h. The sGAG content within the scaffolds was measured using Blyscan sulfated 

glycosaminoglycan assay kit (Biocolor Life Sciences, UK), and determined using a 

standard curve at day 28 as per the manufacturer’s instructions. 

2.7.1.2. Histological analysis of cellular infiltration and sGAG distribution 

        Histological staining protocols were used to further evaluate cellular 

infiltration and sGAG distribution within CI/II-HyA, PGS, and CI/II-HyA@PGS 

scaffolds. Scaffolds were formalin-fixed for 1 h, treated with 1 mL of 15% sucrose 

for 2 h and 30% sucrose overnight, embedded in OCT (Fisher-Scientific, Ireland), 

and transversally sectioned at various depths on a cryostat (Leica RM 2255, Leica, 

Germany) to give 10 μm thick sections. These sections were mounted on 

PolysineTM glass slides (Fisher-Scientific, Ireland) and stained for Alcian blue 

(Sigma-Aldrich, Ireland), which stains sGAG blue, and nuclear fast red, which 

stains the cell nuclei red. The sections were successively imaged at several 

magnifications using a Leica DMIL microscope (Leica Microsystems, Switzerland). 
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2.7.1.3. Gene expression analysis 

        Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was 

performed to determine the expression of specific genetic markers associated with 

chondrogenic lineage in CI/II-HyA, PGS, and CI/II-HyA@PGS scaffolds (Table 2.1). 

The total RNA was isolated from the cells within the scaffolds using a RNeasy kit 

(Qiagen, UK) and reverse transcribed to cDNA at a final concentration of 2.5 ng/μL 

using a QuantiTect reverse transcription kit (Qiagen, UK) on a thermal cycler 

(Mastercycler Personal, Eppendorf, UK). A QuantiTect SYBR Green PCR kit 

(Qiagen, UK) was used to run qRT-PCR reactions on a 7500 real-time PCR System 

(Applied Biosystems, UK) as previously described [117]. The relative expression of 

mRNA was calculated using the delta-delta Ct (ΔΔCt) method, where delta Ct (ΔCt) 

was the value obtained by subtracting the cycle threshold value (Ct) of a house-

keeping gene from the Ct value of target mRNAs: aggrecan (ACAN), collagen type 

II alpha 1 chain (COL2A1) and collagen type I alpha 1 chain (COL1A1). The 

amount of target mRNA relative to the housekeeping gene was normalized to a 

calibrator sample to generate ΔΔCt. This was then converted to a fold increase in 

expression using the formula: Fold increase = 2−(ΔΔCt). 18S ribosomal RNA (18S) 

was used as the housekeeping gene. 

Table 2.1: List of gene transcripts analyzed by qRT-PCR. Qiagen QuantiTect validated 

primers used to analyze the expression levels of target genes. 

2.7.2. Osteogenic assay 

2.7.2.1. Evaluation of alkaline phosphatase (ALP) activity  

        SensoLyte pNPP Alkaline Phosphatase Assay Kit Colorimetric (AnaSpec, 

USA) was used to check the ALP activity of CI-nHA and CI-nHA@ PCEC scaffolds. 

At days 7 and 14, scaffolds were washed with PBS and placed in 200 μL lysis buffer 

Target gene Catalogue code Target gene reference 

Collagen type 1 α1 chain (COL1A1) QT01081059 Rn_Col1a1_1_SG 

Collagen type 2 α1 chain (COL2A1) QT01084118 Rn_Col2a1_1_SG 

Aggrecan (ACAN) QT00189518 Rn_Acan_1_SG 

18S ribosomal RNA (18S) QT02589300 Rn_Rn18s_1_SG 
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containing 2% Triton X-100 (Sigma-Aldrich, Ireland) and 0.1M sodium acetate 

(Fisher Scientific, Ireland). Following by spinning at 10,000 g at 4 °C for 10 min, 

the obtained solutions were used to detect the ALP activity under the assay kit. 

2.7.2.2. Evaluation of mineralization 

        Calcium (CPC) LiquiColor® Test Kit (Stanbio, USA) was used to quantify the 

calcium content from CI-nHA and CI-nHA@ PCEC scaffolds and cell 

mineralization. At days 21 and 28, cell-free and cell-seeded scaffolds were all 

washed with PBS and placed in 1 mL 0.5 M HCl solution (Honeywell Fluka, 

ThermoFisher Scientific, UK). Through shaking overnight at 4 °C, the obtained 

solutions were diluted 10 times for detecting the calcium content under the assay 

kit. 

2.7.2.3. Histological analysis 

        Histological staining analysis were conducted to evaluate the cell cellular 

infiltration and calcium distribution within CI-nHA and CI-nHA@ PCEC scaffolds. 

Briefly, scaffolds with cells were firstly fixed in formalin (Epredia™, ThermoFisher 

Scientific, Ireland) for 1 h, then immersed in 15% sucrose solution (Sigma-Aldrich, 

Ireland) for 4 h and 30% sucrose solution for overnight. After embedded in OCT 

(Fisher-Scientific, Ireland), the slices with 10 μm thick were mounted on 

PolysineTM glass slides under cryostat (Leica RM 2255, Leica, Germany).  

        Slices were stained by using hematoxylin & eosin (H&E, Sigma-Aldrich, 

Ireland) to stain nucleus in dark purple to check the cell infiltration and alizarin 

red S (Sigma-Aldrich, Ireland) to stain calcium in red to check the mineralization, 

respectively. The histological staining images were obtained by observing these 

slices under microscope (Leica Microsystems, Switzerland).  

2.7.2.4. Quantitative real-time PCR (qRT-PCR) analysis 

        Gene expression levels of specific markers associated with osteogenic lineage 

were determined in CI-nHA and CI-nHA@ PCEC scaffolds after 21 days in culture. 

The total RNA previously isolated was reverse transcribed to cDNA at a final 

concentration of 2.5 ng/μL using a QuantiTect reverse- transcription kit (Qiagen, 
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UK) and run on the 7500 real-time PCR system (Applied Biosystems, USA). The 

relative expression of mRNA was assessed using the Delta-delta Ct (ΔΔCt) method, 

in which four genes associated with osteogenesis (COL1A1, RUNX 2, OCN and 

BMP-2 (from QuantiTect Primer Assays, UK) were detected using GAPDH as a 

housekeeping gene, as shown in Table 2.2. 

 

Table 2.2: List of qRT-PCR primers (Rat) for osteogenic study 

 

2.7.3. Angiogenetic assay 

       Human endothelial cell line EA.hy 926 (ATCC-CRL-2922, USA) was used to 

check the angiogenesis of CI-nHA and CI-nHA@ PCEC scaffolds. Briefly, EA.hy 

926 cells were seeded on scaffolds at a density of 1 × 105 cells per scaffold in a 24-

well plate and cultured in 2 mL growth medium (high-glucose Dulbecco's modified 

Eagle's medium (DMEM) + 10 % fetal bovine serum (FBS) + 100 U/mL P/S) at 

conditions of 37 °C and 5 % CO2. Scaffolds were transferred to a new plate after 24 

h and cultured for 5 days with media change every 2 or 3 days. 

        After 1 and 5 days of incubation, staining with Alexa Fluor 488 phalloidin 

(1:300, Invitrogen, USA) and DAPI (1:1000, Invitrogen, USA) were performed and 

cell morphology was then observed under confocal microscope (Olympus FV3000, 

Japan) at magnification of 10x and 20x. Finally, three angiogenesis-related genes 

(VEGF, VE-cadherin (Integrated DNA Technologies, Belgium)) and MMP-2 

(Sigma, USA) were evaluated by qRT-PCR, as shown in Table 2.3. 

 

Target gene Catalogue code Target gene reference 

Collagen type 1 α1 (COL1A1) QT01081059 Rn_Col1a1_1_SG 

Osteocalcin (OCN) QT00371231 Rn_Bglap_1_SG 

Runt-related transcription factor 2 (RUNX2) QT01300208 Rn_Runx2_1_SG 

Bone morphogenic protein 2 (BMP-2) QT00495096 Rn_Bmp2_1_SG 

Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) 
QT01082004 Rn_Gapdhs_1_SG 
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Table 2.3: List of qRT-PCR primers (Human) for angiogenetic study 

 

2.8. Statistical analysis 

        All the data were recorded as mean ± standard deviation unless stated 

otherwise. Each experiment was carried out for at least triplicate samples. 

Statistical analysis was carried out using Origin software (2021b, OriginLab, 

Northampton, Massachusetts, USA) and GraphPad Prism (GraphPad Software 

10.2.0, California USA) using a t-test was performed for two comparisons, and a 

general linear model one-way analysis of variance (ANOVA) with Fisher’s LSD test 

analysis performed for multiple comparisons. p-values less than or equal to 0.05 (p 

≤ 0.05) were considered statistically significant. * Denotes p ≤ 0.05, **p ≤ 0.01, ***p 

≤ 0.001 and ****p ≤ 0.0001. 

  

Target gene Sequence 

Vascular endothelial growth factor 

(VEGF) 
FWD: TGAACTTTCTGCTGTCTTGGGTGC 

RV: CAAACAAATGCTTTCTCCGCTCTG 

Vascular endothelial-cadherin  

(VE-cadherin) 
FWD: TGCCCACATATTCTCCTTTGAG 

RV: GAACCAGATGCACATTGATGAAG 

Matrix metallopeptidase 2 

 (MMP-2) 
FWD: GATACCCCTTTGACGGTAAGGA 

RV: CCTTCTCCCAAGGTCCATAGC 

Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) 
FWD: TGTAGTTGAGGTCAATGAAGGG 

RV: ACATCGCTCAGACACCATG 
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3. Processing, structure and properties of PCEC 

copolymers 

3.1. Introduction 

        Tissue engineering is currently considered an excellent approach to replace 

damaged tissue, and synthetic polymer scaffolds play a very important role in this 

task due to their similar structure and function to extracellular matrix (ECM) 

[118,119]. An ideal scaffold should physically and biologically mimic the structure 

and function of the target tissue. Specifically, the scaffold should provide adequate 

mechanical support for the damaged tissue and gradually degrade as new tissue 

grows. Besides, favourable biological properties are also required for tissue 

recovery [120–122]. However, the mismatch of mechanical properties and 

degradation rate [123,124], the presence of inflammatory degradation products 

[125,126], and difficulties to manufacture personalized scaffolds with precise pore 

interconnections [127,128] make it difficult to meet clinical use needs. Therefore, 

the development of materials with tailored mechanical properties and degradation 

rates that are suitable for different tissues and that can be used to fabricate 

customized and personalized scaffolds remains a significant challenge. 

        The emergence of 3D printing technologies provides broad prospects for the 

manufacture of personalized scaffolds for tissue engineering, since it can 

accurately and quickly fabricate scaffolds with precise geometry and high pore 

connectivity, similar to native tissues [129–133]. Among them, extrusion-based 3D 

printing is a common strategy because of low cost, simple and eco-friendly 

fabrication, high availability of materials (metals, ceramics, polymers, hydrogels 

and their composites) and diverse raw material to process (wires, pellets, and 

powders) [134–136]. In this context, some synthetic biodegradable polymers have 

attracted considerable attention over the past decades due to the high 

biocompatibility, ease of processing, as well as tailored mechanical properties and 

degradation rates [137–142]. For instance, poly(ɛ-caprolactone) (PCL), approved by 

the Food and Drug Administration (FDA), is widely used in bone regeneration 
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because of its mechanical properties, good biocompatibility, and easy processing 

due to the low melting temperature of ~ 60 °C [143–147]. However, PCL has a 

hydrophobic surface, which affects the degradation process that is reported to be 

between 2-3 years in vivo.  The poor wettability also has a direct influence on the 

cell attachment and proliferation resulting in certain limitations in healthcare and 

medical applications [148–150]. 

        As a nontoxic and water-soluble polymer, poly (ethylene glycol) (PEG) is often 

used for copolymerization or blending with PCL matrix to improve the 

hydrophilicity of PCL-based 3D-printed scaffolds, and some interesting results 

have been achieved [151–153]. Among them, PCL-PEG-PCL (PCEC) triblock 

copolymers synthesized from ring-opening polymerization (ROP) are attractive in 

tissue engineering due to the controlled synthesis and the flexibility of 

compositions, which allows to tailor the mechanical properties and degradation 

rate of PCL-based scaffolds [154–157]. However, most studies have focused on the 

regulation of PCEC copolymer composition in a narrow range and low molecular 

weights, because high molecular weights will lead to high viscosities, which are 

not appropriate for 3D printing, as well as to low degradation rates which are not 

compatible to tissue regeneration. In addition, to the best of our knowledge, the 

structure-property relationships of PCEC copolymers have not been systematically 

explored from the viewpoint of degradation rate, biological performance, and 

fabrication for tissue engineering applications, especially for macroinitiators of 

PEG with high molecular weight of 20k g/mol and 35k g/mol. Therefore, these 

studies are necessary to design and select PCEC copolymers and scaffolds that can 

be used for tissue engineering in different clinical applications. 

        This chapter of the thesis aims to manufacture and characterize 

biocompatible and biodegradable PCEC copolymers with high molecular weight 

using macroinitiators from low molecular weight PEG (0.6k g/mol) to high 

molecular weight PEG (35k g/mol). They are expected to cover a wide range of 

mechanical properties, degradation rates and biological performance, so they can 

be used in different applications. The composition, thermal properties, 

crystallization behaviour, mechanical properties, degradation rate, and biological 
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properties will be studied to establish the structure-property relationships of 

PCEC copolymers. Finally, the potential application in tissue engineering will be 

demonstrated by manufacturing them into scaffolds via a pellet-based screw-

driven 3D printing system. 

3.2. Processing and structure 

        PCL and a series of PCEC triblock copolymers with different PEG contents 

were successfully synthesized by the ring-opening reaction of ɛ-CL as the 

monomer, and EG or PEG as initiators using Sn(Oct)2 as the catalyst (Figure 3.1a). 

PEG0.6k, PEG2k, PEG6k, PEG20k, and PEG35k were used as macroinitiators to 

assess the structure-property relationships as a function of PEG content on PCEC 

copolymers. 

 

Figure 3.1: (a) synthesis route and (b) schematic diagram of the composition of PCL and 

PCEC copolymers. 

 

 
        1H-NMR, 13C-NMR, FT-IR, and GPC analysis were conducted to confirm the 

structure, composition and molecular weight of the synthesized block copolymers. 
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The assumed schematic diagram of blocks in PCEC copolymers is shown in Figure 

3.1b. The structures and characteristic 1H-NMR spectra of PCL and PCEC 

copolymers after purification are shown in Figure 3.2a, b, and c.  

 

Figure 3.2: The 1H-NMR spectra of (a) PCL, (b) PCE2kC, (c) PCL and PCEC copolymers, 

and (d) GPC curves of PCL and PCEC copolymers. 

 

        The peaks at 4.05 ppm (peak e), 2.29 ppm (peak a), 1.59 to 1.68 ppm (peak b 

and d), and 1.33 to 1.41 ppm (peak c) in Figure 3.2a correspond to the methylene 

protons of the PCL blocks. In addition to the appearance of PCL block peaks, a 

typical peak appears in PCEC copolymers curves at 3.65 ppm (peak h), 

corresponding to the methylene protons of the PEG block [158] (Figure 3.2b and c). 

Furthermore, the appearance of characteristic peaks of the PCL block and PEG 

block in the 13C-NMR and FT-IR spectrum also confirms the composition of the 
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PEG block and PCL block (Figure 3.3a and b). All this evidence indicates that 

PCEC copolymers made up of PEG and PCL blocks were successfully synthesized.  

 

 

Figure 3.3: (a) 13C-NMR and (b) FT-IR spectra of PCL and PCEC copolymers. 

 

        In addition, the proportions of PEG block and PCL blocks in the synthesized 

PCEC copolymers are also different due to the different molecular weights of the 

macroinitiator PEG. It can be seen in Figure 3.2c that the peaks of the PEG block 

became stronger with the increase in the molecular weight of PEG while the peaks 

of the PCL block became weaker, which is because the PEG content in the PCEC 

copolymers increased gradually. In order to figure out the specific proportions, PCL 

/ PEG block ratios in PCEC copolymers were obtained from the calculation of the 

peak area ratio of e and h in 1H-NMR (2m/n, where n refers to the polymerization 

degree (DP) of PEG block and 2m refers to the total DP of PCL blocks) (Figure 

3.1a), and the results are depicted in Table 3.1. As the molecular weight of PEG 

increases, the ratio gradually decreases, corresponding to the increase of the PEG 

block and the decrease of the PCL block. It is worth noting that the ratio was close 

to 1 in PCE20kC, indicating that the polymerization degree (DP) of these two blocks 

was nearly equal in the copolymer. Also, the DP of PCL block was smaller than 

that of PEG block (2m/n ratio <1) in PCE35kC, demonstrating that the PEG block 

content occupies a significant part in copolymer. Therefore, these copolymers can 

be classified into three composition types according to the block content: (1) PEG 
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< PCL, (2) PEG ≈ PCL, and (3) PEG >PCL, as shown in Figure 3.1b. These different 

compositions will significantly affect the properties of the copolymers, as it will be 

discussed in detail below.  

 

Table 3.1: Composition and molecular weight of PCL and PCEC copolymers 

Sample PCL/PEG block ratio a Mn
b (g/mol) Mw

c (g/mol) Đ d 

PCL 121.9 65 196 94 194 1.44 

PCE0.6kC 30.3 73 275 105 412 1.43 

PCE2kC 9.8 89 457 121 256 1.39 

PCE6kC 3.2 79 293 111 810 1.41 

PCE20kC 0.96 61 879 79 667 1.28 

PCE35kC 0.55 72 047 89 554 1.24 

a PCL/PEG block ratio calculated from the peak area ratio of peak e and h in 1H-NMR  
b Number-average molecular weight (Mn) obtained from GPC 
c Weight-average molecular weight (Mw) obtained from GPC 
d Dispersity (Đ, Mw/Mn) obtained from GPC 

 

        GPC measurements were performed to determine the molecular weight of 

PCL and PCEC copolymers and the results are presented in Table 3.1. As shown 

in Figure 3.2d, all the relative curves of PCL and PCEC copolymers show a single 

peak of relative molecular weight. The PCL and PCEC copolymers exhibit high 

molecular weights within the range of 60k g/mol to 90k g/mol. These results prove 

that the synthesis is controlled and these PCL and PCEC copolymers can be used 

for comparison. 

3.3. Thermal properties and crystallization behaviour 

        Thermal properties and crystallization behaviour are critical in tissue 

engineering because they can affect the mechanical properties and degradation 

rate. The thermal properties and crystallization behaviour of PCL and PCEC 

copolymers were studied by DSC, DMA and XRD (Figure 3.4), and the related data 

are listed in Table 3.2.  
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Figure 3.4: DSC curves of PCL and PCEC copolymers after removing the thermal history: 

(a) crystallization process and (b) melting process, (c) XRD spectra of PCL and PCEC 

copolymers and (d) complex viscosity of PCL and PCEC copolymers in rheology. 

 

       As shown in the DSC curves, PCE0.6kC, PCE2kC, and PCE6kC display a single 

crystallization temperature (Tc) at around 30 °C corresponding to the PCL block 

with a Tc of 31.4 °C (Figure 3.4a). Due to the small DP of the PEG blocks in these 

copolymers, the mobility of PEG blocks is affected by the crystallization of PCL 

blocks, thus leading to a single peak related to the PCL block. Besides, the PCL 

block content in the copolymer decreases with the increase of the PEG block 

content, leading to a reduction in the crystallization enthalpy (ΔHc) of PCL from 

64.0 to 57.8 J/g. The same tendency can also be observed in the melting process, as 

shown in Figure 3.4b and Table 3.2. 
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Table 3.2: Thermal properties of PCL and PCEC copolymers  

Sample Tg(°C) Tc (°C) Tm (°C) ΔHc (J/g) ΔHm (J/g) 

PCL -38.3 31.4 58.1 64.0 70.5 

PCE0.6kC -39.2 32.7 57.4 62.6 67.6 

PCE2kC -43.6 30.5 57.5 59.6 66.2 

PCE6kC -45.8 31.3 57.3 57.8 62.1 

PCE20kC -39.4 -2.1, 30.2 53.3, 57.3 10.3, 53.3 75.0 

PCE35kC -41.4 31.0 59.4 79.7 89.0 

 

       When the PEG block content increases (PEG ≈ PCL), the crystallization of 

PEG begins to appear, resulting in two crystallization peaks in PCE20kC, where 

the one at 30.2 °C corresponds to the PCL block and the other at -2.1°C stands for 

the crystallization of the PEG block. This result can also be confirmed from the 

overlapping melting peaks and a higher ΔHm (melting enthalpy, 75.0 J/g).  

However, the actual Tc of PEG20k was around 45 °C according to DSC (Figure 

3.5a). This reduced temperature comes from the crystallization of the PCL block 

at high temperature, which affects the mobility of the PEG block, leading to the 

difficulty in PEG crystallization. Conversely, when PEG > PCL, PEG block 

crystallization dominates and appears as a sharp peak similar to the 

crystallization peak of the PEG block (Figure 3.5a) in PCE35kC, but with a higher 

ΔHc of 79.7 J/g due to the joint contribution of PEG and PCL blocks. The overlap 

also appears in the melting process of PCE35kC, which exhibits a higher ΔHm = 89.0 

J/g. Besides, it also can be confirmed by the change of the glass transition 

temperature (Tg) from DMA (Figure 3.5b and Table 3.2). When PEG < PCL, the 

crystallization enthalpy of the copolymers decreased with the increase of PEG 

block content, resulting in the decrease in Tg. While the Tg of the copolymer 

increases when the crystallization of PEG begins to appear. This is because the Tg 

of the copolymer decreases as the crystallinity of the copolymer decreases, which 

is consistent to the results of DSC. 
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Figure 3.5: (a) DSC curves of PEG20k (crystallization process) and (b) DMA curves of PCL 

and PCEC copolymers. 

 

       To gain insight into the crystallization behaviour of these block copolymers, X-

ray diffraction (XRD) was performed. As shown in Figure 3.4c, the peaks at 21.3° 

and 23.6° corresponded to (110) and (200) crystal planes of PCL block, while the 

peak at 19.0° and 23.1° related to (120) and (032) crystal planes of PEG block [159]. 

Only peaks corresponding to the PCL block appear when PEG < PCL, indicating 

the crystallization of PEG block with lower DP is restricted by the PCL block 

crystallization. A small peak corresponding to the PEG block crystallization 

appears at 19.3° when PEG ≈ PCL, because of the increased DP of PEG block in 

PCE20kC. More importantly, both peaks corresponding to the PEG block and the 

PCL block appears clearly in PCE35kC when PEG > PCL, providing strong evidence 

of the joint contribution of PEG and PCL blocks and the overlap phenomenon 

observed in DSC.  

3.4.  Rheological behaviour 

        The rheological behaviour of the material is a key factor for extrusion-based 

3D printing because it determines printability. In particular, the shear thinning 

behaviour is beneficial to 3D printing, because the low viscosity under high-

frequency shear is conducive to the extrusion of the material and prevents the 

nozzle clogging. On the contrary, the high viscosity under low-frequency shear is 
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beneficial to maintain the shape after deposition to prevent microstructure 

collapse.  

       The rheology of PCL and PCEC copolymers was explored, and the results are 

plotted in Figure 3.4d. PCL shows a typical Newtonian behaviour that was 

frequency-independent in the low frequency region. It was interesting to see that 

the PCEC copolymers show a PCL Newtonian behaviour when PEG < PCL, while 

they exhibit an obvious shear-thinning phenomenon when PEG ≥ PCL, which is 

the key factor for extrusion-based 3D printing. This special performance comes 

from the increase of the flexible PEG blocks, which improve the flexibility of the 

copolymer chain, leading to decreased viscosities at high shear frequency. 

Moreover, higher moduli G’ of PCE20kC and PCE35kC appear at low shear 

frequency, making them more suitable to obtain a stable microstructure after 

deposition (Figure 3.6). These results demonstrate that the rheological properties 

of PCEC copolymers can be optimized for the 3D printing by carefully controlling 

the composition. Furthermore, it also provides an effective method to improve the 

rheological properties of PCL-based polymers without reducing the molecular 

weight or blending with other materials. 

 

 

Figure 3.6: Storage modulus G’ and loss modulus G’’ obtained from rheology. (a) PCL, 

PCE0.6kC, PCE2kC and PCE6kC and (b) PCE20kC and PCE35kC. 
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3.5.  Mechanical properties 

       Tensile tests were carried out to ascertain the mechanical properties of PCL 

and PCEC copolymers. All copolymers showed an initial elastic region, followed by 

plastic deformation after the yield point, leading to a large elongation to fracture 

(Figure 3.7a).  

 

 

Figure 3.7: (a) Typical stress-strain curves and (b) tensile properties of PCL and PCEC 

copolymers. 

 

        The elastic modulus of PCEC copolymers decreases while the elongation at 

fracture increases with the increase of PEG block content if PEG ≤ PCL (Figure 

3.7b). This trend behaviour comes about because PCL block dominates in the 
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crystallization of theses copolymers due to the lower DP of PEG block, the reduced 

PCL block content decreases the crystallinity, resulting in lower elastic modulus. 

However, the crystallization of the PEG block dominates when PEG > PCL, and 

the combination of the PEG and PCL blocks leads to a higher crystallinity, 

resulting in higher elastic modulus. Although the mechanical properties are 

usually related to the molecular weight of polymers, it can be seen from Table 3.3 

that the molecular weights of PCL and PCEC are similar, which indicates that the 

mechanical properties of PCEC copolymers are mainly influenced by different 

crystallization behaviours. It is interesting to notice that the elastic modulus of 

PCEC copolymers can be controlled in a wide range from 338 MPa to 705 MPa by 

adjusting the molecular weight of macroinitiator PEG, without reducing the 

molecular weight and elongation at fracture. Thus, these PCEC copolymers have 

a large potential to manufacture scaffolds for cancellous bone (~ 400 MPa), tendon 

(~ 560 MPa) and collateral ligament (~ 366 MPa) in the tissue engineering, taking 

into account their large elongation at fracture. 

 

Table 3.3: Tensile parameters of PCL and PCEC copolymers 

Sample Elastic modulus  

(MPa) 

Strength 

  (MPa) 

Elongation at fracture 

(%) 

PCL 628±32 21.0±1.8 478±36 

PCE0.6kC 562±28 26.1±1.1 551±8 

PCE2kC 477±14 32.7±3.7 607±44 

PCE6kC 427±3 30.4±0.8 681±8 

PCE20kC 338±16 25.4±0.6 821±43 

PCE35kC 705±43 25.6±0.9 847±11 

 

3.6. Degradation behaviour 

3.6.1. Wettability  

       Water contact angles were explored before degradation tests to determine the 

surface hydrophilicity of PCEC copolymers, as it directly affects the degradation 

rate and cell behaviour. PCL, PCE0.6kC and PCE2kC showed similar contact angles 
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of 84.2°, 87.3° and 87.1°, respectively, representing a hydrophilic behaviour 

(contact angle lower than 90°) (Figure 3.8a). The increase of the PEG block content 

in this range was insufficient to increase the hydrophilicity significantly. The 

contact angle begins to significantly drop from PCE6kC (73.4°, p<0.0001), and when 

PEG ≥ PCL, PCE20kC and PCE35kC show excellent hydrophilicity, with contact 

angles of 45.2° (p<0.0001) and 65.4° (p<0.0001), respectively. This is due to the 

increase of the presence of the highly hydrophilic PEG blocks. Notably, PCE35kC 

with higher PEG content shows a contact angle higher than that of PCE20kC due 

to the joint contribution of crystallization discussed before, which makes it more 

difficult for water to diffuse on the surface. These results indicate that the 

hydrophilicity can be changed in a wide range by adjusting the PEG block content, 

providing a useful strategy to tailor the degradation rate and cell behaviour.  

3.6.2. In vitro accelerated degradation properties  

       The degradation rate is a vital factor for biomedical applications as it will 

directly affect the in vivo performance of the scaffolds. The degradation mechanism 

of PCL under physiological conditions (water or PBS solution) is bulk erosion. The 

sample first experiences a reduction in molecular weight, which later leads to the 

loss of mass. The degradation rate is not constant in bulk erosion, because of the 

complexity of degradation process [160]. However, the degradation mechanism of 

PCL in the alkaline environment with high pH is surface erosion. Under these 

conditions, the mass loss appears in the initial stage and the degradation rate are 

linear [161,162]. This constant degradation rate facilitates the comparison of the 

degradation among different materials. Therefore, accelerated degradation tests 

were performed by immersing PCEC copolymer films in 5M NaOH solution (pH = 

13) at 37 ºC in this study. The degradation was monitored by measuring the 

residual mass over time until structural integrity was lost (Figure 3.8b). 

       When PEG < PCL, PCL, PCE0.6kC and PCE2kC show similar degradation rates 

with ~70% mass loss retained structural integrity after 23 days, while PCE6kC 

shows a faster degradation rate, with about 90% mass loss after 20 days and loss 

of structural integrity after 23 days. Surprisingly, when PEG ≥ PCL, PCE20kC and 
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PCE35kC exhibit extremely fast degradation rates and they were fully degraded 

within 1 day, so that samples were checked every 2 h. PCE20kC and PCE35kC show 

~60% mass loss after 8 h and lost their structural integrity after 10 h (Figure 3.8c).   

These phenomena were consistent to the results of hydrophilicity. During the 

degradation process, the hydrophilic PEG blocks were more likely to be released 

into the solution, leading to the formation of holes, which facilitate the ingress of 

water and accelerate the hydrolysis of the PCL block. However, the PEG blocks did 

not completely disappear due to surface erosion but were gradually degraded as 

the thickness decreased. Therefore, it demonstrates that the apparent degradation 

rate of PCEC copolymers can be significantly affected by the PEG block content 

over a wide range, which broadens the design space of biomaterials with 

controllable degradation rates. 

 

 

Figure 3.8: (a) Water contact angles of PCL and PCEC copolymers, (b) Residual mass of 

PCL and PCEC copolymers after immersion in NaOH solution for 23 days, and (c) 

Residual mass of PCE20kC and PCE35kC after immersion in NaOH solution for 8 hours. 



CHAPTER 3. PROCESSING, STRUCTURE, AND PROPERTIES OF PCEC CO

POLYMERS 

53 

 

3.7.  Biological performance 

        Cytotoxicity of PCL and PCEC copolymers was tested by MTT assay. To this 

end, different diluted extracts (100%, 50%, 25%, 12.5%, 6.25%, and 3.125%) were 

used to incubate L929 cells at a concentration of 1 × 104 cells/cm2 for 24 h. The 

mitochondrial activity of PCL and PCEC copolymers was normalized by the 

obtained value of the control and the relationship between the mitochondrial 

activity at function of the dilution is plotted in Figure 3.9 for all copolymers. PCL 

and PCEC copolymers present a mitochondrial activity above 70%, which is the 

lowest limit to consider the material cytotoxic according to ISO10993-5. Thus, all 

copolymer present excellent biocompatibility, and there was no significant 

difference between them, which indicates that the composition of PCEC copolymer 

has no effect on the material cytotoxicity. 

 

 

Figure 3.9: Mitochondrial activity of the L929 cells after 72 h of incubation in the extracts 

obtained from PCL and PCEC copolymers immersed in culture medium. 

 

 

        The homogeneity of the polymer films was observed by atomic force 

Microscope (AFM). As shown in Figure 3.10, all samples present smooth surfaces, 

and the differences in surface morphology come from the roughness of the hot-

pressed plate and possibility from the removal of material during the release of the 
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hot-pressed films. However, the overall roughness is relatively homogeneous, and 

the average roughness (Ra) is between 0.35-1.76 µm, which does not affect the 

proliferation and growth of cells with size of 15-30 µm.  

 

Figure 3.10: AFM images of PCL and PCEC copolymer films and the data of average 

surface roughness (Ra). (a) PCL, (b) PCE0.6kC, (c) PCE2kC, (d) PCE6kC, (e) PCE20kC and (f) 

PCE35kC. 

 

      The results of the direct interaction between PCL or PCEC copolymers and 

L929 cells after 24 h of incubation is depicted in Figure 3.11. Cells are viable on 

both PCL and PCEC copolymers and they display the typical morphology of L929 

cells, indicating that these materials were biocompatible. Moreover, the quantity 

and quality of cell spreading seems to be improved with the increase in PEG 

content, and more cells with extended cytoplasmic projections appear, indicating 

enhanced cell adhesion, especially starting from PCE6kC. This may be because the 

increase of PEG improves the hydrophilicity and surface energy, resulting in easier 

cell spreading and migrating on the material. These results confirm that the 
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increased PEG content has an indirect effect on cell attachment and proliferation 

in PCEC copolymers. 

 

 

Figure 3.11: Confocal microscopy images of the interaction between L929 cells and the 

surface of polymer films for 24 h. (a) PCL, (b)PCE0.6kC, (c)PCE2kC, (d)PCE6kC, (e)PCE20kC 

and (f) PCE35kC. 

 

3.8.  PCEC copolymer scaffolds 

       3D-printed PCEC copolymer scaffolds were fabricated by pellet-based screw-

assisted 3D printing system. It is highly tolerant to the shape of the material, such 

as powders, pellets, or gels. Compared with the commonly used fused deposition 

modelling (FDM) system, it reduces the cumbersome process of making uniform 

filaments, which is simpler and more efficient for manufacturing. The printing 

parameters of 3D printing were greatly influenced by the rheological behaviour, 

especially the extrusion flow rate, which is directly related to the viscosity. As 

shown in Figure 3.4d, with the increase of PEG content, the PCEC copolymers 

show increased complex viscosities, which indicates higher extrusion rates are 



YUYAO LIU 

56 

 

required to obtain a smooth printing process. However, due to the shear thinning 

behaviour, even though PCE20kC and PCE35kC exhibit high viscosities, they can be 

extruded at low extrusion flow rates, improving printing efficiency and reducing 

nozzle clogging issues. PCL and PCEC copolymers can be all printed into scaffolds 

with precise geometry and high pore connectivity. Taking PCE20kC as an example, 

3D-printed scaffolds with different sizes, number of layers, and porosity were 

displayed in Figure 3.12. 

 

 

Figure 3.12: Digital photos and optical microscopy images of the 3D-printed PCE20kC 

scaffolds. (a) a 2-layered sheet, (b) a 10-layered scaffold with 1000 µm porosity and (c) a 

10-layered scaffold with 500 µm porosity. 

 

        Because of the flexibility of PCE20kC, the 2-layer sheet shows excellent 

bending performance, which can be curled or bent multiple times without damage 

after recovery, showing potential for applications in joint tissue engineering. In 

addition, scaffolds with smaller dimensions and more complex pore structures can 

also be obtained. It can be seen from the optical microscopy images that, the 
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printed filaments of the scaffolds are smooth and uniform, cylindrical in shape, 

with a diameter of ~ 500 µm close to the designed size. The printed scaffolds also 

show a well-defined and interconnected porous network structure, and their sizes 

were also close to the designed 1000×1000 µm and 500×500 µm, respectively. 

Besides, no collapse of filaments and pore clogging are observed on the top surface 

of the scaffolds, indicating their good printability. These results confirm the 

usability of PCEC copolymers in 3D-printed scaffolds. 

3.9.  Conclusions 

        In this Chapter, biodegradable and biocompatible PCEC copolymers with 

tunable mechanical properties and degradation rate were synthesized by using 

macroinitiators ranging from low molecular weight PEG (0.6k g/mol) to high 

molecular weight PEG (35k g/mol). Three different crystallization regimes were 

found depending on PCL/PEG block ratio which significantly affected the 

mechanical properties. The elastic modulus of the copolymers could be tuned 

between 338-705 MPa, close to the value of cancellous bone, tendon, and collateral 

ligament, while the elongation to fracture was always >500%. The surface 

hydrophilicity and degradation rate were directly related to the PEG content. 

PCEC copolymers with higher PEG content showed higher hydrophilicity, faster 

degradation rate, and improved cell attachment. In fact, PCE20kC and PCE35kC 

copolymers exhibited extremely fast apparent degradation rates in 5M NaOH 

solution. Moreover, all PCEC copolymers could be manufactured into 3D scaffolds 

with controlled microstructure, particularly PCE20kC and PCE35kC which exhibit 

excellent shear-thinning rheological properties. These results show that is possible 

to tailor the mechanical properties, degradation rate and hydrophilicity of PCEC 

copolymers to adapt the properties of the copolymers to different native tissues, 

and they also provide a strategy for the design and selection of other copolymers 

for biomedical applications. 
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4. Processing, structure, and properties of CI/II-

HyA@PGS composite scaffold 

4.1. Introduction 

        Cartilage defects caused by trauma or disease negatively affect the quality of 

life of over 500 million people worldwide and effective treatments remain a 

significant challenge in clinical applications in recent 10 years [163,164]. Cartilage 

tissue is a porous-viscoelastic connective tissue populated by a low density of 

chondrocytes embedded in a dense extracellular matrix (ECM), substantially 

limiting their mobility and ability to repair damaged tissue [165,166]. The lack of 

nerves and blood vessels in its structure remains a big contributing factor that 

ultimately leads to ineffective cartilage repair with the consequent formation of 

low-quality hyaline tissue, which is unable to satisfy its function [167–169]. 

Although traditional surgical treatments consisting of autografts and allografts 

can be effective on a short-term basis (<5 years), clinical success in the long-term 

over 5 years is poor and ultimately can lead to full knee arthroplasty or revision 

surgery in patients [170]. In this regard, tissue engineering has drawn a lot of 

attention in recent 20 years, with some cartilage-engineered scaffolds showing 

promising alternatives [171,172]. Despite some success in supporting 

chondrogenesis and cartilage-like matrix formation, most scaffolds still display 

unmatched mechanical properties and degradation rates with native cartilage, 

greatly affecting tissue repair efficiency [173]. Consequently, there is a need to 

develop scaffolds that simultaneously meet the requirements of mechanical 

support for cartilage growth, stimulation of chondrogenesis, and of maintaining 

structural and mechanical stability during tissue regeneration. 

        The combination of the manufacturing technique and the material selection 

allows the design of scaffolds with suitable properties to fulfil the requirements of 

tissues. For instance, features such as shape design and macro/microstructure can 

be controlled using 3D-printing technologies. Complementarily, the raw materials 
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provide the overall mechanical properties, biological functionality, and 

degradation rate of the scaffolds [174–176]. To this end, biodegradable synthetic 

polymers such as poly(caprolactone) (PCL), poly(lactic acid) (PLA), and poly(lactic-

co-glycolic acid) (PLGA) with tailored mechanical properties, degradation rates, 

and ease of processing have been widely used in 3D-printed scaffolds for cartilage 

tissue engineering [94,177,178]. However, high modulus and inelastic behaviour, 

slow degradation rates, and acidic degradation products are not conductive to 

tissue repair and limit their suitability. In this regard, a biocompatible elastomer, 

poly (glycerol sebacate) (PGS), a biocompatible elastomer with flexible and elastic 

mechanical behaviour has been considered as a suitable material for cartilage 

defect repair [179]. You’s group used a step-by-step curing process to successfully 

fabricate 3D-printed porous PGS scaffolds and applied them to tissue engineering 

such as heart, bone, and cartilage [107,180,181]. Depending on the printing 

parameters and micropore sizes, the elastic modulus of PGS scaffolds can be varied 

from 150.7 to 239.4 kPa, thus approaching the physiological range of healthy 

articular cartilage (0.1-2 MPa). Meanwhile, PGS exhibit excellent fatigue 

resistance under dynamic deformations, which is suitable for joint tissue repair 

[107,182,183]. Nevertheless, like most biodegradable synthetic polymers, PGS 

shows low bioactivity due to the lack of bioactive sites, which limits its applications 

in biomedical and healthcare applications.  

        To improve the bioactivity, attention has been paid to the functionalization of 

3D-printed biodegradable polymer scaffolds by incorporating bioactive matrices to 

obtain biomimetic structures [172,184–187]. In this context, ECM-based materials, 

such as collagen, are considered good candidates due to their excellent 

biocompatibility and biodegradability properties, but more importantly, because of 

their ability to direct cell-binding to the ECM and appropriate matrix deposition 

[131,188–190]. A pro-chondrogenic matrix formed by incorporating collagen type 

II and hyaluronic acid (key articular cartilage ECM components) into a collagen 

type I has been proved to direct mesenchymal stem cell (MSC) chondrogenesis, 

thereby leading to enhanced hyaline-like cartilage formation while inhibiting late-

stage differentiation events and MSC hypertrophy [110,191]. Furthermore, it has 
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been observed in some animal models (e.g., rabbits, goats, and horses) that when 

this matrix is incorporated into a multilayered collagen-based scaffold, it exhibits 

a robust ability to drive efficient, high-quality cartilage repair [192–194]. However, 

despite some progress, its chondrogenic potential and clinical therapeutic 

application are only involved in small defects repair, due to the limited mechanical 

properties. Therefore, it remains a challenge to design scaffolds for large cartilage 

defect repair that satisfies the requirements of biomimicking mechanical 

properties and chondrogenic bioactivity, and that presents a degradation rate that 

matches cartilage regeneration in order to ensure long-term integration and 

stability. 

        This chapter aims to propose a novel biomimetic composite scaffold (CI/II-

HyA@PGS) with hierarchical porosity by directly incorporating a pro-chondrogenic 

collagen type I/II and hyaluronic acid (CI/II-HyA) matrix in a 3D-printed PGS 

scaffold framework. The porous CI/II-HyA matrix provides the biological cue to 

stimulate MSC chondrogenesis, while the PGS scaffold provides the mechanical 

enforcement to support new cartilage tissue growth. The mechanical properties in 

dry and wet conditions will be studied under compression, while cyclic compression 

under different applied strains will be performed simultaneously to evaluate the 

fatigue resistance property. The structural, mass, and mechanical stability after 

degradation will be analysed by immersion in PBS solution for up to 8 weeks. 

Finally, the proliferation and differentiation of rat-derived MSCs on these scaffolds 

will be systematically studied for up to 28 days in vitro to explore the chondrogenic 

capacity of the novel CI/II-HyA@PGS composite scaffold. 

4.2. Processing and structure 

       An innovative composite scaffold CI/II-HyA@PGS with a hierarchical porosity 

was developed by using a pre-chondrogenic CI/II-HyA matrix served as a 

biological cue to stimulate MSC chondrogenesis, and an elastic 3D-printed PGS 

scaffold served as mechanical enforcement to support cartilage growth. Briefly, 

the CI/II-HyA@PGS scaffold was fabricated by soaking the 3D-printed PGS 

scaffold in the mixed solution of collagen type I/type II (total collagen 
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concentration of 0.5% w/v at ratio 1:1) and hyaluronic acid (HyA) at a 

concentration of 0.05% w/v, prior to being freeze-dried to a final temperature of -

20 °C. The complete process of manufacturing, functionalization and evaluation 

of the CI/II-HyA@PGS scaffold is summarized in Figure 4.1. 

 

 

Figure 4.1: The fabrication and application of CI/II-HyA@PGS composite scaffold 

manufactured from a 3D-printed PGS framework and a collagen type I/II-hyaluronic acid 

(CI/II-HyA) matrix. 

 

        After the manufacturing of the samples, FT-IR spectroscopy was used to 

identify the curing reaction. As shown in Figure 4.2a, in the PGS prepolymer, the 

absence of the characteristic absorption at 1230 cm-1 related to -C-O- in the 

carboxyl group from sebacic acid, and the weakness of absorption at 3291 cm-1 

corresponding to the -OH group in glycerol both demonstrate the consumption of 

monomers during the reaction. Furthermore, the characteristic absorption of -

CH2- in glycerol (2869 cm-1 and 2932 cm-1) and -C=O- in sebacic acid (1686 cm-1) 

both appear in the final PGS scaffold [183], indicating successful curing.  
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Figure 4.2: FT-IR spectrum of (a) glycerol, sebacic acid, PGS prepolymer and PGS, and (b) 

CI/II-HyA, PGS and CI/II-HyA@PGS scaffolds. 

 

       After incorporation with CI/II-HyA matrix, it can be observed from the FT-IR 

spectrum in Figure 4.2b that two specific absorption peaks at 1648 cm-1 and 1542 

cm-1 related to the amide I band and amide II bond in collagen occur in CI/II-

HyA@PGS compared with the PGS, indicating the successful incorporation of the 

matrix and framework. 

        The development of highly porous scaffolds is crucial in cartilage tissue 

engineering to ensure an appropriate nutrient-waste exchange for cell populations 
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colonized on biomaterials, ultimately biologically satisfying their function in a 

long-term culture environment [195]. In this work, the CI/II-HyA@PGS scaffold 

was successfully manufactured with a hierarchical porosity between the porous 

collagen type I/II-hyaluronic acid matrix and the PGS filaments, which 

demonstrated both good integration and spatial structure, as shown in Figure 4.3.  

 

 

Figure 4.3: Representative digital images and SEM images of (a) CI/II-HyA, (b) PGS, (c) 

composite scaffolds under the top view and section view. Scale bar represents 6 mm and 1 

mm and 250 μm length, respectively. 

 

       CI/II-HyA scaffold exhibits a fluffy porous structure with a pore size of 155 ± 

5 µm and a porosity of 99 % formed through the multiple freeze-drying procedure 

[110]. 3D-printed PGS scaffold presents an interconnected multi-layer structure, 

in which the filaments exhibit a homogeneous cylindrical shape with an average 

diameter of 550 ± 23 µm, and the average gap size between the filaments is 778 ± 

34 µm. High microporosity caused by NaCl leaching appears on the surface and 

inside of PGS filaments, making the overall PGS scaffold show a hierarchical 

porosity. Additionally, it can be seen in the CI/II-HyA@PGS scaffold that the porous 

collagen matrix is firmly coated on the surface of the porous PGS filaments and fill 

the printed pores of the PGS scaffold. After incorporation, PGS framework 

maintained a good spatial structure without filaments deformation and collapse, 

and the internal microporous structure was also maintained. These results 
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indicate that the fabrication of the biomimetic CI/II-HyA@PGS scaffold with 

hierarchical porosity was successfully achieved. 

4.3. Mechanical properties 

       The mechanical properties of CI/II-HyA, PGS and CI/II-HyA@PGS composite 

scaffolds were tested through compression and cyclic compression tests under air 

(dry) and PBS solution (wet) conditions. As shown in Figure 4.4, the incorporation 

of CI/II-HyA matrix significantly enhanced the mechanical properties of the PGS 

framework in dry conditions. The compressive modulus of the CI/II-HyA@PGS 

composite scaffold was 167.0 kPa, which is twice that of the PGS scaffold with a 

modulus of 80.0 kPa, while the modulus of the CI/II-HyA scaffold was 10.8 kPa. 

Notably, after incorporating the CI/II-HyA matrix, the compressive modulus of 

the CI/II-HyA@PGS composite scaffold in dry conditions was greatly improved due 

to hydrogen bond interactions in the collagen molecular chain, reaching 167.0 kPa, 

as shown in Table 4.1, which is within the modulus range of native cartilage (100-

2000 kPa) [196]. While in wet solution, the compressive modulus of the CI/II-

HyA@PGS composite scaffold was reduced to 45.2 kPa, which was close to that of 

the PGS scaffold (35.7 kPa), as shown in Table 4.1. It demonstrated that although 

the incorporation of a collagen-based matrix improved the mechanical properties, 

the PGS scaffold is still the main provider of mechanical support in the CI/II-

HyA@PGS composite scaffold.  
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Figure 4.4: (a) Stress-strain curves under compression at a speed of 0.1 mm/s and (b) the 

recorded compressive modulus of CI/II-HyA, PGS, and CI/II-HyA@PGS composite 

scaffolds under air (dry) and PBS solution (wet) conditions. 

 

Table 4.1: The compressive parameters of CI/II-HyA, PGS and CI/II-HyA@PGS scaffolds 

in dry and wet conditions 

Sample  Compressive modulus (kPa) Compressive stress (kPa) 

CI/II-HyA 10.8 ± 1.2 12.6 ± 0.1 

CI/II-HyA Wet 12.3 ± 0.8 5.7 ± 0.5 

PGS  80.0 ± 15.1 104.4 ± 15.8 

PGS Wet 35.7 ± 3.8 60.4 ± 7.0 

Composite 167.0 ± 21.0 121.4 ± 8.4 

Composite Wet 45.2 ± 6.4 56.7 ± 7.4 
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        Furthermore, various studies [197,198] have shown that during daily 

physiological activities, the amount of cartilage deformation caused by force is 

about 10%-20% of its height, depending on the distribution. When articular 

cartilage undergoes vigorous exercise, its deformation range can be as high as 

40%, especially in joint tissues [199,200]. Consequently, developing scaffolds 

capable of processing adapted elasticity is another important aspect to consider 

guaranteeing mechanical features that recapitulate cartilage healthy 

physiological conditions. Therefore, cyclic compression tests under dynamic 

strains of 10%, 20%, and 40% were conducted to evaluate the elasticity and fatigue 

resistance of PGS and CI/II-HyA@PGS composite scaffolds under dry and wet 

conditions.  

 

 

Figure 4.5: Cyclic compression tests with strains of 10%, 20%, and 40% at a speed of 0.1 

mm/s (a) PGS scaffold in dry condition, (b) PGS scaffold in wet condition, (c) CI/II-

HyA@PGS composite scaffold in dry condition, and (d) CI/II-HyA@PGS composite scaffold 

in wet condition. 
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       As shown in Figure 4.5, both scaffolds show a complete elastic recovery at low 

strains of 10% and 20%, while some hysteresis was observed at a high strain of 

40%. Among them, the CI/II-HyA@PGS scaffold shows more severe hysteresis 

under high strains in wet conditions. Overall, the novel CI/II-HyA@PGS composite 

scaffold exhibited adapted elasticity and excellent fatigue resistance under 

dynamic compression conditions, suitable for use in the cartilage environment 

under frequent deformation. 

4.4. Degradation behaviour 

        Another important characteristic of successful cartilage-engineered scaffolds 

is to possess a degradation rate that matches the regeneration rate of native 

tissues. Therefore, the degradation behaviour of CI/II-HyA, PGS, and CI/II-

HyA@PGS composite scaffolds was measured in vitro at 37 °C in PBS solution for 

8 weeks. During the degradation, all scaffolds showed shape integrity without any 

damage (Figure 4.6) and mass retention of 48.52%, 92.51%, and 94.51% after 8 

weeks, for CI/II-HyA, PGS and CI/II-HyA@PGS composite scaffolds, respectively, 

as shown in Figure 4.7a. 

 

 

Figure 4.6: Digital images of CI/II-HyA, PGS and CI/II-HyA@PGS composite scaffolds 

after degradation. (a) 0 week, (b) 4 weeks and (c) 8 weeks.  
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Figure 4.7: In vitro degradation behaviour with time on (a) residual mass, (b) pH change, 

(c) compressive modulus, and (d) compressive stress of CI/II-HyA, PGS, and CI/II-

HyA@PGS composite scaffolds. 

 

        These results indicate that PGS and CI/II-HyA@PGS composite scaffolds 

maintained structural, mass, and mechanical integrity within 4 weeks, which 

matches the speed of MSC chondrogenesis and cartilage-like formation in vitro, 

but CI/II-HyA scaffold showed a rapid decrease in the same period. This is because 

the PGS framework not only provides mechanical support but also helps to protect 

against the loss of the collagen-based matrix. Meanwhile, in the CI/II-HyA@PGS 

composite scaffold, the PGS filaments were firmly surrounded by a collagen-based 

matrix, limiting the degradation of the PGS framework, which can be proved by 

the slower liner degradation tendency caused by surface erosion of the CI/II-

HyA@PGS composite scaffold than PGS only. It solves the problem of the fast 

degradation rate of PGS to a certain extent, making it more matched with cartilage 
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regeneration [201]. Additionally, the tendency of pH and mass kept dropping 

gradually with time as shown in Figure 4.7b, meeting the requirements of the 

biodegradable scaffolds in tissue engineering. 

        More importantly, compression and cyclic compression were conducted in wet 

condition along the degradation to check the mechanical stability of PGS and CI/II-

HyA@PGS composite scaffolds. As shown in Figure 4.7c and d, mechanical 

properties of both scaffolds showed decreasing during degradation. Notably, the 

compressive modulus of PGS and composite scaffolds remained unchanged after 4 

weeks of degradation while gradually decreasing after 8 weeks, but the 

compressive stress decreased significantly with time (Table 4.2 and Table 4.3).  

 
Table 4.2: The compressive parameters of PGS scaffold after degradation in wet 

conditions 

Sample  Compressive modulus (kPa) Compressive stress (kPa) 

PGS Wet 0 week 35.7 ± 3.8 60.4 ± 7.0 

PGS Wet 4 weeks 39.0 ± 4.3 56.7 ± 2.8 

PGS Wet 8 weeks 29.8 ± 13.2 36.4 ± 10.1 

 

 

Table 4.3: The compressive parameters of CI/II-HyA@PGS composite scaffold after 

degradation in wet conditions 

Sample  Compressive modulus (kPa) Compressive stress (kPa) 

Composite Wet 0 week 45.2 ± 6.4 56.7 ± 7.4 

Composite Wet 4 weeks 47.6 ± 0.5 52.8 ± 5.2 

Composite Wet 8 weeks 38.6 ± 10.5 44.6 ± 4.3 

 

 

        Besides, cyclic compression tests show that the elasticity and fatigue 

resistance of both scaffolds were well reflected without any destruction during the 

8 weeks of degradation (Figure 4.8). Overall, the combination of CI/II-HyA matrix 

and PGS framework shows a syncretic effect on the degradation control, endowing 

the CI/II-HyA@PGS composite scaffold with a perfect degradation rate matched 

cartilage tissue regeneration. 
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Figure 4.8: Cyclic compression tests in PBS solution with stain of 10%, 20% and 40%. (a) 

PGS scaffold, (b) CI/II-HyA@PGS composite scaffold, (c) PGS scaffold after 4 weeks of 

degradation, (d) CI/II-HyA@PGS composite scaffold after 4 weeks of degradation, (e) PGS 

scaffold after 8 weeks of degradation and (f) CI/II-HyA@PGS composite scaffold after 8 

weeks of degradation. 
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4.5. Biological performance 

4.5.1. Biocompatibility 

        The capability of CI/II-HyA, PGS and CI/II-HyA@PGS scaffolds to support 

cell cellular viability and growth was evaluated to assess biocompatibility. As 

shown in Figure 4.9, all scaffolds resulted in equal cellular metabolic activity at 

day 28, though PGS and composite scaffolds showed significantly increased 

cellular metabolic activity at days 7 and 15, compared to the CI/II-HyA scaffold (p 

≤ 0.0001), indicating the combination with PGS scaffold has no cytotoxic effect on 

the biocompatibility.  

 

 

Figure 4.9: Cellular metabolic activity (normalized to CI/II-HyA scaffold at day 1) after 1, 

3, 7, 15, 21 and 28 days. Data shown represent the mean from three individual rat MSC 

donors n ≥ 3 (unless indicated differently). 
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        Despite similar metabolic activity was observed between groups at day 28, 

the CI/II-HyA@PGS composite scaffold possessed the highest overall DNA content 

level of 3.93 µg, compared to CI/II-HyA of 2.07 µg (p ≤ 0.001) and PGS of 1.03 µg 

(p ≤ 0.0001) (Figure 4.10). This is because in addition to the major mechanical 

reinforcement provided by the 3D-printed PGS filaments, the PGS framework also 

supported the porous pro-chondrogenic collagen matrix, thus benefiting the 

overall construct to obtain an increased cellular proliferation.  

        Furthermore, the DNA levels of the CI/II-HyA@PGS composite scaffold were 

significantly increased compared to the PGS scaffold of donors 1 and 2. Although 

CI/II-HyA scaffold had lower DNA levels than CI/II-HyA@PGS composite scaffold, 

they still resulted in a significant increase in overall DNA level, compared to PGS 

scaffold (p ≤ 0.05), due to the smaller pores ensure better cell attachment. These 

findings are comparable with studies related to cartilage-engineered scaffolds that 

incorporated bioactive matrices such as alginate/agarose/collagen or hyaluronic 

acid into 3D-printed frameworks such as PCL and PLA [186,202,203]. Overall, the 

CI/II-HyA@PGS composite shows improved biocompatibility by proving greater 

surface area available to the cells via the combination of CI/II-HyA matrix and 

3D-printed PGS framework. 

 

 

Figure 4.10: DNA content per scaffold after 28 days in culture of CI/II-HyA, PGS and 

CI/II-HyA@PGS composite scaffolds. Data shown represent the mean from three 

individual rat MSC donors n ≥ 3 (unless indicated differently). 
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4.5.2. Chondrogenesis  

        To assess the capability of the scaffolds to sustain effective MSC 

chondrogenic differentiation, the expression of key genetic markers typically 

associated with accurate chondrogenesis was investigated. All scaffold variants 

sustained overall gene expression of Collagen I (COL1A1), Collagen 2 (COL2A1) 

and Aggrecan (ACAN) of MSC at day 28, thus indicating the ability of these 

scaffolds to support effective MSC chondrogenic differentiation (Figure 4.11).  

 

 

Figure 4.11: Expression of chondrogenic genes COL1A1, ACAN, and COL2A1 of MSC on 

CI/II-HyA, PGS and CI/II-HyA@PGS composite scaffolds after 28 days in culture. Data 

shown represent the mean from three individual rat MSC donors n ≥ 3 (unless indicated 

differently). 
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        Interestingly, the CI/II-HyA@PGS composite scaffold displayed significantly 

higher COL2A1 compared to CI/II-HyA scaffold (p ≤ 0.05), demonstrating 

potential for the CI/II-HyA@PGS composite scaffold to enhance chondrogenesis. 

Specifically, COL2A1 gene expression was significantly upregulated in CI/II-

HyA@PGS composite scaffold compared to CI/II-HyA scaffold in two individual 

donors, respectively, donors 1 (p ≤ 0.01) and 3 (p ≤ 0.05). Moreover, although it 

was not significant when compared to the other groups, the CI/II-HyA@PGS 

composite scaffold also displayed the highest ACAN expression at day 28. This is 

because, in the CI/II-HyA@PGS composite scaffold, the porous collagen-based 

matrix ensured adequate cell attachment, migration, and differentiation, the 3D-

printed PGS framework reduced risks of cell-mediated contraction, thereby 

ensuring a greater surface area available to the cells. Consequently, it has 

translated into enhanced MSC migration, proliferation, and matrix deposition in 

CI/II-HyA@PGS composite scaffold. This also can be confirmed by cartilage-like 

matrix formation in vitro which studied by sGAG deposition and histology 

assessment.  

 

 

Figure 4.12: Overall sGAG content on CI/II-HyA, PGS and CI/II-HyA@PGS composite 

scaffolds after 28 days in culture. Data shown represent the mean from three individual 

rat MSC donors n ≥ 3 (unless indicated differently). 

 

        As shown in Figure 4.12, all scaffold variants sustained sGAG deposition by 

MSCs at day 28. The CI/II-HyA@PGS composite scaffold displayed the highest 
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overall levels of sGAG per scaffold (2.70 μg/mL), which was significantly higher 

compared to PGS scaffold with a level of 1.63 μg/mL (p ≤ 0.01). Specifically, it also 

supported significantly increased sGAG quantities compared to PGS scaffold with 

donors 1 (p ≤ 0.05) and 3 (p ≤ 0.01), as well as CI/II-HyA scaffold with donor 3 (p 

≤ 0.05).  

        Furthermore, histological analysis performed and analysed to qualitatively 

assess the ability of these scaffolds to sustain effective MSC migration and 

cartilage-like matrix distribution in theses scaffolds. Histological analysis 

confirmed sGAG presence in all scaffold groups at day 28 (Figure 4.13). CI/II-HyA 

and CI/II-HyA@PGS composite scaffolds displayed more abundant and 

homogenous sGAG distribution compared to PGS scaffold. In parallel, a more 

homogenous cellular infiltration and migration throughout the matrices was also 

observed in CI/II-HyA and CI/II-HyA@PGS composite scaffolds. Overall, these 

findings demonstrate that CI/II-HyA@PGS composite scaffold is an excellent 

biomimetic scaffold with a strong possibility to succeed in vivo in enhancing 

cartilage defect repair. 

 

 

Figure 4.13: Representative histological images of MSC-seeded scaffolds stained with 

alcian blue after 28 days in culture. The histological images were collected for scaffolds 

seeded with rat MSCs from donors 1, 2 and 3. Scale bar represents 1000 μm and 100 μm 

length for the 4X and 10X magnification, respectively. 
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4.6. Conclusions 

        In this Chapter, a novel biomimetic collagen-based 3D-printed PGS 

composite scaffold (CI/II-HyA@PGS) was specifically designed to enhance 

cartilage defect repair, whereby the porous CI/II-HyA matrix served as the 

biological cue for MSC chondrogenic stimulation and the PGS scaffold as the 

mechanical enforcement to support tissue growth. The CI/II-HyA@PGS composite 

scaffold exhibited mechanical properties mimicking native cartilage, promoting 

accurate MSC differentiation and abundant cartilage-like matrix deposition at 28 

days in vitro, while maintaining structural, mass, and mechanical stability during 

the initial cartilage regeneration period of 4 weeks. Taken together, this novel 

biomimetic CI/II-HyA@PGS composite scaffold with adaptive properties to native 

tissue holds great promise as an attractive clinical approach for enhanced 

cartilage defect repair. 
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5. Processing, structure and properties of CI-

nHA@PCEC composite scaffold 

5.1. Introduction 

        Large bone defects caused by trauma, disease, injury or infection are 

particularly challenging to heal, especially when they exceed the critical self-

regeneration threshold (> 2.5 cm). In such cases, the implantation of substitutes 

becomes necessary, posing a significant clinical challenge [204][205][206][207]. 

Autografts and allografts are considered the most effective methods for treating 

bone defects, but their clinical application is severely limited by several drawbacks 

such as resource scarcity, immune rejection, and infection risks [102]. To address 

these challenges, tissue-engineered scaffolds composed of metals, ceramics, and 

polymers have emerged as promising alternatives [134][208]. Despite notable 

progress, many implants still fail to match the mechanical properties and 

degradation rates of native bone tissue, significantly limiting their effectiveness 

[209]. For instance, titanium and its alloys are widely used in clinical settings due 

to their high mechanical strength. But their non-degradable nature leads to a 

second surgery for implant removal after bone healing, which is associated with 

severe pain and infection risks. Additionally, stress concentration can result in 

implants loosening and fracture [210][211]. Therefore, there is an urgent need to 

develop biodegradable scaffolds with appropriate mechanical properties and 

degradation rate comparable to those of native tissue. 

        3D printing technology enables the precise and rapid fabrication of scaffolds 

that closely mimic native bone tissues at macro and micro architectures. In 

particular, it can achieve interconnected pore design, which is conducive to cell 

growth and vascularization during bone regeneration [131][212]. Biodegradable 

synthetic polymers have been extensively explored in bone tissue engineering [213]. 

Among them, polycaprolactone (PCL) has attracted substantial interest due to its 

biocompatibility, mild processing condition (melting point: 50-60 °C), and non-
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inflammatory degradation products [41][145]. However, its hydrophobic nature 

results in a slow degradation rate of 2-3 years in vivo, severely limiting its clinical 

applications [214]. To overcome this limitation, a series of poly(ε-caprolactone)-

poly(ethylene glycol)-poly(ε-caprolactone) (PCEC) copolymers using hydrophilic 

PEG with high molecular weights as macroinitiators were obtained in Chapter 3 

[176]. Among them, PCE20kC shows excellent potential for bone tissue engineering. 

Its pronounced shear-thinning behaviour enhances its processability in extrusion-

based 3D printing. More importantly, it exhibits a significantly lower water contact 

angle of (45.2°) compared with PCL (84.2°), leading to a faster degradation rate of 

60% mass loss after 8 hours, compared to 70% mass loss after 23 days for PCL 

under accelerated degradation conditions. Nevertheless, similar to PCL, PCE20kC 

lacks bioactive sites, which limits osteogenesis, osteointegration, and 

osteoconductivity. 

       Recent research has shifted towards biomimetic composite scaffolds, which 

integrate bioactive matrices with native tissue-derived compounds into 3D-printed 

frameworks. This approach maintains mechanical properties while improving 

overall performance in aspects such as osteogenesis and osteoconductivity  

[215][104]. Hydroxyapatite (HA) and collagen type I (CI), the primary components 

of bone tissue, have been widely incorporated into bone tissue-engineered scaffolds. 

Their combination has demonstrated significant efficacy in promoting bone 

regeneration [216][217]. Especially, Gleeson et al. [218] have shown that addition 

of nano HA (nHA) particles to highly porous CI scaffolds accelerate healing, 

yielding results comparable to the current gold standard of autologous bone 

grafting. Therefore, CI-nHA scaffolds have been frequently used as a bone layer 

matrix, and they have been demonstrated excellent in vitro and in vivo 

performance in a variety of animal models, including rabbits and goats 

[193][192][219]. Despite these advances, the mechanical properties of CI-nHA 

scaffolds remain inferior to those of native cancellous bone, limiting their 

application to small defect repair.  

        This chapter aims to fabricate a biomimetic composite scaffold (CI-

nHA@PCEC) consisting of a 3D-printed porous PCE20kC framework and a bioactive 



CHAPTER 5. PROCESSING, STRUCTURE, AND PROPERTIES OF CI-NHA@

PCEC COMPOSITE SCAFFOLD 

81 

 

CI-nHA matrix specifically designed for cancellous bone defect repair. The 

compressive properties of the scaffold will be evaluated both in dry and wet 

conditions. Degradation behaviour will be studied in phosphate-buffered saline 

(PBS) solution at 37 °C over eight weeks, examining changes in structure, mass, 

pH and mechanical properties. Finally, in vitro studies will be conducted to assess 

osteogenic and angiogenic potential using pre-osteoblast cells and endothelial cells. 

5.2. Processing and structure 

         To create the CI-nHA@PCEC composite scaffold, a 3D-printed PCE20kC 

framework was first manufactured as the mechanical support, which was 

designed from a copolymer synthesized using PEG and ε-CL in Chapter 3. Then, 

a bioactive slurry (CI-nHA) composed of collagen type I and nano-hydroxyapatite, 

was prepared as biological cues. Finally, by soaking the PCE20kC scaffold in CI-

nHA slurry, the biomimetic composite scaffold was obtained after a further freeze-

drying process, as shown in Figure 5.1.  

 

Figure 5.1: The fabrication process of CI-nHA@PCEC composite scaffold from PCE20kC 

framework and CI-nHA matrix.  
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        The morphology of CI-nHA, PCE20kC, and CI-nHA@PCEC composite 

scaffolds was first studied in terms of top and section views, as displayed in Figure 

5.2. The CI-nHA matrix showed an even porous structure with a micropore size of 

around 100 μm [220]. In the 3D-printed PCE20kC framework, the printed 

filaments had smooth, regularly shaped cylindrical structures with a diameter of 

550 μm. The interconnected macropores formed by 3D printing measured about 

963 μm. After incorporation, the PCE20kC filaments were firmly surrounded by 

the CI-nHA matrix without any clamping or deformation.  

 

 

Figure 5.2: SEM images of (a) CI-nHA matrix, (b) PCE20kC framework and (c) CI-

nHA@PCEC composite scaffold under top and section views. 

 

 

       Additionally, porosity plays a critical role in bone regeneration. It has been 

shown [104] that pore sizes between 300 - 1000 μm facilitate cell infiltration, 

proliferation, migration, and nutrient and waste transport. Among them, larger 

pore sizes can enhance vascularization and direct bone formation but reduce cell 

seeding efficiency. Therefore, a 3D-printed PCE20kC scaffold with macropores of 

963 μm was used as a framework, filled with porous collagen matrix with 

micropores of ~ 100 μm facilitated cell adhesion. More importantly, the 
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microstructure of the CI-nHA matrix remained unchanged after integration, 

compared with previous study [189], confirming that the incorporation of PCE20kC 

framework did not alter its critical properties. 

        Furthermore, the calcium distribution in these scaffolds was then 

characterized by EDS, as shown in Figure 5.3. The EDS map of the CI-nHA@PCEC 

composite scaffold clearly shows a distinct dividing line, where calcium is evenly 

dispersed in the CI-nHA matrix, with almost no signal detected in the PCE20kC 

framework. These results confirm the successful fabrication of a biomimetic 

composite scaffold with hierarchical porosity and uniform calcium distribution. 

 

 

Figure 5.3: Scanning electron microscopic (SEM) images and energy dispersive X-ray 

spectroscopy (EDS) mapping of (a) CI-nHA, (b) PCE20kC and (c) CI-nHA@PCEC composite 

scaffolds. 

 

5.3. Mechanical properties 

        The mechanical properties of CI-nHA, PCE20kC and CI-nHA@PCEC 

composite scaffolds were tested through compression tests under air (dry) and 

PBS solution (wet) conditions. Figure 5.4a shows the compression modulus of CI-

nHA, PCE20kC, and CI-nHA@PCEC composite scaffolds in air (dry) and PBS 

solution (wet). The modulus of CI-nHA scaffold is 26 kPa, which is much 

significantly lower (p<0.0001) than that of PCE20kC scaffold with 36.9 MPa in dry 
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condition. Therefore, the incorporation of CI-nHA matrix has no influence on the 

mechanical properties of the CI-nHA@PCEC composite scaffold with a modulus of 

37.0 MPa and a stress of 8 MPa, which falls within the range of cancellous bone 

with a compressive modulus of 10 - 2000 MPa and stress of 2 - 12 MPa. Besides, 

although the modulus of CI-nHA decreases slightly in wet condition, the 

compression modulus of PCE20kC and CI-nHA@PCEC composite scaffolds are 

highly consistent with those in the dry condition, as shown in Table 5.1, which 

demonstrates the main mechanical enforcement in CI-nHA@PCEC composite 

scaffold comes from PCE20kC framework, and further confirms the mechanical 

stability in a wet environment, mimicking physiological conditions. These findings 

suggest that the CI-nHA@PCEC composite scaffold possesses suitable and stable 

mechanical properties for non-load bearing bone applications, such as 

subchondral bone. 

 

Table 5.1: Compressive parameters of CI-nHA, PCE20kC and CI-nHA@PCEC composite 

scaffolds in dry and wet conditions 

Sample Compressive modulus (MPa) Compressive stress (MPa) 

CI-nHA 0.026 ± 0.004 0.020 ± 0.002 

CI-nHA wet 0.017 ± 0.006 0.005 ± 0.001 

PCE20kC 36.9 ± 0.82 5.24 ± 0.28 

PCE20kC wet 37.1 ± 2.12 7.04 ± 0.17 

Composite 37.0 ± 5.50 7.75 ± 1.20 

Composite wet 35.1 ± 8.10   6.49 ± 0.70 
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Figure 5.4: (a) compressive modulus in dry and wet conditions, (b) pH change and (c) 

residual mass of CI-nHA, PCE20kC and CI-nHA@PCEC composite scaffolds; compressive 

modulus and stress change of (d) CI-nHA, (e) PCE20kC and (f) CI-nHA@PCEC composite 

scaffolds after degradation for 0 week, 4 weeks and 8 weeks. 

 

5.4. Degradation behaviour 

        The degradation behaviour of CI-nHA, PCE20kC, and CI-nHA@PCEC 

composite scaffolds was studied by immersion in PBS solution at 37 °C for 8 weeks. 
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All scaffolds showed macrostructural stability during the degradation time of 8 

weeks, as shown in Figure 5.5. 

 

 

Figure 5.5: Digital images of CI-nHA, PCE20kC and CI-nHA@PCEC composite scaffolds 

after degradation for 0 week, 4 weeks and 8 weeks.  

 

        Figure 5.4b and c show the real-time record on residual mass and pH value 

of these scaffolds during degradation. It is clear to see that the mass of CI-nHA, 

PCE20kC, and CI-nHA@PCEC composite scaffolds all gradually decreased over 

time, with residues of 60.7%, 88.5% and 92.1% after 8 weeks, respectively. Notably, 

the pH value of the PCE20kC scaffold dropped rapidly from 7.15 to 3.97 in the first 

week and continued to decrease gradually to 3.28 at 8 weeks, resulting in an acidic 

environment. This is because the degradation mechanism of PCE20kC copolymer. 

The PEG20k blocks within molecular chains were initially dissolved and released, 

resulting in a rapid mass loss and the formation of a localized acidic environment. 

Subsequently, degradation was predominantly driven by PCL blocks, leading to a 

gradual slowdown in mass loss [42]. However, for the CI-nHA@PCEC composite 

scaffold, the PCE20kC filaments were firmly wrapped by the CI-nHA matrix, which 

limited the release of dissolved PEG20k, resulting in a slower mass loss than 
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PCE20kC alone. Moreover, the release of nHA particles along matrix degradation 

also helped neutralize acidity, further stabilizing the degradation environment. 

        Besides, the degradation behaviour was further investigated by monitoring 

the compressive modulus and stress change over time, as shown in Figure 5.4d, e, 

and f. For CI-nHA matrix, the modulus and stress gradually decreased with 

degradation time, while PCE20kC maintained mechanical stability without any 

obvious change on modulus and stress. It is interesting to note that, the modulus 

of CI-nHA@PCEC composite scaffold remained unchanged with degradation time, 

while the scaffold at 8 weeks was broken after compressed to around 20%, as shown 

in the stress-stain curve (Figure 5.6). It is because although the release of PCE20kC 

was restricted, the hydrophilicity of the CI-nHA matrix accelerated internal 

PEG20k dissolution, forming voids within the PCE20kC filaments, leading to the 

fracture under 20% compression strain after 8 weeks. 

        Overall, CI-nHA matrix accelerated the degradation of the PCE20kC 

framework and improved the degradation microenvironment, which endow the CI-

nHA@PCEC composite scaffold an appropriate degradation rate aligned with the 

native regeneration timeline of cancellous bone (6–8 weeks) [221], making it a 

promising candidate for bone regeneration. 
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Figure 5.6: Compressive stress-strain curves of (a) CI-nHA, (b) PCE20kC and (c) CI-

nHA@PCEC composite scaffolds in dry condition, wet conditions and wet conditions of 

degradation for 0 week, 4 weeks and 8 weeks.  
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5.5. Biological performance 

5.5.1. Biocompatibility 

        To assess biocompatibility, the effect of the PCE20kC framework on cell 

viability and infiltration was evaluated by seeding MC3T3 pre-osteoblast cells 

onto CI-nHA and CI-nHA@PCEC composite scaffolds. The PCE20kC framework 

alone was not included in this chapter, as its 3D-printed surface is too smooth to 

effectively support cell adhesion and growth. Results of metabolic activity over 

time show that PCE20kC framework did not affect MC3T3 cell viability, evidenced 

by no negative trend during the cell culture in CI-nHA@PCEC composite scaffold, 

as shown in Figure 5.7a.  

 

 

Figure 5.7: (a) Cellular metabolic activity (normalized to CI-nHA scaffold at day 1) 

measured over 1, 3, 7, 14, 21, and 28 days, (b) DNA content per scaffold after 7, 14, and 

28 days of culture and (c) H&E histological staining of both scaffolds after 28 days in 

culture. 

 

        This was further confirmed by no significant difference observed between the 

CI-nHA and CI-nHA@PCEC composite groups in metabolic activity and DNA 
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content (Figure 5.7b). More importantly, after culturing for 28 days, the CI-

nHA@PCEC composite scaffold exhibited a DNA content of 160.2 ng/mL, which is 

comparable to that of CI-nHA scaffold (166.1 ng/mL), indicating that the PCE20kC 

framework does not compromise the biocompatibility.  

        Additionally, H&E staining revealed cell infiltration within these scaffolds. 

As shown in Figure 5.7c, cells were primarily localized at edges and gradually 

migrated inward in CI-nHA scaffold. In contrast, in the CI-nHA@PCEC composite 

scaffold, cell infiltration was observed not only along the scaffold edges but also in 

areas in direct contact with PCE20kC filaments. This is because 3D-printed 

PCE20kC framework helped to increase stiffness and expand internal space of CI-

nHA matrix in CI-nHA@PCEC composite scaffold, compared to CI-nHA scaffold 

alone, leading to a better cell infiltration. Overall, these findings indicate that the 

integration of the PCE20kC framework had no adverse effects on the 

biocompatibility, in terms of cell metabolic activity, viability and infiltration over 

28 days of culture. 

5.5.2. Osteogenesis 

        Having established the biocompatibility, the osteogenic potential of the 

composite scaffold was evaluated using the CI-nHA scaffold as a reference. 

Osteogenesis was confirmed through tests for early bone formation marker ALP, 

late matrix maturation marker calcium, and bone-related genes expression (COLI, 

RUNX2, OCN, and BMP-2).  

        As shown in Figure 5.8a, the quantitative analysis of ALP activity shows no 

significant difference between the CI-nHA and CI-nHA@PCEC composite groups, 

where ALP activity significantly increased from 89.7 mg/DNA on day 7 to 593.4 

mg/DNA on day 14 in the CI-nHA scaffold (p < 0.0001), and from 79.6 mg/DNA on 

day 7 to 465.3 mg/DNA on day 14 in the CI-nHA@PCEC composite scaffold (p < 

0.001). Additionally, as a late-stage osteogenic marker, mineralization was further 

assessed by calcium deposition content (Figure 5.8b). Due to the presence of nHA, 

original calcium content was 239.6 μg/mL in cell-free CI-nHA scaffold and 261.9 

μg/mL in cell-free CI-nHA@PCEC composite scaffold. Notably, significantly 
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enhanced mineralization by MC3T3 cells was observed, evidenced by the 

increased calcium content in both cell-seeded scaffolds on day 21 (p < 0.01) and 

day 28 (p < 0.0001), where highest calcium levels appeared on day 28, reaching 

500.9 μg/mL in CI-nHA scaffold and 495.0 μg/mL in CI-nHA@PCEC composite 

scaffold. Mineralization was further assessed using Alizarin Red S staining 

(Figure 5.8c). After 28 days of differentiation, dark red mineral deposits were 

evenly distributed in both the CI-nHA matrix and composite scaffold, with no 

notable differences in distribution. These results all indicate the ability to support 

effective ALP activity and mineralization. 

 

 
Figure 5.8: Osteogenic differentiation of MC3T3 cells on CI-nHA and composite scaffolds. 

(a) ALP content in MC3T3 cells cultured on scaffolds at day 7 and 14, (b) calcium content 

in MC3T3 cells on scaffolds at days 21 and 28, (c) Alizarin Red S histological staining at 

day 28, and (d) relative gene expression of COL1A1, RUNX2, OCN and BMP-2 at day 21. 
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Moreover, Figure 5.8d illustrates the relative expression of osteogenesis-related 

genes COL1A1, RUNX2, OCN, and BMP-2 after 21 days of differentiation. Gene 

expression levels in the CI-nHA@PCEC composite scaffold were comparable to 

those in the CI-nHA scaffold, with no significant differences observed. Notably, 

higher expression of RUNX2 and BMP-2 genes observed in CI-nHA@PCEC 

composite scaffold. This is because the 3D-printed PCE20kC framework helped to 

increase stiffness and expand internal space of CI-nHA matrix in CI-nHA@PCEC 

composite scaffold, compared to CI-nHA scaffold alone, leading to the activation 

of mechanotransduction through the YAP/TAZ and Wnt signalling pathways [222]. 

This also can be confirmed by the increased cell infiltration shown in H&E 

staining compared to CI-nHA scaffold (Figure 5.7c). 

        Overall, these results demonstrate that the CI-nHA@PCEC composite 

scaffold effectively supports ALP activity, mineralization, and bone-related gene 

expression, all of which shows consistent results with CI-nHA scaffold studies 

[223]. 

5.5.3. Angiogenesis 

        Bone tissue is highly vascularized. In the early stages of bone repair, 

vascularization plays a crucial role by supplying osteocytes with essential 

nutrients and supporting subsequent bone formation [45]. Previous studies have 

shown that CI-nHA-based scaffolds effectively stimulate MSC vascularization [43]. 

Therefore, the angiogenic potential of these scaffolds was evaluated by culturing 

EA.hy 926 endothelial cells on CI-nHA and CI-nHA@PCEC composite scaffolds for 

five days.  

       Cell proliferation increased steadily from day 1 to day 5, with tube-like 

structures forming on both scaffolds, as shown in Figure 5.9a-d. Moreover, after 5 

days in culture, the expression levels of key vascular-related genes of VEGF, VE-

cadherin, and MMP-2, remained comparable between the composite and CI-nHA 

scaffolds, with no significant differences (Figure 5.8e, f and g), suggesting the 

presence of early angiogenic signals within this period. These findings confirm that 

the CI-nHA@PCEC composite scaffold fully preserves the angiogenic properties of 
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the CI-nHA matrix, supporting endothelial cell proliferation and vascularization. 

Overall, it can be confirmed that the CI-nHA@PCEC composite scaffold holds great 

potential to promote bone defect repair through osteogenic-angiogenic coupling. 

 

 

Figure 5.9: Angiogenic differentiation of EA.hy 926 cells on scaffolds. Confocal images of 

(a) cells on the CI-nHA scaffold at day 1, (b) cells on the composite scaffold at day 1, (c) 

cells on the CI-nHA scaffold at day 5, and (d) cells on the composite scaffolds at day 5; 

Relative gene expression of (e) VEGF, (f) VE-cadherin, and (g) MMP-2 of EA.hy 926 cells 

on both scaffolds after 5 days. 

 

5.6. Conclusions 

In this chapter, a novel biomimetic composite scaffold (CI-nHA@PCEC) was 

fabricated, in which the 3D-printed PCE20kC framework served as mechanical 

reinforcement for tissue growth, and the CI-nHA matrix served as biological cues 

for tissue regeneration. It exhibited hierarchical architecture, mechanical 

properties similar to cancellous bone, degradation rate matching with bone 

regeneration rate, and a mild degradation environment. The CI-nHA@PCEC 
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composite scaffold sustained the ability of osteogenic-angiogenic coupling from CI-

nHA matrix, while mechanotransduction induced by 3D-printed PCE20kC 

framework promoted osteogenesis, which are both expected to achieve effective 

bone repair efficiency. Therefore, this biomimetic composite scaffold has broad 

application prospects as a promising scaffold for enhanced bone defect repair.
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6. Processing, structure and properties of bilayer 

composite scaffold 

6.1. Introduction 

        Osteochondral defect repair involves articular cartilage repair and underlying 

subchondral bone repair. It remains a great challenge in clinical treatment due to 

the gradient in structure and properties across different tissue layers [173][224]. 

Specifically, subchondral bone is highly vascularized and undergoes continuous 

remodelling, allowing for relatively faster healing. In contrast, articular cartilage 

is avascular, with chondrocytes that exhibit low metabolic activity and limited 

proliferative capacity, resulting in poor repair efficiency. Despite their distinct 

properties, subchondral bone and cartilage are closely interconnected and 

communicated in osteochondral tissue through micro vessels and channels 

[225][96]. Current treatments, such as microfracture, autologous transplantation, 

and allograft transplantation, often fail to restore the native structure and function 

of the osteochondral unit [226][227]. Therefore, tissue engineering has emerged as 

a promising approach aimed at regenerating complex tissue interfaces by 

integrating biomaterials, cells, and bioactive factors. 

        Recent advances in 3D printing technology have enabled the fabrication of 

scaffolds with precisely controlled architecture, porosity, and spatial composition. 

This capability is particularly important for osteochondral tissue engineering 

because it allows to reproduce the structural and functional gradients in the 

native tissue [228]. Common strategies involve the development of multiphase 

scaffolds that integrate both cartilage and bone regeneration approaches within a 

single construct [229]. These scaffolds aim to provide localized chemical, 

mechanical, and biological cues to support cell proliferation, differentiation, and 

tissue formation in a layer-specific manner, and they have shown promising 

outcomes in preclinical animal studies, such as rabbits [192] and caprine [193]. 

Despite some progress, most designs fall short in providing appropriate 
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mechanical support and degradation rates that match those of the native tissue, 

leading to potential risk of compromised structural integrity during treatment, 

such as hydrogel-based scaffolds [230]. Additionally, poor interface bonding 

between layers can result in delamination or phase separation, hindering the 

overall performance [231]. Therefore, there is an urgent need to develop novel 

multiphasic scaffolds with continuous architecture, appropriate mechanical 

properties, and matched degradation rates to enhance osteochondral tissue repair 

efficiency. 

        This chapter aims to obtain a bilayer scaffold with continuous structure, 

appropriate mechanical properties, degradation behaviour and biological 

performance for osteochondral tissue engineering. This will be achieved by 

bonding the CI/II-HyA@PGS scaffold developed in Chapter 4 as the cartilage layer 

and the CI-nHA@PCEC scaffold developed in Chapter 5 as the subchondral bone 

layer. The mechanical properties in wet conditions will be studied under 

compression, while cyclic compression under different applied strains will be 

performed simultaneously to evaluate the fatigue behaviour. Finally, real-time 

mass and pH evaluation will be analysed by immersion in PBS solution for up to 

8 weeks to assess the degradation behaviour. 

6.2. Processing and Structure 

        An innovative biomimetic bilayer composite scaffold was fabricated with a 

continuous structure consisting of a soft cartilage layer and a stiff subchondral 

bone layer. Briefly, PGS and PCEC scaffolds with porous structures were obtained 

by 3D printing. Then, two biomimetic composite scaffolds were made by 

incorporation with CI/II-HyA and CI-nHA matrices, respectively. Finally, the 

surface of the CI-nHA@PCEC scaffold was dissolved with CH2Cl2 and pressed onto 

the CI/II-HyA@PGS scaffold to obtain a bilayer composite scaffold. The CI/II-

HyA@PGS scaffold was used as the top cartilage layer and the CI-nHA@PCEC 

scaffold was used as the bottom subchondral bone layer, as shown in Figure 6.1. 
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Figure 6.1: The fabrication process of bilayer composite scaffold consisting of CI/II-

HyA@PGS scaffold as the cartilage layer and CI-nHA@PCEC as the subchondral bone 

layer. 

 

        The morphology of CI/II-HyA@PGS, CI-nHA@PCEC and bilayer composite 

scaffolds is shown in Figure 6.2. SEM images revealed distinct morphologies 

between top and bottom layers, with a clear boundary observed at the bonding 

interface. The upper layer, made up of the CI/II-HyA@PGS scaffold, exhibited 

rough and porous PGS filaments embedded within a porous CI/II-HyA matrix. The 

lower layer, made up of the CI-nHA@PCEC scaffold, displayed smooth and dense 

PCEC filaments surrounded by a porous CI-nHA matrix. Notably, the pore sizes of 

matrices differed between the two layers, where the size of the CI/II-HyA matrix 

pores was approximately 155 µm, suitable for cartilage regeneration [191], while 

the CI-nHA matrix exhibited smaller pores of around 100 µm, favourable for bone 

regeneration [220]. Importantly, the polymer dissolution for bonding was only 

localized at the interface, and the bilayer scaffold retained the original printed 

porous structure and maintained the continuity of the interface. These results 

confirm the successful integration of both scaffolds to obtain the bilayer scaffold 

with different compositions and morphology in each layer. 
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Figure 6.2: Optical images of the bilayer composite scaffold and SEM images of (a) CI/II-

HyA@PGS, (b) bilayer and (c) CI-nHA@PCEC composite scaffolds. 

 

6.3. Mechanical properties 

        The mechanical properties of osteochondral tissue gradually change from soft 

to stiff from the cartilage to the subchondral bone regions, depending on their 

composition and structure. In this section, the mechanical properties of CI/II-

HyA@PGS scaffold for cartilage repair and CI-nHA@PCEC scaffold for 

subchondral repair, as well as of the bilayer composite scaffold for osteochondral 

tissue regeneration were measured through compression tests under PBS solution 

(wet) conditions.  

        Figure 6.3a, c, and d present the stress-strain curves in compression, as well 

as the corresponding elastic modulus and compressive strength of the CI/II-

HyA@PGS, CI-nHA@PCEC, and bilayer composite scaffolds. As shown in Figure 

6.3a, the soft upper layer composed of CI/II-HyA@PGS scaffold was initially 

compressed, resulting in a compression modulus of 0.142 MPa, which closely 

matched that of the CI/II-HyA@PGS scaffold alone (0.141 MPa), as depicted in 

Figure 6.3c. When the strain reached approximately 20%, the stiffer lower layer 
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of CI-nHA@PCEC began to bear the load, leading to a rapid increase in stiffness 

and strength. Ultimately, the bilayer scaffold exhibited a compressive strength at 

50% that is in between those of the individual layers (Figure 6.3d). 

 

 

Figure 6.3: (a) Stress-strain curves in compression, (b) cyclic stress-strain curves in 

compression of bilayer composite scaffold at strains of 5%, 10% and 15%, (c) elastic 

modulus and (d) compressive strength of CI/II-HyA@PGS, CI-nHA@PCEC, and bilayer 

composite scaffolds. 

 

 

        More importantly, as shown in Table 6.1, the elastic modulus of the CI/II-

HyA@PGS scaffold is 0.141 MPa, which is within the range of native cartilage 

(0.1-2 MPa). Similarly, the CI-nHA@PCEC scaffold exhibited an elastic modulus 

of 48.8 MPa, within the range of native cancellous bone (10-3,000 MPa). These 

findings confirm that each layer of the scaffold mimics the mechanical properties 

of its corresponding native tissue. Moreover, other investigations have shown that 

the cartilage deformation in osteochondral tissue under normal loading conditions 
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is about 2% - 9% of its height, while bone deformation is below 1% [232]. Therefore, 

ensuring good elasticity in a safe deformation range is crucial for osteochondral 

tissue regeneration.  

      Cyclic compression tests under dynamic strains of 5%, 10%, and 15% were 

conducted to evaluate the elasticity of the bilayer composite scaffold. As shown in 

Figure 6.3b, a complete elastic recovery was found at all strains, while some 

hysteresis was observed at a high strain of 15%, indicating a good elasticity in the 

physiological environment. Overall, these results demonstrate that the bilayer 

composite scaffold exhibits a successful transition from soft to hard mechanical 

properties as well as an elastic response up to large strains, making it a promising 

candidate for osteochondral tissue engineering. 

 

Table 6.1: Compressive parameters of CI/II-HyA@PGS, CI-nHA@PCEC, and bilayer 

composite scaffolds in wet conditions 

Sample Elastic modulus (MPa) Compressive strength (MPa) 

CI/II-HyA@PGS 0.141 ± 0.023 0.117 ± 0.018 

CI-nHA@PCEC 46.9 ± 2.9 6.53 ± 0.65 

Bilayer 0.142 ± 0.016 3.27 ± 0.03 

 

6.4. Degradation behaviour 

        The degradation behaviour of CI/II-HyA@PGS, CI-nHA@PCEC and bilayer 

composite scaffolds was studied by immersion in PBS solution at 37 °C for 8 weeks. 

Figure 6.4 presents the evolution of the residual mass and pH of these scaffolds 

during in vitro degradation. As shown in Figure 6.4a, the mass of CI/II-HyA@PGS, 

CI-nHA@PCEC and bilayer composite scaffolds gradually decreased over time, 

and the residual mass after 8 weeks was 94.1%, 92.1% and 92.6%, respectively. 

Notably, the residual mass of all scaffolds remained above 90% within this period, 

indicating that all scaffolds maintained structural stability during the critical 

early period of osteochondral repair, while allowing for gradual degradation over 

time. 
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        Moreover, although the pH changes followed a similar trend to that shown in 

the previous chapters, the bilayer composite scaffold exhibited a milder 

degradation, compared to the other single scaffolds after degradation for 2 weeks 

(Figure 6.4b). This can be attributed to the initial release of PEG20k in CI-

nHA@PCEC layer, which formed a transient local acidic environment. 

Subsequently, the release of nHA particles from the matrix helped to neutralize 

the acidity, thereby stabilizing the pH. In contrast, the hydrolysis of ester bonds 

in PGS and the release of hyaluronic acid in the CI/II-HyA@PGS scaffold 

generated a localized acidic environment, without any compound to buffer the pH. 

Therefore, by integrating both layers, the bilayer scaffold effectively overcame the 

limitations of single-layer systems, achieving a more balanced and mild 

degradation environment. These findings demonstrate that the bilayer scaffold 

not only retains structural integrity over time but also provides a more favourable 

degradation microenvironment, making it a suitable candidate for supporting 

early-stage osteochondral tissue regeneration. 
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Figure 6.4: In vitro degradation behaviour with time on (a) residual mass, (b) pH change 

of CI/II-HyA@PGS, CI-nHA@PCEC and bilayer composite scaffolds. 

 

6.5. Conclusions 

         A novel biomimetic bilayer composite combining CI/II-HyA@PGS (cartilage 

layer) and CI-nHA@PCEC (subchondral bone layer) was successfully fabricated via 

in-situ bonding. It showed different composition and morphology in each layer and 

was able to reproduce the mechanical properties of the cartilage and the 

subchondral bone layers. More importantly, it exhibits a transition from soft to 
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hard mechanical properties and elasticity under physiological conditions. 

Additionally, it maintained structural stability and a mild environment during the 

degradation in early period of osteochondral repair, while allowing for gradual 

degradation over time. Based on the chondrogenic analysis in Chapter 4 and 

osteogenic analysis in Chapter 5, it can be assumed that the bilayer composite 

scaffold with appropriate structure, mechanical properties, degradation behaviour, 

and biological performance shows potential to be used for osteochondral tissue 

defect repair.  
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7. Conclusions and future work 

7.1. Conclusions 

        This thesis aimed to develop 3D-printed biodegradable polymer scaffolds with 

biomimetic structure, appropriate mechanical properties, matched degradation 

rates and effective biological performance with respect to native osteochondral 

tissue. The main conclusions of the results presented in this thesis are the 

following: 

• Biodegradable PCEC triblock co-polymers with high molecular weight were 

synthesized from PEG with a wide range of molecular weights (from 0.6 kg/mol to 

35 kg/mol) as macroinitiators. PCEC copolymers exhibited tunable mechanical 

properties with an elastic modulus in the range 338-705 MPa and a degradation 

rate from 60% mass loss after 8 h up to 70% mass loss after 23 days in accelerated 

tests, as well as excellent cytocompatibility and cell attachment after culture with 

mouse fibroblast L929 cells. Furthermore, it was shown that it is possible to 

manufacture PCEC scaffolds by 3D printing with excellent dimensional accuracy 

and controlled microporosity.  

• A novel composite scaffold (CI/II-HyA@PGS) with hierarchical porosity was 

manufactured by incorporating a pro-chondrogenic collagen type I/II-hyaluronic 

acid (CI/II-HyA) matrix to a 3D-printed poly (glycerol sebacate) (PGS) framework. 

Based on the mechanical properties of PGS framework, the CI/II-HyA@PGS 

composite scaffold exhibited an elastic modulus of 167.0 kPa, similar to that of 

native cartilage, as well as excellent fatigue resistance, similar to that of the native 

joint tissue. In vitro degradation tests demonstrated that the CI/II-HyA@PGS 

composite scaffold maintained structural, mass, and mechanical stability during 

the initial cartilage regeneration period of 4 weeks, while degraded linearly over 

time. In vitro biological tests with rat-derived mesenchymal stem cell (MSC) 

revealed that the CI/II-HyA@PGS composite scaffold displayed increased cell 

loading efficiency and improved overall cell viability due to the incorporation of the 

CI/II-HyA matrix. Additionally, it also sustained MSC chondrogenesis and de-novo 
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cartilage-like matrix deposition up to day 28. These results demonstrate that the 

biomimetic CI/II-HyA@PGS composite scaffold presents a great potential for 

cartilage defect repair. 

• Another novel biomimetic composite scaffold (CI-nHA@PCEC) was 

fabricated by incorporating a bioactive matrix including bone components of 

collagen type I and nano-hydroxyapatite (CI-nHA) into a 3D-printed porous 

framework manufactured by a PCE20kC triblock copolymer. The CI-nHA@PCEC 

composite scaffold showed a highly porous and hierarchical structure, as well as 

an elastic modulus of 37.0 MPa, similar to that of native cancellous bone. In 

addition, it maintained structural and mass stability during the initial repair 

period of bone regeneration of 8 weeks, while gradually degraded afterwards. In 

vitro biological experiments demonstrated that, based on the bioactivity of CI-nHA 

matrix, the CI-nHA@PCEC composite scaffold sustained osteogenesis and 

mineralization of pre-osteoblast cells (MC3T3) up to 28 days, as well as supported 

luminal formation and angiogenesis of endothelial cells (EA.hy 926) after 5 days. 

In addition, the increased stiffness and internal space from 3D-printed PCE20kC 

framework, slightly upregulated the expression of RUNX2 and BMP-2 genes 

through mechanotransduction to promote osteogenesis. These results demonstrate 

that this novel biomimetic CI-nHA@PCEC composite scaffold shows potential as 

candidate for critical-size bone defect repair. 

• Finally, a biomimetic bilayer scaffold manufactured by in-situ bonding the 

CI/II-HyA@PGS scaffold (targeting the cartilage layer) and the CI-nHA@PCEC 

scaffold (targeting the subchondral bone layer). The bilayer composite scaffold 

presented different compositions and porous morphologies at top and bottom layers, 

with a distinct boundary at the bonding interface. The elastic modulus of 0.141 

MPa in the top layer was in the range of native cartilage (0.1-2 MPa) while that of 

in the bottom layer (48.8 MPa) was in the range of cancellous bone (10-3,000 MPa). 

Additionally, it showed an excellent elasticity within the range of osteochondral 

deformation under normal loading conditions. Besides, in vitro degradation tests 

demonstrated that the bilayer composite scaffold maintained mass stability during 

the initial osteochondral regeneration period of 8 weeks, while provided a more 
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favourable degradation microenvironment than both single layer scaffolds. Taking 

together the biological performance results of both single layers, the bilayer 

composite scaffold shows great potential for osteochondral tissue engineering. 

7.2. Future work 

The following activities are proposed as future work: 

• Biological tests were only conducted in two single-layer scaffolds, lacking 

research on the overall biological performance of the bilayer composite scaffold. 

Future work will focus on studying cell behaviour of MSC seeded on bilayer scaffold 

to observe the synergistic effect of both layers on biological performance. 

• Osteochondral tissue is frequently exposed to complex stress environments 

in vivo due to the host movements, including unstable compression and shear 

forces. This thesis only tested mechanical properties under normal compression. 

Investigations into long-term fatigue behaviour under more complex, dynamic 

stress conditions need to be considered in the future.  

• Beyond scaffold composition, external mechanical stimulation also plays a 

crucial role in osteochondral defect repair. Prior to the in vivo test, the cell-seeded 

bilayer composite scaffold should be introduced in a bioreactor with simulated 

physiological motive conditions to understand the effects and mechanisms of 

mechanical stimulations on osteochondral tissue regeneration.  

• Investigations on in vivo degradation and in vivo biological performance of 

tissue-engineered implants are critical for assessing their clinical potential. Future 

research will focus on implanting the bilayer composite scaffold into animal models 

such as rabbits or goats, to monitor and record degradation behaviour and tissue 

regeneration over time. 
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