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SUMMARY 

Meniscus deficiencies through trauma or degeneration are common in all age 

groups and are associated with a loss in function, joint degeneration and osteoarthritis 

(OA). Meniscectomy surgery is widely performed to remove dislocated fragments of 

tears associated with accute pain or locking of the joint but the treatment is still 

associated with a 14-fold increase in the risk of developing OA compared to healthy 

patients. Commercially available implants to replace the removed meniscus tissue still 

do not fully regenerate the tissue and allograft transplants suffer from donor shortage. 

This has motivated increased interest in meniscus tissue engineering strategies via 3D 

bioprinting in order to create more advanced cell-based implants for joint regeneration. 

However, the majority of such constructs still do not mimic the internal matrix 

architecture of the tissue, which is essential for its function. The overall objective of this 

thesis was therefore to 3D bioprint a cell-laden tissue engineered construct which 

mimics the anatomy, anisotropy and heterogeneity of the human meniscus. 

A 3D printed construct for meniscus tissue engineering has to fulfil the load 

carrying functions of the native tissue it replaces, whilst simultaneously supporting the 

regeneration of lost meniscus and integrating into the surrounding host tissue. Printed 

implants therefore have to show compressive and tensile properties similar to the 

native tissue to withstand the forces of the knee environment. Furthermore, the 

‘bioinks’ used to print such regenerative scaffolds should also be supportive of a 

meniscal cell phenotype to allow matrix regeneration and tissue integration. In addition, 

since the meniscus is highly heterogenous, bioinks are needed that replicate the 

composition of both the inner and outer zones of the tissue. Finally, in order to increase 

contact areas with the joint and protect the underlying articular cartilage, implants are 

required to mimic the anatomical size and shape of the native tissue. 
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The thesis began by attempting to engineer materials with compressive and 

tensile properties similar to the native human meniscus tissue by 3D printing composite 

constructs consisting of interpenetrating network (IPN) hydrogels (alginate and gelatin 

methacryloyl (GelMA)) reinforced with networks of polycaprolactone (PCL) fibres. After 

systematically comparing the influence of PCL fibre diameter and spacing on the 

mechanical properties of the printed scaffolds, it was found that a fibre diameter of 120 

μm and a fibre spacing of 2 mm best mimicked the axial compressive properties and 

radial tensile properties of the native tissue. Next the influence of the fibre print pattern 

was explored by 3D printing consecutive parallel layers ‘offset’ to the underlying 

parallel layer, which reduced the compressive modulus of 3D printed samples more 

than its tensile modulus, thereby increasing the ratio of the tensile to the compressive 

modulus, resulting in the development of constructs with mechanical properties more 

representative of the native meniscus. These PCL networks were then used to 

mechanically reinforce the IPN hydrogels, producing composites with soft tissue-like 

biomechanical behavior. 

Chapter 4 of the thesis explored the potential of the IPN to support 

chondrogenesis of mesenchymal/marrow stem/stromal cells (MSCs) and further 

investigated the bi-phasic mechanical properties of such constructs. First a rheological 

characterization of the IPN was undertaken to assess its suitability for biofabrication, 

which demonstrated the shear thinning properties of this hydrogel. A histological, 

immunohistological, biochemical and biomechanical analysis of in vitro engineered 

tissues generated by MSCs encapsulated with such fibre reinforced IPNs and 

stimulated with TGF-β3 was then undertaken. MSCs generated a cartilage-like 

extracellular matrix (ECM) within these composites with time in culture, which further 

improved the bi-phasic compressive properties of the fibre reinforced IPNs. 

Chapter 5 of this thesis sought to enhance the capacity of the developed 

bioinks to support meniscus-specific differentiation of MSCs by functionalizing them 
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with solubilized ECM isolated from the inner and outer region of porcine menisci. First, 

a solubilization protocol reduced the DNA content of the inner and outer meniscus 

ECM fractions to below a threshold which would cause an immune responses upon 

implantation, while keeping the collagen/sulfated glycosaminoglycan (sGAG) ratio 

comparable to that of the native tissue. Moreover, the solubilized ECM fractions were 

shown to possess low viscosities alone but to impart strong shear thinning properties 

when combined with the previously developed IPN. When integrated into MSC laden 

bioinks, the solubilized ECM fractions failed to improve the fibrochondrogenic potential 

of the IPNs. 

Chapter 6 explored scaling up the bioprinting process in order to 3D bioprint an 

anatomically correct, complex large scale meniscus constructs. Viscosity and 

spreading ratio analyses of the previously developed bioinks identified the optimal 

printing conditions. Next, z-printing, a novel 3D bioprinting technique was implemented 

in order to facilitate easier printing of complex, large scale constructs due to the 

movement of printheads along the z-axis instead of the x and y-axis, which decreases 

the duration of the printing process, enables additional quality control and enables 

additional intermittent material modification stages. Finally, an MSC-laden construct 

mimicking the shape and size of the human meniscus was 3D bioprinted, which 

considered the non-linear and heterogeneous biomechanics and spatial composition of 

the native meniscus tissue, including pores for gas and nutrient exchange important for 

engineering geometrically large constructs. 

In summary, this thesis describes the development of a 3D bioprinted meniscus 

construct which mimics the external size and shape of the human meniscus as well as 

its internal heterogeneous structure. The fibre reinforced IPN constructs employed in 

this study were shown to mimic key bi-phasic biomechanical attributes of the normal 

meniscus. Moreover, the developed bioink showed its potential for 3D bioprinting in the 

field of cartilaginous tissue engineering, being both shear thinning and supportive of a 
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chondrogenic phenotype. Furthermore, the creation of this large, multi-material 

biological constructs was facilitated through the development of a novel 3D bioprinting 

technique which successfully addresses several key challenges of 3D printing as a 

manufacturing process. 
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). .................................................................................................................... 99 

Fig. 5.3 Macroscopic and SEM imaging: SEM imaging was conducted before (a) and a 

microscopical analysis after 42 days of culture scale (b) scale bars. 1 mm, 100 

μm, Work has been done in conjunction with Kian Eichholz, PhD. .............. 100 

Fig. 5.4 Live/Dead imaging and quantification: Cultured constructs were stained via 

Live/Dead assay to quantify their viability. Scale bar 100 μm. p ≤ 0.05 (*), p ≤ 
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Fig. 5.5 Biochemical analysis: A biochemical analysis of DNA(a), collagen(b-c), 
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Fig. 6.3 Quantification of printing processes: Duration to print each scaffold for each 

action of the printer (a) and further compared when the scaffolds were scaled 

up to bigger volumes (b). The printing times of the separate stages of each 
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Fig. 6.5 Quantification of number of stages and stages per feedback loops: The 

number of printing stages used in conventional printing processes increases 

faster with scaffold volume compared to the number of stages in a z-printing 

process (a), as does the number of stages per feedback loop (b). .............. 129 
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double layer, offset and 1.5 mm spacing in the anterior or 2 mm in the central 

and posterior region. Scale bar 10 mm (b). Schematics of scaling up the infill 

pattern to 3D print a meniscus of anatomical size and shape. Scale bar 10 

mm (c). Schematics in top view of pores of meniscus construct (d) and 

utilization of z-printing with pluronics and bioinks for inner and outer zone (e). 

Application of pluronics as sacrificial hydrogel to create pores after washing 

out (f) and confirmation of pores via confocal microscopy (g). Printed construct 

with distinct inner and outer zones using bioinks of alginate, GelMA, inECM or 

outECM with BMSC (h). .............................................................................. 131 

Fig. 6.7: 3D bioprinted meniscus of bioinks seeded with BMSCs: anatomically shaped 

and sized meniscus construct printed from PCL and bionks of alginate, GelMA 

and inECM or outECM (a), cell viability analysis in the transverse plane (scale 

bar 100 μm) (b) and cross sectional view (scale bar 1 mm) (c). Histological 

assessment via Alcian Blue/Aldehyde Fuchsin, Alizarin Red and Picrosirius 

Red staining. Scale bars 4 mm and 100 μm (d). .......................................... 133 
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LIST OF EQUATIONS 

Eq. 3.1     𝜌𝑃𝐶𝐿  (𝑔/𝑚𝑙) =
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INTRODUCTION 

1.1. Structure and function of the meniscus 

Menisci are a pair of semilunar, fibrocartilaginous structures in the knee located 

between the femoral and the tibial joint plateaus, and are responsible for load 

distribution and maintenance of stability within the joint. Since menisci are deformable 

as well as mobile in the joint they protect the articular cartilage (AC) in the knee by 

serving as pillows between the relatively flat tibial plateau and the rounded femoral 

heads. They translate vertical forces into hoop stress within the meniscus and more 

than double the contact area between the tibia and femur.  

The fibrocartilage-like meniscus tissue is compositionally and structurally 

different to the AC that lines the ends of bones within synovial joints, since it contains 

more type I collagen (Col I) fibres and lower amounts of type II collagen (Col II) and 

sulfated glucosaminoglycans (sGAGs). The highly organized network of collagenous 

fibres provides the meniscus with tensile strength and stiffness and prevents the radial 

extrusion of the tissue. In particular, the circumferential orientated collagen fibres within 

the meniscus contribute to it biomechanical function and also anchor the tissue to the 

tibial plateau by extending through the entire outer rim through the insertional 

ligaments to the horns of the meniscus. 

There are other notable differences between AC and meniscal cartilage. The 

meniscus has a region that is vascularized, the outer “red” zone of the tissue. Further 

inwards the tissue becomes less and less vascularized and is often referred to as the 

“white” zone. Apart from their degrees of vascularization, these zones also differ from 

each other in their structure and composition, with the outer zone characterized by a 

higher Col I content and the presence of elongated fibroblast-like cells, whereas the 
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inner zone is composed of more Col II and sGAGs and is populated with more rounded 

chondrocyte-like cells (Collier & Ghosh, 1995; Nakata et al., 2001; Tanaka, Fujii, & 

Kumagae, 1999). 

1.2. Meniscus tears and current treatment options 

Meniscus tears are a common injury in most age groups and an increasingly 

common surgical treatment option with good patient-reported outcome is to repair the 

torn region through sutures. However, meniscus repair surgeries have a high re-

operation rate and in many cases repairing tears is not possible (Caiqi Xu & Zhao, 

2015). Age and lifestyle of the patient are important factors as well as the location, 

size, pattern and chronicity of the tear in order to choose the right treatment option. For 

example, tears located in the inner third of the tissue, the only slowly regenerating 

white zone of the meniscus, are often treated with partial or complete meniscectomies 

(Hutchinson, Moran, Potter, Warren, & Rodeo, 2014). Here the surgeon removes the 

torn section of meniscus in order to relieve patients from accute symptoms such as 

pain or locking of the joint in the short term. Removing parts of the tissue does not 

restore the function of the meniscus which was lost through the tear in the long term 

and typically leads to further joint degeneration. If only 20% of the meniscus is 

removed the contact forces in the knee are increased by 350% (Seedhom & 

Hargreaves, 1979). Partial meniscectomies are the most common treatment method 

for smaller tears, even though they are still known to be associated with OA in the long 

term. However, some cases of larger tears require total meniscectomies. Allograft 

transplants are considered by many to be the gold standard for severe meniscus 

injuries, but like all organ transplants suffer from logistical problems and shortage of 

donors (Moran, Busilacchi, Lee, Athanasiou, & Verdonk, 2015a). 

Alternatives to meniscectomy and allograft transplants are the commercially 

available cell-free scaffold products ActifitTM(Spencer et al., 2012) and 
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CMI®(Bulgheroni et al., 2010; Monllau et al., 2011). Here the damaged meniscus 

tissue is surgically removed and replaced by a polyurethane scaffold (ActifitTM) or a 

bovine collagen sponge (CMI®). While such commercially available implants have 

shown some reasonably promising results, they still do not mimic the complex internal 

architecture and biomechanical function of the native meniscus tissue. Long term 

studies of these products have demonstrated an improvement compared to 

meniscectomies in terms of pain relief as well as regaining mobility after 2 to 10 years. 

However failure rate of between 7% and 30% have been reported and patients were 

still not able to perform sports at the same level as prior to their injury. Furthermore, 

the mentioned artificial products are only available for repairing partial meniscectomies 

(Leroy et al., 2016; Monllau et al., 2011). 

1.3. Tissue engineering approaches to create improved 

meniscus implants 

There is a big interest in regenerative medicine and biological approaches to 

meniscus tissue engineering (Hutchinson et al., 2014; Matteo, Tarabella, & Tomba, 

2016; Moran, Orth, et al., 2015; Moran, Atmaca, Declercq, Cornelissen, & Verdonk, 

2014; Moran, Barry, Maher, Shannon, & Rodeo, 2012; Moran, Busilacchi, et al., 2015a; 

Moran, Busilacchi, Lee, Athanasiou, & Verdonk, 2015b; Romanazzo, S., S.Vedicherla, 

C. Moran, 2011; Romanazzo, Vedicherla, Moran, & Kelly, 2017; Vedicherla, 

Romanazzo, Kelly, Buckley, & Moran, 2018). In particular the emerging field of 3D 

bioprinting offers a solution to the limitations associated with existing meniscal 

scaffolds due to the ability to pattern cells and bioactive factors in mechanically 

functional three-dimensional (3D) scaffolds. Recent approaches to bioprinting meniscal 

constructs have focused on 3D printing polymeric constructs to mechanically reinforce 

cell-laden hydrogels, with the goal of creating biological implants which mimic the 

biomechanics of the native tissue more closely than existing commercially available 
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implants (G Bahcecioglu, Bilgen, Hasirci, & Hasirci, 2019; C H Lee et al., 2014; 

Nakagawa et al., 2019a; Szojka et al., 2017; Zheng-zheng Zhang et al., 2019). 

The internal structures of CMI® and ActifitTM are homogenous porous meshes, 

which do not accurately mimic the complexity of the native meniscus tissue. As noted 

previously, circumferentially arranged collagen fibres are essential to the 

biomechanical function of the meniscus. Meniscal scaffolds produced by 3D printing of 

thermopolymers like PCL can mimic aspects of this structural complexity and the 

associated biomechanical properties of the tissue (Z.-Z. Zhang et al., 2017)(Balint, 

Gatt, & Dunn, 2012). 3D printing not only enables the deposition of biodegradable 

fibres with controlled directionality, but also with varying diameters and spacings, and 

therefore can facilitate the production of scaffolds with tunable compressive and tensile 

mechanical properties. 3D printing strategies such as FDM and Melt Electrowriting 

(MEW) are particularly useful for producing highly porous PCL scaffolds, and 

previously have been used to produce scaffolds that mimic the mechanical properties 

of musculoskeletal tissues such as bone and cartilage (Balint et al., 2012; Chang H 

Lee et al., 2014; Visser, Melchels, et al., 2015). 

Despite recent advancements in tissue engineering (TE) and 3D bioprinting, 

cell-laden implants that mimic the complex biomechanical properties of normal 

meniscal tissue have yet to be developed. While 3D printing has enabled the 

engineering of constructs with compressive properties similar to the native human 

meniscus (Gokhan Bahcecioglu, Hasirci, Bilgen, & Hasirci, 2019; Szojka et al., 2017), 

they are typically homogenous in both their internal architecture and associated 

mechanical properties, whereas the native tissue is highly heterogeneous with distinct 

compositions and architectures within the inner and outer zones, the horns and the 

center as well as superficial and deep layers. This thesis aims to develop a 3D 

bioprinting strategy that is able to generate meniscal implants that considers such 

spatial complexity in its mechanical properties.  In particular, this thesis will explore the 
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use of anisotropic printing architectures to produce implants with an improved 

resistance to the anisotropic forces in the joint (Bas et al., 2017; Driscoll, Nerurkar, 

Jacobs, Elliott, & Mauck, 2011; X. Li, Lu, Yang, & Yang, 2018; Maroti et al., 2019).  

CMI® and ActifitTM are acellular porous scaffolds of bovine Achilles tendon and 

polyurethane, respectively (de Groot, 2010; W. G. Rodkey et al., 2008; W. G. D. 

Rodkey, Steadman, & Li, 1999), and require the ingrowth of cells from the remaining 

outer rim of the meniscus in order to regenerate lost meniscus tissue and ultimately 

replace the implanted scaffold. Using scaffolds that are already populated with cells or 

ECM molecules before being implanted is therefore a promising TE in order to improve 

the functionality of the implant and accelerate neo-tissue formation and meniscus 

regeneration (Chang H Lee et al., 2014; Romanazzo, S., S.Vedicherla, C. Moran, 

2011). Several different cell sources for meniscus tissue engineering have been used 

in the past, each with their own advantages and disadvantages. Allogenic meniscus 

cells suffer from low donor availability, while isolating autologous meniscus cells 

requires further damage to the meniscus of the patient (Kwon et al., 2019; Makris, 

Hadidi, & Athanasiou, 2011a; Zellner et al., 2017). This has motived increased interest 

in the use of bone marrow derived stem/stromal cells (BMSCs) for meniscus TE. 

BMSCs have the advantage of multilineage plasticity, are immunomodulatory and anti-

inflammatory. Moreover, they show macroscopic and microscopic healing effects, ECM 

production of fibrocartilage-like tissue with improved mechanical properties and 

chondroprotective effects (Mandal, Park, Gil, & Kaplan, 2011; Nerurkar, Han, Mauck, & 

Elliott, 2011; Pabbruwe et al., 2010). Furthermore, in order to provide specific cues for 

the controlled differentiation of cells, constructs with spatio-temporal release profiles 

have been developed. Localizing signals to the inner and outer zones of the printed 

construct enables spatial differentiation towards fibrochondrogenic or chondrogenic 

phenotypes that are found in the outer and inner zones of the native tissue, 

respectively (C H Lee et al., 2014; Romanazzo, S., S.Vedicherla, C. Moran, 2011; 
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Zheng-zheng Zhang et al., 2019). When cultivated in scaffolds or hydrogels 

functionalized with decellularized and/or solubilized meniscus ECM, BMSCs have also 

been shown to differentiate into the different cell types found in the native meniscus 

tissue (Rothrauff, Shimomura, Gottardi, Alexander, & Tuan, 2017)(Visser, Levett, et al., 

2015)(Rothrauff et al., 2017). Such decellularization and solublization processes have 

also enabled the creation of scaffolds from meniscus ECM that retain native signals 

while removing inflammatory signals like xenogeneic DNA. This strategy has already 

been developed in the Kelly lab using other tissues like AC (Almeida et al., 2014; 

Browe, Kelly, Mahon, & Díaz-payno, 2019). 

1.4. Objectives of this thesis 

The existing CMI® and ActifitTM products possess a relatively simple porous 

internal architecture that does not replicate the internal structure and anisotropic 

biomechanics of native meniscus tissue. 3D printing has been used in the past to 

create fibre based scaffolds in order to mimic the internal architecture of soft biological 

tissues such as the meniscus (G Bahcecioglu et al., 2019; C H Lee et al., 2014; 

Nakagawa et al., 2019a; Szojka et al., 2017). This thesis aims to develop a 3D 

bioprinting strategy that enables the creation of anatomically accurate, tissue 

engineered meniscus constructs with heterogeneous and anisotropic biomechanics 

and ECM compositions which mimics key aspects of the native meniscus. To this end, 

the first objective of this thesis (Chapter 3) is to use FDM to create PCL scaffolds 

with compressive and tensile properties mimicking that of the human meniscus 

by varying the PCL fibre diameter, spacing and architecture (Fig. 1.1). As part of 

this project, the pores between the PCL fibres will be filled with hydrogels in order to 

produce mechanically reinforced constructs that are both bi-phasic (a fluid phase and a 

solid phase) and cell compatible. This was successfully shown in the past with UV-

crosslinkable gelatin methacryloyl (GelMA) and hyaluronic acid (Bas et al., 2015; 

Visser, Melchels, et al., 2015). 
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Currently commercially available implants have failed to promote tissue 

regeneration with a quality high enough to allow full joint regeneration. While cell-

laden, fibre-reinforced hydrogels have been used to produce bi-phasic constructs with 

robust mechanical properties that are simultaneously supportive of abundant ECM 

secretion (Bas et al., 2015; Schipani, 2019; Visser, Melchels, et al., 2015), these 

studies have so far have concentrated on regenerating AC, rather than meniscus. 

Therefore the second objective of this thesis (Chapter 4) is to 3D bioprint a 

composite construct consisting of a BMSC laden hydrogel reinforced with a PCL 

fibre network, and to assess the capacity of this construct to support 

fibrochondrogenesis of BMSCs (Fig. 1.1).  

The cell populations and ECM composition found in native meniscus are 

heterogeneous and vary between the inner and outer zone. Tissue engineering 

enables the creation of constructs which reflect these characteristics by employing 

different materials for the inner and outer zones (G Bahcecioglu et al., 2019). However, 

only limited differences in the levels of ECM deposition have been observed in the 

created zones. Therefore the third objective of this thesis (Chapter 5) is to functionalize 

hydrogel bioinks with decellularized and solubilized porcine meniscus tissue, and to 

assess (i) the rheology and printability of such bioinks and (ii) their capacity to support 

the differentiation of BMSCs into zonally defined meniscal fibro-chondrocytes (Fig. 1.1).  

Lastly, CMI® and ActifitTM are designed only to repair partial meniscectomies 

(de Groot, 2010; W. G. Rodkey et al., 2008; W. G. D. Rodkey et al., 1999) whereas 

allografts transplants are still the gold standard to repair total meniscectomies, but 

suffer from limitations due to donor shortage. In recent years, large scale 3D bioprinted 

constructs have been created with inner and outer zones and biomechanical properties 

similar to the native tissue (G Bahcecioglu et al., 2019)(C H Lee et al., 2014; 

Nakagawa et al., 2019a), with some studies employing circumferential and radial fibre 

orientation in their scaffold designs (Szojka et al., 2017; Zheng-zheng Zhang et al., 
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2019). However, these approaches have generally not considered the complex 

mechanical properties of the native meniscus (e.g. tension-compression non-linearity), 

and scaling-up the production of such large TE constructs remains a significant 

challenge. Therefore the fourth and final objective of this thesis (chapter 6) is to 

develop a scalable 3D bioprinting strategy capable of creating meniscal 

constructs of anatomical size and shape which mimic the anisotropic, 

heterogeneous and non-linear biomechanical properties of the native meniscus 

(Fig. 1.1). 

 

  

Fig. 1.1 Objectives of this thesis: Chapter 3 is focused on mimicking the biomechanical properties of 

the native tissue, chapter 4 concentrates on creating a BMSC loaded IPN of Alg and GelMA, chapter 5 

adds solubilized porcine inner and outer meniscus ECM and chapter 6 creates a meniscus construct of 

anatomical size and shape of the native human tissue. 
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LITERATURE REVIEW 

2.1. General introduction 

Menisci are a pair of semilunar cartilaginous tissues in the knee responsible for 

load distribution, joint stability, shock absorption and distribution of lubricating synovial 

fluid (Proctor, Schmidt, Whipple, Kelly, & Mow, 1989)(Hugh & MacNab, 1972; 

Newman, Anderson, Daniels, & Dales, 1989) (Tissakht, Ahmed, & Chan, 1996). The 

menisci have a wedge shaped profile and are located between the femur and tibia. 

Their shapes are essential for increasing the contact surface between the relatively 

planar tibial plateau and the more rounded femoral head (Fig. 2.1 a-c). Furthermore, 

the menisci transmit more than 50% of the vertical axial forces within the knee joint and 

convert them to hoop stresses (Fig. 2.1 f). Moreover, the tissues move slightly during 

bending and flexing of the knee joint and are therefore attached within the joint at 

several different points in a way that allows a degree of freedom of movement. The 

outer zone of the menisci is attached to the joint capsule which supplies the tissue with 

blood and nutrients. Furthermore, the horns of the menisci are attached to the tibial 

plateau through the meniscotibial ligaments and to the femoral head through the 

meniscofemural ligaments. In addition to that, the lateral and medial menisci are also 

attached to each other via the transverse inter-meniscal ligament (Mark A Sweigart & 

Athanasiou, 2001). The meniscus possesses two distinctly different zones: the outer, 

more vascularized and innervated zone, and the inner, more cartilaginous and 

therefore slower regenerating zone (Fig. 2.1 c). These two zones differ in cell 

populations and ECM composition and therefore in their biomechanical properties and 

function (Fig. 2.1 e). 
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Fig. 2.1. Meniscus structure and function: The menisci are located within the knee joint(a) between 

the tibial plateau and femoral head (b) and consist of distinct zones of varying cell populations(c) and 

ECM compositions(e). The circumferentially and radially directed fibres provide anisotropy(d) which is 

essential for the load distribution functions(f). 

(a, (www.drugs.com) b, c, f (Makris et al., 2011b), d (Q. Li et al., 2017), e (Guo et al., 2015)) 
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2.2. Extracellular matrix composition 

2.2.1 Introduction 

Meniscus tissue is a fibrocartilaginous tissue and is often described as a 

composite material with collagen fibres inside a hydrophilic matrix (Tissakht & Ahmed, 

1995). The fibres form a solid phase and their electrostatic charges bind water inside 

the tissue which forms a liquid phase (60-70% of the tissue wet weight). Meniscus 

therefore has bi-phasic properties (Mow & Huiskes, 2005). 

The matrix of the vascularized, outer zone is primarily composed of collagen 

type I as well as traces of Col II-VI and is therefore more fibrous (Fithian, Kelly, & Mow, 

1990; Makris, Hadidi, & Athanasiou, 2011b). Col I fibres are strong in tension and are 

oriented in a circumferential direction inside the tissue. This orientation is crucial in 

preventing radial extrusion of the tissue during stress and in preventing structural 

integrity (Ghosh & Taylor, 1987; Setton, Guilak, Hsu, & Vail, 1999)(Fig. 2.1 d). 

The matrix of the inner, more cartilaginous zone is composed of approximately 

60% Col II as well as 40% Col I. Furthermore, the inner zone also contains 

proteoglycans (PG) like aggrecan and glycoproteins (McDevitt & Webber, 1990) which 

are important to provide the tissue with viscoelasticity, compressive stiffness and 

hydration and to reduce friction between the tibial and femoral surfaces(Ghosh & 

Taylor, 1987; Setton et al., 1999)(Fig. 2.1 e). 

To summarize, the meniscus is a bi-phasic tissue with a solid and a liquid 

phase. Furthermore, the solid phase is a composite, which consists of collagen fibres 

in a hydrophilic matrix. The various forms of collagen fibres and matrix molecules are 

not spread out homogenously throughout the tissue, but are located to different 

degrees throughout the inner and outer zones, the horns and the centre, as well as the 

surface and the deep layers of the tissue. In addition to that, the fibres and matrix 
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molecules show a distinct orientation inside the tissue resulting in a specific anisotropy. 

(Fig. 2.1 d) 

In the following sections the heterogeneity as well as anisotropy of the 

meniscus tissue as a result of the different localization and orientation of the mentioned 

fibres and matrix molecules as well as the resulting biomechanical properties will be 

discussed. 

2.2.2 Meniscus heterogeneity 

Meniscus tissue possesses a heterogeneous composition of collagen fibres 

and matrix molecules that creates biomechanical differences between its inner and 

outer zone, through its depth and spatially from the horns to its centre (Fig. 2.1 c). 

The biomechanical differences of the various matrix compositions can be 

partially attributed to the molecules’ varying electrochemical charges and therefore 

ability to bind water. This results in regional differences in degrees of swelling, as well 

as physiochemical, electrical and mechanical properties like resistance to tensile, 

compressive and shear stress. The following zones are differentiated in the literature: 

2.2.2.1. Outer and inner zone 

The meniscus can be differentiated between an outer and an inner zone. The 

outer zone is the thicker part of the wedge shaped tissue and due to its vascularization 

it is also referred to as the “red zone”. Due to this vascularization and connection to the 

joint capsule the outer zone possesses a higher healing capacity then the inner, so 

called “white” zone. Furthermore, the dry weight of the red zone is composed of 80% 

collagen I and traces of less than 1% of Col II, III, IV, VI and XVIII and therefore 

possesses a more fibrous phenotype(Arnoczky & Warren, 1982; Longo et al., 2012). In 

addition, the red zone is mainly populated by fibroblast-like cells. 
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Often an intermediate zone is defined as a ‘third’ zone between the outer and 

inner zone. This fibrocartilaginous zone is populated by fibroblast-like cells as well as 

chondrocyte-like cells. 

Lastly, the inner or white zone can be described as a hyaline cartilage-like 

tissue that is not vascularized and has therefore a low healing capacity. The matrix of 

the white zone is composed of 70% collagen per dry weight, of which 60% is type II 

and 40% col I. Furthermore, the white zone consists of 17% sGAGs per dry weight and 

1% PGs and is populated with fibrochondrocyte cells (Arnoczky & Warren, 1982; 

Herwig, Egner, & Buddecke, 1984; Longo et al., 2012; Proctor et al., 1989) (Fig. 2.1 e). 

As a cartilaginous tissue, menisci have similar structural and functional features 

to AC tissue except a few differences with the presence of a vascularized zone being 

the biggest one. Furthermore, as mentioned above, the ECM possesses a 

fibrocartilaginous composition and therefore contains a higher Col I content overall and 

a lower PG content, particularly in the outer red zone. 

After birth, the entire meniscus is vascularized, whereas the white, non-

vascularized zone only develops during adolescence. The loss of vascularization in the 

inner zone during adolescence is believed to be due to an increase of weight bearing 

and knee movement (Petersen & Tillmann, 1995). 

2.2.2.2. Superficial and deep layers 

Furthermore, the ECM of the meniscus can be differentiated between its 

superficial and its deep zone through differences in ultrastructure and water content. 

The superficial zone consists of randomly orientated fibrils with split lines similar to the 

ones found in the surface of AC. The ultrastructure of the tissue changes at a depth of 

approximately 100 m, and in contrast to the thinner, more randomly orientated fibrils 

on the surface consists of thick, collagen fibre bundles, which are oriented in a 

horizontal, circumferential direction going from horn to horn. Additionally, smaller, 
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radially oriented fibres tie the circumferential ones together and reinforce the tissue 

going from the outer to the inner zone (Mow & Huiskes, 2005). 

2.2.2.3. Horns vs central region and medial vs lateral 

Furthermore, within the deep layer, which makes up the majority of the 

meniscus volume, uniform collagen and PG contents are reported, aside from 

differences between inner and outer zones as described above. However, slightly 

higher tensile moduli have been reported in the horns of the medial meniscus 

compared to the central part, which can be attributed to the anisotropy through fibre 

directionality rather than ECM contents. In contrast, the posterior horn of the lateral 

meniscus shows a reduced amount of circumferentially oriented fibres, which can be 

correlated with a higher amount of lesions reported in the clinic in that region (Fithian et 

al., 1990). 

In contrast, the size and density of radial fibres in bovine menisci have been 

reported to increase from the anterior to posterior horn, which leads to higher tensile 

moduli and ultimate tensile strength in the radial direction in the posterior horn 

(Skaggs, Warden, & Mow, 1994). 

2.2.3 Anisotropy 

As described above, meniscus tissue has a similar structure and composition to 

AC, but with a number of key differences. The ECM fibre directionality sets meniscus 

tissue further apart from AC, which has been described with horizontal, parallel fibres 

in the superficial zone, randomly orientated fibres in the middle zone and vertically 

oriented fibres in the deep zone. In contrast, as described above, meniscus tissue 

possesses randomly oriented fibres in the superficial layer and circumferentially and 

radially directed fibre bundles in the deep layers. Furthermore, this distinct fibre 

orientation causes anisotropy in the tissue, which means the mechanical properties 

depend on the direction in which the tissue is loaded. Stronger tensile properties have 

therefore been reported in the circumferential direction of the semilunar shaped tissues 
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compared to the radial direction, which corresponds to the higher number of thick, 

circumferentially oriented fibre bundles in the meniscus (Proctor et al., 1989). This 

circumferential arrangement of ECM components is essential for one of the most 

important functions of the meniscus: the conversion of compressive stresses to hoop 

stresses (Fig. 2.1 d, f). 

To summarize, due to the anisotropic fibre orientation the compressive forces, 

shear stresses and tensile stresses in circumferential and radial direction can therefore 

be endured and redirected (Mow & Huiskes, 2005). 

2.3. Biomechanical properties of the meniscus 

Since menisci consist of a matrix with electrostatic charges, the tissue is able to 

bind and store large amounts of liquids, with 60-70 % (by wet weight) of the tissue 

consisting of water. Menisci are therefore characterized as bi-phasic materials with a 

solid and a liquid phase (Fithian et al., 1990; Mow & Huiskes, 2005) displaying rate 

dependent mechanical properties (Bullough, Munuera, Murphy, & Weinstein, 1970; 

Proctor et al., 1989; Skaggs et al., 1994). The following section will consider the 

compressive and tensile properties of the meniscus.  

2.3.1 Compressive properties 

As described above, the compressive properties of native menisci are 

determined by its permeability and water content which is facilitated by the electrostatic 

charges of its matrix components. Since liquids cannot be compressed the liquid phase 

of the tissue is displaced from the solid phase instead during compressive loading. The 

resistance to compressive forces of meniscus tissue is therefore depending on the 

permeability of the tissue and changes with varying rates of compression (Mow & 

Huiskes, 2005). 

With an average aggregate modulus under axial compression of 100-150 kPa 

meniscus tissue possesses slightly lower compressive properties than the ones of AC 
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(M A Sweigart & Athanasiou, 2005). As described above, meniscus tissue consists of a 

heterogeneous ECM composition which means the compressive properties vary 

between the inner and outer zones and the horns and the centre. Moreover, there are 

also slight variations between menisci of different species of human, bovine, porcine 

and lapine sources, which are the most common ones reported in the literature. 

Moreover, due to the described heterogeneity it is important where sections of samples 

have been taken from. As reported below in table 2.1, the aggregate modulus is 

slightly higher in the anterior region (~0.15 MPa) than of the central and posterior 

regions (~0.1 MPa). However, the biggest source of variation in comparing mechanical 

properties of human tissues is donor variability. In many cases the available human 

menisci are often from patients of a wide age range, or solely from older patients who 

suffer from degenerated an injured knee joints. However, the most concise testing of 

human meniscus tissue has been excellently reviewed by Makris et al (M A Sweigart & 

Athanasiou, 2005) and are reported in Table 2.1.  

Table 2.1 Compressive properties of native meniscus tissue 

Study Location Aggregate 
modulus (±SD), 

MPa 

Permeability (±SD, 
1015 m4 N—1s-1) 

(M A Sweigart 
et al., 2004) 

Medial superior   

Anterior 0.15 ± 0.03 1.84 ± 0.64 

Central 0.10 ± 0.03 1.54 ± 0.71 

Posterior 0.11 ± 0.02 2.74 ± 2.49 

Medial Inferior   

Anterior 0.16 ± 0.05 1.71 ± 0.48 

Central 0.11 ± 0.04 1.54 ± 0.49 

Posterior 0.09 ± 0.03 1.32 ± 0.61 

 

2.3.2 Tensile properties 

The meniscus tissue possesses anisotropic tensile properties due to radial and 

circumferential collagen fibre directionality, as well as spatial differences in fibre 

density (e.g. between the anterior/posterior and surface/deep layers as well as 

between the medial and lateral menisci).  
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Under elongation testing the initial region of a stress/strain curve can be 

described as a non-linear toe region and correlates to an elastic behavior of coiled up 

collagen fibre bundles being uncoiled. When the tissue is elongated under tension, the 

fibres stretch and the amplitude of the coiled fibres decreases. The stiffness of the 

tissue then gradually increases until all fibres are straightened (Mow & Huiskes, 2005). 

Following that, the linear region of the stress-strain curve the correlates to stretching of 

the now straightened collagen fibres concluded by their eventual fracture (Mow & 

Huiskes, 2005; Tissakht & Ahmed, 1995). 

Similarly, to compressive testing, published results on tensile properties of 

native tissue vary significantly and depend on donor, sample location and size, 

preparation and testing method. Examples of variation in preparation process are 

preparing frozen or fresh samples, testing them in a humidified chamber or in solutions 

with protease inhibitors to prevent degradation (M A Sweigart & Athanasiou, 2005; 

Tissakht & Ahmed, 1995). Another step towards elimination of testing variations have 

recently been described through the uniform use of “extended tab” and rectangular 

shaped samples to test circumferential and radial specimen, respectively. The most 

concise collection of data, as reviewed by Makris, is presented in Table 2.2. 

The tensile moduli of human meniscus tissue reaches 100 – 300 MPa in 

circumferential direction and shows its lowest values in the medial posterior horn with 

approximately 100 MPa and has its highest moduli in the anterior and posterior horns 

of the lateral meniscus with 135-300 MPa. The tensile moduli in the radial direction are 

with approximately 30-50 MPa lower and show reduced tensile properties in both 

posterior horns (Fithian et al., 1990; Lechner et al., 2000; Tissakht & Ahmed, 1995). 

  



 

 18 

 

Table 2.2: Tensile properties of native meniscus tissue 

Study Direction Location Modulus (±SD, MPa) 

(Fithian et al., 
1990) 

Circumferential Lateral meniscus  

Anterior 159.1 ± 47.4 

Central 228.8 ± 51.4 

Posterior 294.1 ± 90.4 

Medial meniscus  

Anterior 159.6 ± 26.2 

Central   93.2 

Posterior 110.2  

(Tissakht & 
Ahmed, 1995) 

Circumferential Lateral meniscus  

Anterior 124.5 ± 39.51 

Central   91.4 ± 23.04 

Posterior 143.7 ± 38.91 

Medial meniscus  

Anterior 106.2 ± 77.95 

Central   78.0 ± 25.09 

Posterior   82.4 ± 22.23 

 Radial Lateral meniscus  

Anterior   48.5 ± 25.67 

Central   45.9 ± 24.20 

Posterior   29.9 ± 12.77 

Medial meniscus  

Anterior   48.5 ± 25.67 

Central   46.2 ± 27.56 

Posterior   32.6 ± 11.27 

(Lechner, Hull, 
& Howell, 
2000) 

Circumferential Medial meniscus  

Anterior 141.2 ± 56.7 

Central 116.4 ± 47.5 

Posterior 108.4 ± 42.9 

 

2.4. Cell population 

The meniscus also possesses a spatially heterogeneous cell population. During 

early development the tissue only consists of a red zone so similarly, all cells have 

same morphology before adolescence. Later in development, when the white zone 

forms, two morphologically and phenotypically distinct cell populations can be 

observed. Cells can therefore be classified according to their shape and absence or 

presence of a pericellular matrix (Ghadially, Thomas, Yong, & Lalonde, 1978). 

Currently different terms are found throughout the literature for the distinct cell 

populations (Fig. 2.1 c) 
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2.4.1 Chondrofibroblast-like cells of the inner zone 

Cells primarily found in the inner white zone possess a rounded shape, form 

lacunae and are surrounded by a pericellular matrix which consists of col II and GAGs 

as well as smaller volumes of collagen I similarly to hyaline cartilage. These cells are 

therefore called fibrochondrocytes or chondrocyte-like cells (Hellio Le Graverand et al., 

2001; Melrose, Smith, Cake, Read, & Whitelock, 2005). 

2.4.2 Fibroblast-like cells of the outer zone 

Furthermore, the outer red zone is populated by cells of an oval, fusiform shape 

with similar behavior and characteristics to fibroblasts. Furthermore, their long cell 

extensions enable them to interact with other cells and their surrounding matrix. This 

pericellular matrix consists mostly of col I with traces of GAGs and Col III and V 

(Mcdevitt, Mukherjee, Kambic, & Parker, 2002; Nakata et al., 2001). 

2.4.3 Cells in superficial layer 

A third, recently recognized population can be found in superficial layer of 

tissue. The cells possess a flattened fusiform shape without cell extensions and are 

thought to be progenitor cells with therapeutic and regenerative capabilities (Bracht, 

Verdonk, Verbruggen, Elewaut, & Verdonk, 2007). 

2.4.4 Mechanical stimulation of cells 

The homeostasis of this heterogeneous cell population is maintained by a 

complex cocktail of genetic and biochemical factors like growth factors and cytokines 

(Collier & Ghosh, 1995; McNulty, Rothfusz, Leddy, & Guilak, 2013; Pangborn & 

Athanasiou, 2005; Riera et al., 2011) as well as physical factors during joint loading. 

Mechanical factors play an especially critical role in the development, maintenance, 

degeneration, and repair of the meniscus and could therefore provide insights into 

prevention and treatment of traumatic lesions and degeneration of the tissue.  
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Meniscus cells therefore respond to mechanobiological signals like tension, 

compression and hydrostatic pressure and together with genetic and biochemical ones 

metabolic and pro- or anti-inflammatory responses are created (Mcnulty & Guilak, 

2016). Specifically, in vivo studies have shown that joint immobilization leads to a loss 

of proteoglycans (Klein, Player, Heiple, Bahniuk, & Goldberg, 1982; Videman, Eronen, 

Friman, & Langenskiold, 1979) in gene level (Djurasovic et al., 1998) as observed in 

histological staining as well as a decrease in the mechanical function of the tissue 

(Anderson, Gershuni, Nakhostine, & Danzig, 1993; Ochi, Kanda, Sumen, & Ikuta, 

1997). This described disuse atrophy can be prevented and lesions repaired through 

passive or active motion without bearing of weight in order to increase the blood flow 

throughout the joint system (Bray et al., 2001; Burr, Frederickson, Pavlinch, Sickles, & 

Burkart, 1984; Klein, Heiple, Torzilli, Goldberg, & Burstein, 1989). This mechanism 

which also improved regeneration after surgery (Dowdy, Miniaci, Arnoczky, Fowler, & 

Boughner, 1995) and induced anti-inflammatory response in osteoarthritis model can 

also be observed through an increase in IL-10 in fibrochondrocytes (Ferretti et al., 

2005). 

Abnormally high loading however, can be damaging to the meniscus tissue as 

well, as shown through lower cell viability levels in a rabbit joint model and an increase 

in pro-inflammatory cell signals like nitric oxide (Killian, Haut, & Haut Donahue, 2014). 

Furthermore, explant cultures show that 10% strain under dynamic loading causes 

anabolic responses in cells through decreased release of pro-inflammatory mediator 

NO (Gupta, Zielinska, McHenry, Kadmiel, & Haut Donahue, 2008) and increased 

aggrecan expression (Aufderheide & Athanasiou, 2006). However, strains of 20% 

surpass the healthy physiological levels and cause a catabolic cell response 

demonstrated through the release of matrix metalloproteases, nitride oxide synthase 2 

and interleukin 1a (Gupta et al., 2008; McHenry, Zielinska, & Donahue, 2006; 

Zielinska, Killian, Kadmiel, Nelsen, & Haut Donahue, 2009), whereas the secretion of 
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Col I, tissue inhibitor of metalloproteases 1 and TGF-β (Gupta et al., 2008; Zielinska et 

al., 2009). 

To summarize, meniscus tissue possesses a heterogeneous cell population 

with a homeostasis maintained by a complex mixture of biochemical, genetic and 

mechanical signals. Abnormal mechanical loading, however, can lead to decreased 

function of the meniscus tissue through degeneration or lesions. 

2.5. Biomechanical and clinical impact of meniscus deficiency 

2.5.1 Meniscus tears 

As described above the circumferentially aligned collagen fibres are essential 

for the function of the meniscus tissue. However, the load bearing and distributing 

function of the meniscus can be disrupted when those fibres are torn through trauma or 

degeneration. Meniscus injuries are very common in all age groups and symptoms are 

swelling, mechanical blocking of the knee and joint line pain as well as a decrease in 

muscle strength and altered gait pattern (Hall et al., 2014). Furthermore, athletes have 

even higher chances of injury (B. E. Baker, Peckham, Puparo, & Sanborn, 1985), 

usually from trauma during axial loading and rotation (Browner, 2009) which is often 

also coupled with anterior cruciate ligament (ACL) injuries in more than 80% of patients 

(Rubman, Noyes, & Barber-Westin, 1998). 81% injuries occur in the medial meniscus, 

and 19% in the lateral one, with skiing and soccer being the recreational activities with 

the highest knee injury risks (Majewski & Susanne, 2006). Tears in middle aged and 

elderly patients, however occur due to degeneration than from sports and in 68-90% of 

patients meniscus tears are also correlating with OA. Due to degeneration and 

declining vascularization of the joint with age meniscus repair has been less successful 

in older patients (Barrett, 1998)(M Englund et al., 2007). Moreover, degenerative tears 

are commonly of a more complex nature and occur mostly in the posterior horn 

(Mcdermott & Amis, 2006). 
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The nature of lesions can be classified according to the depth of the tear 

(partial or full thickness), as well as the tear pattern (radial, bucket handle, oblique, or 

complex for example) (Fig. 2.2 a). Untreated meniscus tears are a potent risk factor for 

the development of OA (Martin Englund et al., 2009). Identifying and classifying the 

injury is therefore essential to choosing the correct treatment option (Noyes & Barber-

Westin, 2010). A common surgical treatment method is meniscectomy, which entails 

the removal of the torn section to facilitate acute pain relieve and reduction in joint 

swelling. Following a partial meniscectomy, patients can return to their normal life after 

short time, especially since the introduction of minimally invasive arthroscopic surgery 

methods. Meniscectomies are conducted in 61 per 100 000 people per year, in young 

patients to treat acute lesions or as part of degenerative process in older patients (B. 

E. Baker et al., 1985). 

However, the removal of the damaged meniscus tissue causes knee instability 

and accelerates osteoarthritis, leading to more chronic pain and the eventual need to 

undergo total meniscectomy or knee arthroplasty in the future (Salata, Gibbs, & 

Sekiya, 2010). Meniscus deficiencies due to lesions or meniscectomies therefore have 

a number of biomechanical and clinical impacts. 
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Fig. 2.2 Meniscus tears, repair and replacement: Various types of meniscus tears (a) reduce the 

total contact area between femur and tibia and increase the concentrated point contact pressure (b). 

Popular repair methods are partial meniscectomies (c) or repair through sutures (d). Total 

meniscectomies require allograft transplants, often via fixation through bone tunnels (e). Partial 

meniscus defects can be replaced with commercially available products Actifit™ (f) or CMI® (g) via 

arthroscopic surgery (h). Further novel implants like NUsurface® are currently in development too (i). 

(a, c, d: (Kwon et al., 2019), b (Mcdermott & Amis, 2006), e (Noyes & Barber-Westin, 2010) f Ivy Sports 

Medicine, Germany, g –h Orteq Ltd, UK), i (Active Implants, 2018) 
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2.5.2 Biomechanical impact 

2.5.2.1. Partial meniscectomy 

As a load bearing tissue, the structure of menisci is essential to their function. 

Partial deficiencies after a tear and subsequent removal of the damaged tissue, 

however, decrease the tissue volume and contact area and therefore lead to an 

impairment of their function (Fig. 2.2 c). 

Specifically, menisci transmit more than 50% of the axial stresses within the 

knee joint and convert them to hoop stresses. The tissue is wedge shaped and 

semilunar and therefore can cover approximately 60% of the joint surface between the 

spherical shaped femoral condyles and more flat tibial plateau. It thereby increases the 

contact surface within the joint (Noyes & Barber-Westin, 2010) which is essential to the 

load distributing function of the tissue. Partial lesions and subsequent meniscectomy of 

the torn and sometimes even dislocated tissue, however also causes a decrease in 

meniscus area and therefore an increase in pressure which the tissue cannot 

withstand over time. In particular, a reduction of 16-34% of the contact area between 

menisci and femur and tibia through a partial meniscectomy leads to more than 350% 

force increase on the AC on average(Fig. 2.2 b)(Seedhom & Hargreaves, 1979). 

Meniscus tears and associated deficiencies are not all equally severe to the joint 

function due to the heterogeneity of the tissue: Tears in the peripheral region for 

example often lead to no significantly decreased contact area and peak contact stress 

only increase by 4 - 27%. Conducting a partial meniscectomy to treat such a lesion, 

however has been shown to increase peak contact areas by 110% (Baratz, Fu, & 

Mengato, 1986). 

This increase in peak contact area stresses furthermore also leads to changes 

on the biomolecular level of the tissue. An increase in stress has been shown to lead to 

a loss and disaggregation of proteoglycans in the ECM and hydration of the tissue. 

Furthermore, meniscus cells also showed a change in PG synthesis through a lack of 
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incorporation and attachment of the molecules to their surrounding matrix as well as a 

changed ratio of produced chondroitin-sulphate-rich compared to keratan-sulphate-rich 

PGs. These biomolecular changes have also been shown to be symptoms of OA 

(Lanzer & Komenda, 1990). Moreover, a disruption in meniscus function has been 

shown to lead to damages in the underlying layer of AC of the joint as evident through 

fibrillation, loss and necrosis (Lanzer & Komenda, 1990). Degenerative tears like this 

can be commonly detected through their high intensity signals in magnetic resonance 

imaging (MRI) scans due to their increased water mobility corresponding to the tissue’s 

change in permeability which is facilitated through the proteoglycan levels (Hutchinson 

et al., 2014). The loss of function and morphological changes of AC on the tibial 

plateau can therefore be directly correlated to the amount of removed meniscus tissue 

in a defect (M Englund, Roos, Roos, & Lohmander, 2001; Hede, Larsen, & Sandberg, 

1992). 

2.5.2.2. Total meniscectomy 

The most significant reduction in meniscus function, however, can be observed 

in tissues with horizontal radial tears which disrupt a large number of circumferential 

fibres and entail large biomechanical impacts on the function of the knee joint. In these 

cases total meniscectomies have to be conducted through the removal of large 

sections of the injured meniscus until mostly only the peripheral rim remains. Bucket 

handle tears located in the inner third of the meniscus decrease the contact area of the 

meniscus by 10% only but increase peak contact stresses by 65%. After treatment via 

total removal of the lateral meniscus a 235-335% increase in localized contact load 

peaks was shown in cadavers (Paletta, Manning, Snell, Parker, & Bergfeld, 1997). 

Similarly, the total loss of the medial meniscus was shown to lead to a decreased 

contact area by 75% and an increase of peak contact pressure of 235% (Baratz et al., 

1986). Due to slight biomechanical differences between lateral and medial 

compartment of the knee joint total meniscectomies of the lateral meniscus have been 
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shown to have lower post-surgical evaluation scores than procedures on the medial 

meniscus. Since the lateral condyle and lateral meniscus are both mirrored in 

convexity, more point loading within the lateral side of the joint was recorded. The 

lateral meniscus therefore carries 70% of the load of the lateral compartment 

compared to the medial meniscus which due to its reduced convexity carries only 50% 

of the load of the medial compartment (Mcnicholas et al., 2000)(Makris et al., 2011b). 

2.5.3 Clinical impact 

Patient related symptoms of meniscus deficiencies are joint instability, locking, 

effusion, grinding and pain as well as physical findings on knee examination like 

limitation in motion, joint line tenderness, effusion, and provocative signs like pain 

when squatting. Furthermore, the clinical impact also varies depending on the site of 

the lesion. Specifically, a worse decrease in joint function was detected after posterior 

tears compared to anterior or bucket handle tears and consequitive partial 

meniscectomies (Hede et al., 1992). Preserving as much healthy meniscus tissue as 

possible is imperative in order to prevent further degeneration of the joint (Matteo et al., 

2016; Moran, Orth, et al., 2015). Consequentially, it has been shown that the retention 

of the posterior third as well as the peripheral rim of the meniscus correlate with 

successful long-term recovery results (Chatain et al., 2001; Hede et al., 1992). 

However, vertical, radial tears have been shown to disrupt a high number of essential 

circumferential collagen fibres and indicate the necessary removal of large contact 

areas of the tissue through a total meniscectomy (R. S. Jones et al., 1996). Further 

clinical consequences when a total meniscectomy was necessary are radiographic 

changes in the whole knee joint like ridge formation, narrowing of joint space and 

flattening of femoral condyle within the first 5 months of the operation. These 

symptoms become more severe over time due to the loss of the weight-bearing 

function of meniscus (Fairbank, 1947). In fact, a 4% loss of AC per year could be 



 

 27 

detected after conducting total meniscectomies (Y. J. Wang et al., 2010)(Mcdermott & 

Amis, 2006). 

 

2.5.4 Current clinical approaches to meniscus deficiencies 

2.5.4.1. Repair 

Menisci are cartilaginous tissues similar to AC but possess a limited self-

healing capability due to their small degree of vascularization. It has furthermore been 

shown that lesions in the peripheral red zone of the meniscus can regenerate without 

surgical intervention through physical therapy, especially in younger patients. The self-

repair capabilities of tears can therefore be classified according to the location of the 

lesion relative to the blood supply of the meniscus. Stable, vertical and longitudinal 

tears in the vascularized, peripheral red zone of the anterior region have the highest 

chances of healing, whereas lesions in the white zone have only low chances of 

regeneration without surgical intervention (Dehaven & Arnoczky, 1994)(Weiss, 

Lundberg, Gillquist, & Hospital, 1989). 

In recent years preserving meniscus structure and function has become a 

priority in the treatment of lesions. Hence, instead of removing sections of torn 

meniscus tissue lesions, which cannot regenerate minimally invasive surgery is used 

more commonly to repair tears using anchors and sutures (Fig. 2.2 d). Highest success 

rates have been achieved here once more in younger patients in paediatric or 

adolescent ages regardless of tear or location due to their higher healing potential 

stemming from higher vascularization and rate of metabolism (Makris et al., 2011b). 

Meniscus repair surgery is often conducted in conjunction with reconstruction of a torn 

ACL, which can be correlated to a number of meniscus lesions due to the nature of 

many meniscus injuries stemming from trauma in recreational activities. In fact, 

combined repair surgeries like these even have a higher success rate than of 
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meniscus surgeries alone (Wasserstein et al., 2008). This has been correlated to the 

possible release of cells, growth factors and bone marrow to the meniscus when 

drilling bone tunnels necessary for ACL reconstruction (Hutchinson et al., 2014). Tears 

in the peripheral, vascularized zone have higher recovery rates again, especially in 

younger patients. In older patients, repair procedures are only conducted in order to 

treat peripheral tears. Contraindications to repair are poor vascularization in the region 

and degenerative nature of the tear, knee instability or osteoarthritis as well as patient 

age and compliance with rehabilitation (Hutchinson et al., 2014). 

A number of different repair techniques apart from suturing are using a fibrin 

clot, rasping, trephination as well as using stem cell therapy or growth factors (Henning 

CE, Lynch MA, Yearout KM, Vequist SW, Stallbaumer RJ, 1990; Taylor & Rodeo, 

2013)(van Trommel, Simonian, Potter, & Wickiewicz, 1998). Success rates range from 

63% - 91% with a higher rate of re-operation than meniscectomies, long term follow-up 

studies are still lacking and there is only little knowledge about possible deterioration of 

the meniscus and AC (Morgan, Wojtys, Casscells, & Casscells, 1991; Caiqi Xu & 

Zhao, 2015). Furthermore, repairing meniscus lesions is still challenging, which is why 

the most commonly used method to treat meniscus lesions is still meniscectomy, 

despite the known risk of joint degeneration (E. M. Roos, Östenberg, Roos, Ekdahl, & 

Lohmander, 2001). 

2.5.4.2. Replacement 

Some meniscus lesions have very low chances of success in repair like 

longitudinal, bucket handle tears in the white zone which often leads to locking of the 

knee (Mcdermott & Amis, 2006) as well as radial horizontal tears from trauma, 

horizontal, flap or complex lesions associated with degenerating tissue which are more 

often found in elder patients (Greis, Bardana, Holmstrom, & Burks, 2002). Those 

lesions are often indicated for treatments with partial or total meniscectomies in order 

to remove the torn region and reduce the acute pain and locking of the joint in case of 
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bucket handle tears. Contrary to today’s knowledge in 1897 menisci were described in 

1897 as remnants of intra-articular leg muscles and torn menisci were primarily treated 

with total meniscectomies. Later, in 1949 the opinion in the field changed and total 

meniscectomies were recognized as damaging the joint and their connection to 

osteoarthritis (Greis et al., 2002). Hence, in order to preserve meniscus tissue and 

function partial meniscectomies were introduced as the primary treatment method for 

lesions. Moreover, in long term studies it was shown that even the regenerative 

potential in paediatric patients with still opened epiphyses in the age of 15 years old 

was insufficient to recover from a total meniscectomy but instead lead to degeneration 

of the joint (Medlar, Mandiberg, & Lyne, 1980). However, as described above over the 

last few decades it was found out now that meniscus tears and subsequently indicated 

partial meniscectomies cause still too much tissue loss to regain full meniscus function 

and novel repair methods have been developed (Matteo et al., 2016; Moran, Orth, et 

al., 2015; Moran et al., 2012). 

In scenarios where repair is not possible and partial or total meniscectomies 

are deemed necessary, however, several implants are available in order to replace the 

damaged and removed meniscus tissue. Actifit™ and CMI® are currently commercially 

available implants following partial meniscectomies and show promising results in the 

clinic, whereas the gold standard to replace removed tissue during total 

meniscectomies are still allograft implants (Makris et al., 2011b; Moran, Orth, et al., 

2015) (Fig. 2.2 e-h). 

Actifit™ and CMI® are off-the-shelf products made of polyurethane and 

collagen scaffolds which reduce pain and improve the knee function as well as 

radiological diagnosis. CMI® is slightly stiffer than Actifit™, degrades slightly slower, 

consists of porous Col I – chondroitin sulphate and hyaluronic acid from bovine 

Achilles tendon and has been shown to support tissue ingrowth (Pieter Buma, Tienen, 

& Veth, 2007). Specifically, histology shows immature collagen fibrils and lacunae, 
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blood vessels and fibroblast-like cells in the constructs 6 months after implantation 

without degradation of joint surfaces visible in MRI scans. Furthermore, after midterm 

studies of 6 years patient activity scores had improved but second look arthroscopy 

and MRI scans still showed inferior tissue compared to native meniscus tissue and 

shrinkage of the implant. In long-term studies after 10 years, however 64% - 85% of 

patients returned to pre-injury activity levels. However, most significant increases in 

patient scores and beneficial developments have only been recorded in younger 

patients with chronic meniscus deficiencies so far (Bulgheroni et al., 2010; W. G. 

Rodkey et al., 2008; Zaffagnini et al., 2011; Zaffagnini & Giordano, 2007)(Spencer et 

al., 2012)(Harston, Nyland, Brand, Mcginnis, & Caborn, 2012)(Myers, Sgaglione, & 

Kurzweil, 2013). Other studies on the other hand still show a scaffold shrinkage and 

MRI signal differences compared to healthy knees (Monllau et al., 2011). Furthermore, 

necessary improvements to the currently available studies on CMI® are the lack of 

randomization and control groups which is an unfortunate difficulty when conducting 

clinical studies.  

Actifit™ on the other hand is an artificial implant made of polyurethane, a 

combination of PCL and urethane. PCL degrades in the body over a course of 5 years 

whereas urethane requires longer to degrade. Actifit™ has promising tissue ingrowth 

results too, shows the development of a trilayered organisation pattern and 

improvements in pain and activity scores in patients but clinical studies so far have 

only been short and midterm over a course of 2 years (Schüttler et al., 2016; Rene 

Verdonk, Verdonk, Huysse, Forsyth, & Heinrichs, 2011). 

NUsurface® and Trammpolin® are two more implants which are currently in 

development and are aimed at treating deficiencies which indicated total 

meniscectomies. Both devices are based on polycarbonate urethane and are non-

resorbable. NUsurface® is currently in clinical trials in the USA and seems to mimic the 

essential circumferential fibre structure more closely than CMI® or Actifit™. The 
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polycorbonate urethane meniscal device reinforced with free floating, ultra-high 

molecular weight polyethylene fibres (UHMWPE)(Active Implants, 2018)(NUsurface®, 

AIC, Memphis, Tennessee, (Elsner & Linder-ganz, 2010)) (Fig. 2.2 i). However, short-

term clinical results point at a high failure rate in 78% of patients after 2 years due to 

dislocation, tears or development of OA and motivate further development of novel 

implants (Van Der Straeten et al., 2016). Similarly to NUsurface®, Trammpolin® is 

currently investigated in clinical trials but animal studies failed to provide 

chondroprotection compared to meniscectomy due to suboptimal fixation method and 

size matching (A C T Vrancken, Madej, Hannink, Verdonschot, & Tienen, 2015; Anne 

C T Vrancken et al., 2017). 

To summarize, both CMI® and Actifit™ show very promising results in tissue 

ingrowth, and pain and activity scores in patients but also MRI signal abnormalities and 

scaffold shrinkage after 10 years. Furthermore, only a small number of long-term 

clinical studies have been conducted so far without necessary blinding or control 

groups. Moreover, both products can be used to treat patients with segmental 

meniscus defects but require an intact peripheral rim of the tissue and intact AC 

(Tienen, Hannink, & Buma, 2009). 

Allograft transplants are therefore still the gold standard to replace meniscus 

defects and are the only available implants to treat lesions, which indicated total 

meniscectomies. Half of all arthroscopic knee surgeries in the US every year are 

therefore still the removal of unstable and damaged sections of meniscus tears (Kim et 

al., 2006) to treat acute joint pain and loss of joint function despite the known retained 

connection of the tear to development of osteoarthritis in long-term (Papalia et al., 

2013). Meniscus allograft transplants are available in cryo-preserved or fresh 

conditions and suffer from donor shortage due to difficulties in shape and size 

matching which is important for healing and preservation of joint mechanics (Dienst, 

Greis, Ellis, Bachus, & Burks, 2007; S. R. Lee, Kim, & Nam, 2012). Allografts are either 
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fixated to the tibial plateau via bone channels or bone plugs, a bone bridge, a hemi-

plateau for better load transmission or via suture fixation through tunnels (Fig. 2.2 

e)(Rodeo, 2001). Long term studies of more than 10 years show improved joint 

function and patient satisfaction but have not been proven to prevent joint narrowing 

(S. Lee et al., 2019; Vundelinckx, Vanlauwe, & Bellemans, 2014). Patient age is also 

negatively correlated with good treatment outcome for allograft transplants (R Verdonk 

et al., 2013), indicating that patients with stable, well aligned knees but acute, 

traumatic lesions might need different treatment options than older patients with 

degenerative lesions. It is therefore important to choose a fitting treatment option to 

restore the joint anatomy and function as well as to prevent the risk of developing 

osteoarthritis.  

To summarize, the developed implants of Actifit™ and CMI® showed promising 

healing results but do not show full meniscus regeneration or halt the progression of 

osteoarthritis and are difficult for surgeons to handle, while allograft implants suffer 

from donor shortage (Kwon et al., 2019). Therefore, despite good progress in 

meniscus repair and replacement procedures over the last decades there is still a 

demand for improved cell-based meniscus implants for partial and total 

meniscectomies via tissue engineering. 

2.6. Tissue engineering approaches 

The currently available surgical meniscus replacement approaches show 

promising results, but it is unclear if they provide long-term solutions for meniscus 

regeneration. This has motivated increased interest in meniscus tissue engineering 

strategies to create more advanced cell-based implants for joint regeneration 

(Hutchinson et al., 2014; Matteo et al., 2016; Moran, Orth, et al., 2015; Moran et al., 

2014, 2012; Moran, Busilacchi, et al., 2015a; Romanazzo et al., 2017; Vedicherla et 

al., 2018). Central to these efforts include the development of advanced biomaterials 
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like polylactides, polyglycosides, silk and others in order to create scaffolds, which can 

mimic the complex biomechanical functions of the meniscus tissue. A common 

strategy in tissue engineering for orthopaedics is therefore to create implants which 

provide the necessary mechanical integrity and function to the joint after their 

implantation, until the repopulated cells regenerate tissue which can fulfil these 

requirements (Makris et al., 2011b). 

2.6.1 Cell sources 

The non-vascularized white zone of the meniscus has a low regenerative 

potential. Trephination or rasping for example allows access of autologous progenitor 

cells from blood vessels and the bone marrow to travel to damaged sites and repair 

lesions. Growth factors have been used in the past to further entice this migration, or 

exogenous cells can also be delivered to damaged sites directly through the implant. 

The specific cell choices for such strategies have will be discussed here briefly but 

have recently been reviewed in detail elsewhere (Hutchinson et al., 2014)(Niu et al., 

2016). 

2.6.1.1. Autologous meniscus cells and chondrocytes 

Using autologous meniscus cells and chondrocytes has a number of 

advantages, including donor acceptance and the fact that the cells will produce 

meniscus or cartilage specific ECM molecules without any further priming or 

modification. However, the biggest disadvantage is that this strategy requires two 

surgical procedures: first a biopsy to extract the cells followed by a second procedure 

to re-implant the autologous cells after their expansion in vitro (Kon et al., 

2008)(Martinek et al., 2006). 

Furthermore, the number of viable cells which can be isolated from patients is 

often highly limited since patients who need a meniscus treatment often already suffer 

from degenerating tissue, which means a biopsy may not contain cells ideal for 

expansion and matrix production in vitro. In addition, the currently available protocols 
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for meniscus cells and chondrocytes mostly produce cells which do not secrete a 

sufficient amount of sGAGs and dedifferentiate when growing on tissue culture 

plastic(Tanaka et al., 1999)(Collier & Ghosh, 1995)(Gunja & Athanasiou, 2007)(Darling 

& Athanasiou, 2005). This is a particular challenge for tissue engineering large scale 

constructs like menisci, which require a high number of cells and abundant matrix 

deposition. This has motivated the use of alternative cell sources for meniscus tissue 

engineering.  

2.6.1.2. Allogenic meniscus cells and chondrocytes 

Allogenic meniscus cells or chondrocytes have been explored as cell sources 

for meniscus tissue engineering due to their higher availability and better quality 

compared to autologous cells of patients with potentially degenerative cartilage or 

menisci. Specifically, articular, auricular and costal chondrocytes have been used in 

different studies and show good potential (Weinand, Peretti, Adams, et al., 2006; 

Weinand, Peretti, Jr, et al., 2006). Xenogenic chondrocytes and meniscus cells have 

also been explored as well and show promising results. Moreover, they have shown 

little to no immune response in rabbits over a course of 24 weeks (Ramallal et al., 

2004). 

2.6.1.3. Bone marrow Mesenchymal Stem Cells 

Perhaps the most prominent cell type in musculoskeletal tissue engineering are 

multipotent, marrow stromal / mesenchymal stem cells which can be isolated from the 

adult bone marrow (BMSCs). They were first described as mesenchymal stem cells 

and shown to differentiate into cells capable of producing tissues resembling cartilage, 

bone, fat and other connective tissue in vitro (Caplan & Dennis, 2006). However, their 

roles in vivo might be different, since they can secrete immune-regulatory molecules 

which contribute to healing processes (Caplan, 2017). Specifically, they are able to 

present paracrine mediators and recruit other cells to repair tissue and regulate the 

immune response. This function has prompted some to propose re-classifying these 
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cells as Medicinal Signalling Cells (Caplan & Dennis, 2006). Furthermore, their use in 

tissue engineering strategies has now also shifted to enticing their healing potential in 

damaged tissue rather than simply use the cells to replace the tissue. To summarize, 

MSCs possess multilineage plasticity, immunomodulatory, anti-inflammatory and 

proliferative abilities which make them highly attractive cell sources for musculoskeletal 

tissue engineering.  

Their ability to migrate to meniscus lesions and secrete trophic factors, their 

potential to differentiate into cartilaginous cells and drive matrix fibrocartilagenesis as 

well as their chondroprotective properties have therefore been used in several studies 

for meniscus tissue engineering.  

However, as described above, repair methods using autologous MSCs are still 

limited by the age of the patient as well as the size of the lesion, which is why isolation, 

expansion and implantation of MSCs is sought to improve those shortcomings. In 

contrast to using chondrocytes or meniscus cells, however, MSCs require specific 

culture conditions in order to drive them towards a chondrogenic phenotype. Various 

different strategies have been explored to achieve this like different chondrogenic 

media conditions with signalling molecules like growth factors, mechanical stimulation, 

matrices for 3D culture, hypoxic oxygen culture conditions or centrifugation into micro 

pellets. These different treatment methods all have their advantages and 

disadvantages and have to be adapted to fit each implant. For example, after isolation 

and expansion MSCs have been seeded into hyaluronan-collagen scaffolds and 

implanted directly into a rabbit and canine defect models without where they presented 

good healing and tissue integration (Abdel-hamid, Hussein, Ahmad, & Elgezawi, 2005; 

Izuta et al., 2005). However, increased matrix production but less integration into the 

host tissue and cell migration has been detected when the cells were pre-cultured in 

chondrogenic media with TGF-β1 prior to implantation (Pabbruwe et al., 2010). 

Furthermore, increased ECM deposition was detected under dynamic culture 
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conditions and mechanical stimulation as well as when cultured on scaffolds of 

decellularized meniscus tissue and electrospun PCL (B. M. Baker, Shah, Huang, & 

Mauck, 2011)(Nerurkar, Sen, Baker, Elliott, & Mauck, 2011).  

In contrast, instead of seeding MSCs into constructs prior to implantation 

growth factors and ECM molecules have also been used to recruit local endogenous 

stem/progenitor cells to migrate to the site of interest through in situ activation in an 

attempt to promote a repair process. In this approach the cells are targeted to migrate 

into the lesion or construct after implantation, proliferate and differentiate into the 

desired cell type using acellular scaffolds or delivery of growth factors such as vascular 

endothelial growth factor (Forriol, 2009; Nerurkar, Sen, et al., 2011). Furthermore, a 

number of studies have also sought to create vascular access channels via 

trephination or rasping the red zone of the remaining peripheral meniscus to allow 

blood flow and stem/progenitor cell migration into the meniscus lesion as described 

above (Uchio, Ochi, Adachi, Kawasaki, & Iwasa, 2003; Zhongnan Zhang, Arnold, 

Williams, & McCann, 1995).  

2.6.1.4. Synovium derived MSCs 

Furthermore, a cell source similar to bone marrow derived MSCs used in 

meniscus tissue engineering are synovium derived MSCs. They have similar 

characteristics as bone marrow MSCs like multilineage plasticity, regenerative potential 

and their ability to generate fibrocartilage (Hatsushika et al., 2014). Similarly to bone 

marrow MSCs growth factors like TGF-β3 and connective tissue growth factor (CTGF) 

have been used to attract them to migrate from the synovium to damaged areas to 

promote healing (Chang H Lee et al., 2014) but have shown the additional advantages 

of simplified harvesting for isolation (Shirasawa, Sekiya, Sakaguchi, Yagishita, & 

Ichinose, 2006). After isolation and expansion synovium derived MSCs have been 

used in clinical trials to treat meniscus defects and osteoarthritis via direct injection (Jr 

et al., 2014). However, current issues of injection-based stem cell treatments are still 
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the limited number of cells which can be delivered via embedding in construct and the 

lack of localization of the cells at the target site. A possible solution for the latter issue, 

however is the co-localization of growth factors to implanted biomaterials which will be 

discussed in the following sections. 

 

2.6.2 Biomaterials 

Both natural and synthetic biomaterials have been used in meniscus tissue 

engineering in the past in order to create implants which are biocompatible, 

biodegradable and ideally capable of supporting meniscal tissue regeneration. A wide 

range of polymeric scaffolds have been developed, the functions of which are to 

provide some initial biomechanical stability to the joint environment as well as providing 

an environment which is conducive to  maturation of an engineered tissue (Athanasiou 

& Eswaramoorthy, 2013). A number of scaffold-free tissue engineering strategies have 

also been developed in order to avoid potential toxic degradation processes or 

unfavourable immune responses associated with some polymers (Hoben et al., 2007). 

Requirements to biomaterials for meniscus tissue engineering applications are 

to provide a support structure for cells which shields them from compressive and shear 

forces in the joint environment of the knee and to maintain its shape until cells produce 

their own matrix. In addition, they need to be degradable in order to facilitate 

remodelling and host tissue integration. Furthermore, a number of biomaterials also 

provide differentiating cues and guides to attract host cells to migrate to an injury site. 

2.6.2.1. Synthetic polymers 

A number of synthetic polymers have been used in the past for meniscus tissue 

engineering like PU, PCL, polylactic acid (PLA), polyglycolic acid (PGA) and polylactic 

co-glycolic acid for example. Their advantages are their high bulk availability as well as 

their robust mechanics which allows many of them to them to withstand the 
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environment of the joint. Moreover, 3D printing enables the creation of anatomically 

shaped constructs which can be fitted to the exact target site of each individual patient 

as well as a variation of internal pore sizes, fibre sizes and above described 

mechanical behaviour. In contrast, some of their biggest disadvantages are, however 

their lack of bioactivity, tissue integration and bi-phasic mechanical properties. 

Specifically, synthetic polymers consist of a solid phase only, whereas menisci and 

other cartilaginous tissues are viscoelastic and bi-phasic, which means they also 

possess a liquid phase (Makris et al., 2011a). 

2.6.2.2. Hydrogels 

Hydrogels, on the other hand, can be characterized by their viscoelastic 

behaviour due to their high water content which means they are able to absorb and 

store liquids similar to meniscus ECM. Hydrogels consist of polymer chains which form 

a network that is either crosslinked ionically or covalently, temporarily or permanently. 

Hydrogels used commonly in meniscus tissue engineering are natural as well as 

artificial gels and examples include: fibrin, heparin, alginate, gelatin methacrylamide or 

hyaluronic acid methacrylamide. Furthermore, another advantage of hydrogels in 

tissue engineering applications is that they provide a 3D environment for cells to 

interact with and grow in which mimics their native surroundings more closely than 2D 

tissue culture plastic would. Moreover, if the hydrogels contain cell binding sites then 

encapsulated cells are able to interact with their surrounding matrix and migrate or 

assume an elongated fibroblast-like morphology. Contrary to that, alginate for example 

does allow cell binding so cells are forced to assume a rounded morphology than their 

ECM synthesis and proliferation could be reduced (Aufderheide & Athanasiou, 2006; 

Johannah Sanchez-A & Athanasiou, 2009; Thie, Schlumberger, Rauterberg, & 

Robenek, 1989; P. Verdonk et al., 2005). Since the gel matrix can influence the cell 

phenotype, a number of hydrogels used in AC tissue engineering strategies are also 

used in meniscus tissue engineering since they are believed to be generally supportive 
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of a cartilaginous phenotype. However, only the inner zone of the meniscus is 

populated by chondrocytes similar to that in AC, while the outer peripheral zone is 

populated by fibroblast-like cells. Many tissue engineering constructs therefore employ 

different types of hydrogels in order to stimulate encapsulated cells to assume 

morphologies similar to that observed in the inner and outer zones of the meniscus (G 

Bahcecioglu et al., 2019; Gokhan Bahcecioglu, Hasirci, Bilgen, & Hasirci, 2018). 

Furthermore, other smart biomaterials have been developed for meniscus 

tissue engineering applications, such as injectable gels based on chitosan-hyluronan-

poly N-isopropyl acrylamide for minimally invasive surgery, since arthroscopic surgery 

is a commonly used technique in orthopaedic procedures. The hydrogel reversibly 

solidifies with temperature changes, encapsulated meniscus cells maintain their 

viability and during culture ECM production increases. Disadvantages of this as well as 

many other hydrogels are their relatively poor mechanical properties, even after 

solidifying (J. Chen & Cheng, 2006). Modest improvements in mechanical properties 

can be achieved through increased hydrogel crosslinking and/or polymer 

concentration, however this can be associated with decreased cell viability and ECM 

production (Bryant, Chowdhury, Lee, Bader, & Anseth, 2004). 

To summarize, hydrogels have the advantage of simulating a 3D matrix similar 

to the one encountered by cells in their native environment. Moreover, many hydrogels 

also promote ECM synthesis and so-called smart hydrogels gels are even tuneable to 

adapt to the needs of the heterogeneous cell population in the meniscus tissue. The 

main limitations associated with hydrogels for meniscus tissue engineering applications 

are their relatively poor mechanical properties, potentially making then unsuitable for 

implantation into the challenging mechanical environment of the knee joint. 
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2.6.2.3. ECM based biomaterials 

In order to increase the bioactivity of biomaterials for tissue engineering 

applications, several studies describe the use of ECM derived biomaterials, either 

alone or in combination with a hydrogels, for meniscus tissue engineering.  

Development of such ECM derived biomaterials requires certain physical 

and/or chemical treatment steps in order to minimise the risk of an immune reaction 

and to facilitate the creation of a gel-like material, which can be shaped to the user’s 

requirements. Specifically, in order to remove any immunogenic potential from the 

ECM material, DNA needs to be removed from the tissue below the widely accepted 

threshold of 50ng/mg (Crapo, Gilbert, & Badylak, 2011a). However, a challenge to this 

procedure is to retain key compositional and structural cues associated with the native 

tissue in order to ensure the biomaterial retains its capacity to direct cell differentiation. 

For example decellularization treatments of porcine menisci have been described 

using pepsin digestion, urea, acids, or freeze-thaw cycles leaves which leaves sGAGs 

and collagen molecules intact but removes PGs (Y.-C. Chen et al., 2015)(Stapleton, 

Ingram, Fisher, & Ingham, 2011)(Wu et al., 2015). Moreover, the solubilization 

treatment furthermore enabled injectability of the biomaterial which is a necessity for 

the development of bioinks for tissue engineering through 3D bioprinting (Pati et al., 

2014). Furthermore, human bone marrow MSCs cultured within the matrix material 

showed enhanced proliferation and Col II and sGAG secretion (Y.-C. Chen et al., 

2015), (Stapleton et al., 2011)(Wu et al., 2015).  

Moreover, since the ECM compositions of the inner and outer meniscus zones 

differ in collagen, sGAG and PG molecules as described above, several studies have 

created ECM based materials which have been isolated from the specific zones 

separately (Romanazzo et al., 2017; Rothrauff et al., 2017; Shimomura, Rothrauff, & 

Tuan, 2017). In these studies the observed collagen expression of encapsulated cells 

was higher in presence of the decellularized ECM components than without them. 
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Furthermore, an additional stimulation through growth factors TGF-β and CTGF in the 

media further increased matrix production significantly.  

However, phenotypic differences between cells cultured in inner and outer ECM 

based materials are often still small and require additional culture in presence of TGF-

β. For example, human MSCs cultured in constructs of decellularized inner and outer 

ECM material via on urea based treatment mixed with GelMA showed differences in 

gene expression in earlier time points between groups of inner and outer ECM only. 

However, equalization of differences between gene transcription levels and ECM 

secretion was detected after 21 to 42 days in culture (Shimomura et al., 

2017)(Rothrauff et al., 2017). These findings go in parallel with a recently published 

review which concludes that many cells only take cues from their surrounding ECM 

based biomaterials only in early culture phases, whereas if not exposed to stronger 

signalling molecules like growth factors they will follow their previous phenotype and 

remodel their surrounding matrix accordingly in later stages (Blache, Stevens, & 

Gentleman, 2020). 

2.6.2.4. Growth factors 

As described above, many biomaterials and ECM based components have 

been used in tissue engineering strategies in the past in order to drive cell 

differentiation of MSCs towards chondrogenic or fibroblast-like phenotypes. However, 

only a small number of them achieved this over prolonged culture periods without the 

additional use of growth factors to stimulate encapsulated cells (Rothrauff et al., 2017; 

Shimomura et al., 2017). CTGF and hepatocyte growth factor have shown to stimulate 

matrix production and vascularization associated with the outer zone of the meniscus, 

whereas platelet derived growth factor-BB and insulin-like growth factor drive secretion 

of matrix molecules similar to the inner zone. (Chang H Lee, Moioli, & Mao, 2006; K. H. 

Park & Na, 2008) Furthermore, CTGF and platelet-derived growth factor have recently 
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been used to create a spatio-temporal release profile in a 3D printed construct (Chang 

H Lee et al., 2014; Nakagawa et al., 2019a)  

The most commonly used growth factor to induce chondrogenesis, TGF-β, is 

also heavily featured in AC tissue engineering and has been shown to be essential for 

matrix production (Tuli et al., 2003). However, it has been shown that it also prevents 

tissue integration. This indicates, that a combination of different growth factors as well 

as other elements like oxygen concentration, mechanical stimulation and 3D 

environment are necessary in order to drive the differentiation of cells towards the 

phenotypes found in native meniscus tissue.  

To that end, various biofabrication techniques have been explored in order to 

create more complex tissue engineered implants, which could enable a more complex 

stimulation of encapsulated cells. 

 

2.6.3 Biofabrication 

2.6.3.1. Casting 

Biofabrication enables the creation of complex outer shapes similar to 

anatomical size and form of native meniscus tissue which is especially important for a 

tissue like the meniscus with its function of load distribution between the tibial and 

femoral heads. 

Injection moulded alginate constructs with the anatomical shape of menisci 

have been described in the past (G.-Q. Chen & Wu, 2005; Heijkants et al., 2004; 

Klompmaker et al., 1991; Maher et al., 2010; Ramrattan et al., 2005). However, some 

of them suffered from heterogeneous tissue generation due to the limited nutrient and 

gas exchange through diffusion to encapsulated cells within the centre of a large scale 

construct like a human sized meniscus (Ballyns et al., 2008). This could be improved 
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through the creation of pores to reduce the diffusion distance towards cells or by 

cultivation in an agitation bioreactor (Grayson et al., 2008; Rouwkema et al., 2013). 

Furthermore, many constructs which are based on hydrogels alone often suffer 

from low mechanical properties. However, a small number of biofabrication strategies 

have achieved tensile and compressive moduli similar to the ones of native meniscus 

tissue. Their ability to create a scaled up construct as well as to survive in a joint 

environment in long term studies still remains to be proven (Gunja, Huey, James, & 

Athanasiou, 2009; Makris, Macbarb, Paschos, Hu, & Athanasiou, 2014). 

In contrast, constructs based on PCL and hyaluronan polymers provide more 

mechanical support and have been casted with structural support through polyethylene 

therephtalate or PLA fibres in order to withstand the hostile mechanical forces in the 

native joint. After 4 months, promising tissue ingrowth and tissue integrity were 

reported using in vivo sheep models when seeding autologous chondrocytes on top of 

the implant. However, after 12 months due to the rigid mechanical properties of the 

casted polymers the developed implants caused increased damage to the AC while 

still suffering from implant dislocation and deformation (Chiari et al., 2006; Kon et al., 

2008, 2012). 

Moreover, recently zonal variation and anisotropy has been induced in casted 

constructs through a variation of collagen density and alignment of pores (Higashioka, 

Chen, Hu, & Athanasiou, 2014). In addition, 3D printing enables the creation of 

meniscus constructs of further complexity. 

2.6.3.2. 3D printing of meniscal implants 

3D printing has become an important technology in tissue engineering over the 

previous decades due to its ability to create more complex constructs. It enables the 

control over the inner structures and allows the development of constructs that mimic 

the architecture of collagen fibres found in the native meniscus tissue. For example, by 
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modifying the orientation of electrospun PCL fibres dramatic increases in the tensile 

properties of scaffolds can be achieved (Teberg et al., 1982). Furthermore, it was also 

shown that aligned PCL fibres influenced cell and ECM alignment in culture which 

additionally strengthened the tensile properties of the resulting constructs (B. M. Baker 

& Mauck, 2007). Another biofabrication technique which showed promising results in 

cartilage tissue engineering based on aligned PCL and PGA fibres is based on 

weaving and could provide a means of further mimicking the anisotropic fibre 

orientation of native ECM fibres (F. Moutos & Guilak, 2010; F. T. Moutos, Freed, & 

Guilak, 2007). Circumferentially aligned PCL fibres have also been explored in 3D 

printing via FDM, which enabled the manipulation of both the compressive and tensile 

moduli of the constructs to better mimic the native tissue values (Szojka et al., 2017; 

Zheng-zheng Zhang et al., 2019). 

In addition to mimicking the ECM fibre orientation by controlling the inner 

architecture of the scaffolds, 3D printing also enables the control over tissue 

heterogeneity. As described above, pores for supporting nutrient diffusion can be 

introduced, but 3D printing strategies can also be used to re-create the inner and outer 

zones of the native meniscus tissue, for example by spatially localizing cells, hydrogel 

matrices or growth factors. Zone-specific tissue engineered meniscus constructs have 

previously been fabricated using a 3D printed PCL scaffold loaded with CTGF and 

TGF-β3 encapsulated in microspheres within the outer and inner zones of the 

construct, with the goal of creating a spatio-temporal growth factor release profile. The 

developed construct showed very promising tissue development in vitro and in vivo in 

sheep but still require improved fixation of the tibial plateau to avoid meniscus 

extrusion and damage of the underlying cartilage (Chang H Lee et al., 2014; 

Nakagawa et al., 2019b). A more recent study filled varying compositions of GelMA 

and agarose into the pores of a meniscus shaped PCL scaffold in order to create an 

inner and outer zone where the authors reported varying cell morphologies and ECM 
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composition to some degree. (G Bahcecioglu et al., 2019) Similar zonally engineered 

constructs were also achieved through a combination of dynamic mechanical and 

biochemical stimulation through CTGF and TGF-β3 in vitro and led to promising tissue 

regeneration in rabbit studies in vivo (Z.-Z. Zhang et al., 2017; Zheng-zheng Zhang et 

al., 2019). 

To summarize, many recent studies take on number of different complex 

architectural challenges using 3D bioprinting in order to better mimic the native 

meniscus tissue. Although promising in vitro and in vivo results have been promising, 

so far such approaches have failed to translate their success from in vitro and small 

animal in vivo studies to large animal in vivo models. More advanced biofabrication 

techniques and increasingly biomimetic constructs could overcome these challenges 

and create tissue engineered implants, which are capable of promoting meniscus 

regeneration in challenging environments. 
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3D PRINTING OF POLYMER NETWORKS WITH 

MENISCUS-LIKE MECHANICAL PROPERTIES 

3.1. Introduction 

Menisci play an essential role in the knee joint and every year 1.5 million 

people in the US and Europe require surgery due to trauma or degeneration of the 

tissue (OECD & Chapter7EU, 2016; Parker, Hurwitz, Spang, Creighton, & Kamath, 

2016). Meniscus tears are common in all age groups and dramatically increase the risk 

of developing OA in later life (Hall et al., 2014). Partial meniscectomies are a very 

common treatment option and in recent years a number of scaffolds have been used 

clinically to replace the damaged section of the meniscus (Bulgheroni et al., 2010; 

Monllau et al., 2011; Spencer et al., 2012). Such implants do not restore normal tissue 

and joint function after surgery, which is due to, at least in part, to a number of 

limitations associated with existing meniscus scaffolds. In particular, these biomaterials 

do not mimic the internal architecture and associated mechanical properties of the 

native meniscus tissue. Therefore tissue engineering strategies are required to develop 

meniscus scaffolds that are not only supportive of a meniscal cell phenotype, but which 

also mimic the complex biomechanical properties of the native meniscus tissue. Such 

biomimetic scaffolds could transform treatment options for patients with damaged 

menisci, resulting in improved recovery after surgery. 

The menisci function to increase the contact area in the knee joint, thereby 

reducing the stresses developed within joint tissues during normal daily activities. 

Vertical loads acting on the meniscus are translated into hoop stresses within the 

meniscus, which are accommodated by the complex structure and composition of its 

ECM (Makris et al., 2011b). Meniscal tissue displays spatially inhomogeneous and 
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anisotropic mechanical properties, which can be related to the composition and 

organization of its ECM (Mow & Huiskes, 2005). The tissue has a higher amount of 

collagen fibres orientated in a circumferential orientation throughout its semilunar 

shape than in a radial direction, hence its tensile stiffness is approximately an order of 

magnitude higher in the circumferential direction (Makris et al., 2011a). Furthermore, 

meniscus tissue also displays significant tension-compression non-linearity, being 

significantly stiffer in tension than in compression (Mow & Huiskes, 2005). 

Existing scaffolds used clinically for meniscal repair possess relatively simple 

and homogenous pore structures, and do not mimic the complex internal architecture 

and biomechanics of the native meniscus. Emerging biofabrication techniques such as 

3D printing allow for development of anatomically accurate scaffolds with complex 

internal architectures mimicking key features of biological tissue (G Bahcecioglu et al., 

2019; Chang H Lee et al., 2014; Nakagawa et al., 2019b). A further benefit of 3D 

printing is that it enables diverse material sets to be combined to produce composites 

with desirable mechanical and biological properties; for example cell compatible 

hydrogels that are typically mechanically weak can be reinforced with stiffer fibrous 

networks to produce composites suitable for implantation into load bearing 

environments (Malda et al., 2013). Tough and elastic IPN hydrogels have also been 

combined with such fibre networks in order to create composites that are more 

biomimetic of soft biological tissues (D. S. Jones, Mclaughlin, Mccoy, & Gorman, 2005; 

Liao, Moutos, Estes, Zhao, & Guilak, 2013; Schipani, 2019; Schipani, Scheurer, E, & 

Kelly, 2020). For example, IPNs have been created by combining GelMA and alginate 

to create biomaterials uniquely suited to tissue engineering applications (Jeon et al., 

2017; Krishnamoorthy & Zhang, 2019a). In isolation, GelMA and alginate are either too 

brittle or weak to be used as tissue engineering scaffolds for load bearing applications. 

However, when combined as an IPN the resulting biomaterial displays increased 

fracture toughness, elasticity, stiffness and strength, enabling its use for cartilage and 
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bone tissue engineering applications (Chimene, Lennox, Kaunas, & Gaharwar, 2016; 

Cancan Xu, Dai, & Hong, 2019). 

The aim of this chapter was to develop biomimetic scaffolds for meniscus tissue 

engineering consisting of an IPN hydrogel mechanically reinforced with PCL networks 

displaying tension-compression nonlinearity. To this end various PCL print patterns 

were first investigated in order to produce scaffolds with mechanical properties 

(specifically tension-compression non-linearity) mimetic of the native human meniscus. 

These PCL scaffolds were then combined with IPN hydrogel bioinks consisting of 

GelMA and alginate in order to bioprint composites that were (i) supportive of high 

levels of cell viability and (ii) biomimetic of the dynamic mechanical properties of the 

meniscus.   

3.2. Materials and Methods 

3.2.1 Fused deposition modelling 

Polycaprolactone (CAPA 6500D, Perstorp, Sweden) was printed using a 

RegenHU Discovery 3D printer (Switzerland). Fibres with diameters of 120 μm were 

printed using a 30G needle, fibres of 240 μm were printed with a 25G needle. Scaffolds 

were designed with 0.25, 1 and 2 mm fibre spacing, respectively, in a 90° orthogonal 

orientation in double layers in either aligned or offset patterns. 

3.2.2 Calculation of scaffold porosity 

The porosity of printed samples was calculated using the gravimetric method. 

Briefly, the mass 𝑚𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 and volume 𝑉𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑 of samples was recorded and put into 

Eq. 3.1 and Error! Reference source not found., where 𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑  denotes the 

apparent density of the scaffold and 𝜌𝑃𝐶𝐿 describes the density of PCL of 1.145 g/ml. 

𝜌𝑃𝐶𝐿  (𝑔/𝑚𝑙) =
𝑚𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝑉𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑
 

Eq. 3.1 
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𝑃𝐶𝐿 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑃𝐶𝐿
 

Eq. 3.2 

3.2.3 Meniscus sample preparation 

Medial menisci from 3 months old female pigs were harvested and biopsies of 6 

mm diameter of the outer zones were taken. Biopsies were then cut to cylinders with 

parallel bases for more even contact with the compression platens and more robust 

testing. 

3.2.4 Compressive testing 

Samples for compressive testing were printed as cubes of 6 mm edge length 

and height. Before testing, all samples (n = 4) were soaked in phosphate buffered 

saline solution (PBS) (Sigma) over night. Uniaxial, unconfined compressive testing was 

then performed in wet conditions at room temperature using a bath of PBS and a 2.5 

kN load cell in a Zwick/Roell Twin Column (Germany) with a preload of 0.005 N, 

preload speed of 2 mm/min, waiting time of 2 min and then compressed with a speed 

of 0.0167 mm/s. The samples were subject to a strain cycle load of 3 cycles with 

nominal amplitude of 10, 20 and 30% strain in sequence. The compressive modulus 

was calculated using the linear section, the ultimate compressive strength was 

recorded as the highest recorded stress during the testing regime. The permanent 

deformation of the scaffold was defined as uniaxial plastic strain of the sample and 

calculated using Eq. 3.3 where ∆𝑡 (s) describes the interval of time between two cycles 

when force stops being recorded and is recorded again and ℎ0 (mm) is the sample 

height prior to the test (Fig. 3.1 h) 

𝑃𝐷 (%) =  
𝑇𝑒𝑠𝑡 𝑠𝑝𝑒𝑒𝑑 ∗  ∆𝑡

ℎ0
∗ 100 

Eq. 3.3 
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3.2.5 Tensile testing 

Dog-bone structures were printed for tensile testing with a gauge length of 15 

mm and a thickness and width of 1.5 mm and 4.2 respectively. Both ends of the 

samples were glued to frames of sand paper using 2 components epoxy glue. A 2.5 kN 

load cell in a Zwick/Roell Twin Column used to measure the tensile moduli with a 

preload of 0.05 N a speed of 1 mm/min, paused for 10 seconds and then applying 50% 

strain with a speed of 1 mm/min. To account for sample slippage, the dog-bones were 

marked before testing and analysed via video recording during the test. The ramp 

modulus was calculated using the linear section between 2 and 5% strain. 

3.2.6 Fabrication of single component and interpenetrating network (IPN) 

hydrogels 

As described elsewhere (Loessner et al., 2016) gelatin methacrylamide 

(GelMA) was created by adding methacrylamide groups to gelatin. Briefly, porcine type 

A gelatin (Sigma- Aldrich, average molecular weight 40-50 kDa) was dissolved in 

distilled water in 20% ratio (w/V) at 40°C. 10% methacrylic anhydride (Sigma) was then 

added dropwise and stirred under protection from light at 50°C for 2 hours. The 

solution was then diluted with DI water by 1:5 and its pH adjusted to 7.4 before dialysis 

against distilled water for 7 days at 37°C in bags of 12-14 kDa pore size. The dialysate 

was then sterile filtered and freeze-dried. 

To create the IPN hydrogels, Alginate (LVG, Pronova, Norway) and GelMA 

were dissolved in Dulbeco’s Modified Eagle’s Media (DMEM) (Gibco) and mixed with 

irgacure 2959 (Sigma) to create a gel of 3.5% alginate, 5% GelMA and 0.05% irgacure. 

3.2.7 Casting and crosslinking gels in PCL scaffolds 

Before filling the IPN hydrogel into printed PCL constructs, the printed scaffolds 

were soaked in 45 mM CaCl2 (Sigma) under rotation over night. The PCL cubes were 

then put into casted moulds of 3% agarose (Sigma) and 45 mM CaCl2. Their pores 
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were then filled with the IPN hydrogel by extruding it through a 23G needle. The 

constructs inside the moulds were then exposed to UV light (6W) for 7.5 minutes from 

the top and the bottom each. Furthermore, the constructs were then left for 5 additional 

minutes of crosslinking inside the CaCl2 containing moulds. 

 

3.2.8 Statistical analysis 

Data was expressed as mean and standard error of the mean. Significance was 

calculated using the student-t test with Welch’s correction or ANOVA and Tukey’s post-

hoc test was calculated with * > 0.05, ** > 0.001, *** > 0.0005, **** > 0.0001, n = 4. 

3.3. Results 

3.3.1 The influence of fibre diemater on the tensile and compressive 

properties of 3D printed PCL networks 

First, the influence of fibre diameter (120 µm or 240 µm) on the compressive 

and tensile mechanical properties of 3D printed PCL scaffold networks was explored 

(Fig. 3.1 a,b). With a constant 1 mm fibre spacing, decreasing the fibre diameter from 

240 μm to 120 μm slightly decreased the measured PCL content of the scaffolds from 

18.7% to 17.4% and the compressive modulus from 7.1 MPa to 4.3 MPa (Fig. 3.1 c-d). 

Somewhat unexpectedly, the ultimate compressive strength increased from 0.33 MPa 

0.86 as the fibre diameter reduced (Fig. 3.1 e). The tensile modulus decreased more 

significantly with reductions in fibre diameter, from 50.6 MPa 17.7 MPa, as did the 

ultimate tensile strength, reducing from 4.34 to 1.38 MPa (Fig. 3.1 f-g). The permanent 

scaffold deformation recorded after the application of 10% compressive strain was 

lower than the value recorded for native porcine meniscus tissue (~4%), and 

decreased significantly with decreasing fibre diameters, from 2.49% for the 240 µm 

fibre diameters, to 1.49% for the 120 µm diameter fibre diameters. After the application 
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of 20% strain, all permanent deformation levels were higher than that recorded after 

the application of 10% strain. Furthermore, native tissue and scaffold with a 240 µm 

fibre diameter displayed similar values of 5.9%, decreasing to 3.55% for scaffolds with 

a 120 µm fibre diameter (Fig. 3.1 i). 
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 Fig. 3.1 Effect of PCL fibre diameter on mechanical properties: Printed PCL fibres with 1 mm 

spacing, aligned pattern and 120 μm or 240 μm diameter and (a-b), their PCL contents (c), 

compressive moduli (d), ultimate compressive strength (e), tensile moduli (f), ultimate tensile 

strength (g), and permanent deformation (h-i). p ≤ 0.05 (*), p ≤ 0.001 (**), p ≤ 0.0001 (****), n = 4 

(1) Sweigart et al, (2) Tissakht et al, ($) stress at 30% strain 
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3.3.2 The influence of fibre spacing on the compressive and tensile 

properties of 3D printed PCL networks 

As expected, decreasing the fibre spacing increased the mechanical properties 

of the resulting scaffold network, while also increasing the overall PCL content. The 

measured PCL content increased from 12.35% for scaffolds with a 1 mm spacing, to 

48.35% in scaffolds with 0.25 mm spacing (Fig. 3.2 a-c). The compressive modulus 

also increased with reductions in PCL fibre spacing, from 1.3 MPa to 16.2 MPa (Fig. 

3.2 d), while the ultimate compressive strength increased from 0.18 MPa to 4.06 MPa 

(Fig. 3.2 e). Similarly, the tensile modulus increased from 14.8 MPa to 53.8 MPa (Fig. 

3.2 f), as did the ultimate tensile strength, increasing from 1.07 MPa to 4.58 MPa (Fig. 

3.2 g). Finally, the permanent deformation after the application of 10% compressive 

strain was lower than that observed for native porcine meniscus tissue in all scaffolds, 

decreasing with decreasing fibre spacing from 3.37% for a spacing of 2 mm to 0.22% 

at a 0.25 mm spacing. As expected, the levels of scaffold permanent deformation were 

higher after the application of 20% strain, with 0.25 mm spacing scaffolds still 

undergoing the lowest levels of permeant deformation (0.52%) (Fig. 3.2 h). 
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Fig. 3.2 Effect of PCL fibre spacing on mechanical properties: Printed PCL fibres with 

120 μm fibre diameter, aligned pattern and 0.25, 1 or 2 mm spacing (a-b), their PCL 

contents (c), compressive moduli (d), ultimate compressive strength (e), tensile moduli (f), 

ultimate tensile strength (g), and permanent deformation (h). p ≤ 0.05 (*), p ≤ 0.001 (**), p ≤ 

0.0005 (***) and p ≤ 0.0001 (****), n = 4 

(1) Sweigart et al, (2) Tissakht et al, ($) stress at 30% strain 
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3.3.3 The influence of fibre pattern on the tensile and compressive 

properties of 3D printed PCL scaffolds 

Next the influence of fibre print pattern was explored by 3D printing scaffolds 

where consecutive parallel layers of fibres were either directly ‘aligned’ with the 

underlying layer, or were ‘offset’ to the underlying layers (Fig. 3.3 a). To test the effect 

of such print patterns on the tensile and compressive moduli of the resulting networks, 

the fibre diameter was maintained constant (120 µm), whilst the fibre spacing was set 

to either 0.25 mm, 1 mm or 2 mm. When applying an offset pattern, the compressive 

modulus of the scaffolds reduced compared to the corresponding aligned scaffolds for 

all fibre spacings (Fig. 3.3 b), whilst the ultimate compressive strengths did not 

significantly change (Fig. 3.3 c). It should be noted that the stress-strain curve for 3D 

printed scaffolds with an offset configuration was typically J-shaped, demonstrating 

behaviour more representative of soft biological tissues such as the meniscus (Fig. 3.3 

b-c). Furthermore, an offset print pattern was found to reduce the tensile modulus, from 

14.8 MPa to 8.23 MPa for scaffolds with a large (2mm) fibre spacing, and also resulted 

in a reduction in the ultimate tensile strength (Fig. 3.3 d-e). The PCL content was not 

affected by the fibre pattern (Fig. 3.3 f). It was noted that the reduction in compressive 

moduli with changes in the printed fibre pattern (from ‘aligned’ to ‘offset’) was relatively 

higher than that observed for the tensile moduli. The result of this was that the ratio of 

the tensile to compressive modulus was highest for offset designs with a 2mm fibre 

spacing. In fact, this design was the only scaffold with a ratio > 35:1, which was 

comparable to that observed in native meniscal tissue in the radial direction (Fig. 3.3 

g). No changes in permanent deformation were recorded in scaffolds with offset 

patterns compared to the corresponding scaffold with aligned patterns after the 

application of either 10% or 20% compressive strain (Fig. 3.3 h). In conclusion, it is 

possible to reduce the compressive modulus of 3D printed scaffolds more than its 
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tensile modulus without changes in other scaffold properties (e.g. PCL content, 

permeant deformation), by changing the print pattern from ‘aligned’ to ‘offset’ 

 Fig. 3.3 Effect of PCL pattern on mechanical properties: Printed PCL fibres with 120 μm 

fibre diameter, aligned or offset pattern and 0.25, 1 or 2 mm spacing (a), their compressive 

moduli (b), ultimate compressive strength (c), tensile moduli (d), ultimate tensile strength (e), 

PCL contents (f), tensile/compression ratio (g) and permanent deformation (h). p ≤ 0.05 (*), p ≤ 

0.001 (**), p ≤ 0.0005 (***) and p ≤ 0.0001 (****), n = 4 

(1) Sweigart et al, (2) Tissakht et al, ($) stress at 30% strain 
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3.3.4 Reinforcing IPN hydrogels with 3D printed PCL fibre networks to 

produce highly hydrated composites mimetic of soft biological tissues 

With a view to 3D bioprinting a cell laden, PCL fibre-reinforced IPN hydrogel 

suitable for meniscal tissue engineering, this thesis next sought to explore how 

integrating the previously developed PCL network into an IPN hydrogel would influence 

the tensile and compressive properties of the resulting composite. To this end, 3.5% 

GelMA, 5% alginate and 0.05% irgacure 2959 were mixed to create an IPN which was 

then filled into the pores of a PCL network (120 µm fibre diameter, double layer, 2 mm 

fibre spacing, offset pattern), which was subsequently cross-linked using CaCl2 and UV 

light (Fig. 3.4 a). In agreement with previous findings from our lab (Schipani, 2019), the 

compressive modulus of the composite construct (0.55 MPa) was significantly higher 

than both the IPN alone (0.08 MPa) and the PCL scaffold alone (0.22 MPa). In fact, 

combining the IPN and PCL network led to a synergistic increase in compressive 

properties, with the compressive modulus of the composite greater than the sum of the 

moduli of the IPN alone and the PCL alone (Fig. 3.4 b). However, the ultimate 

compressive strength of the PCL fibre reinforced composite construct did not increase 

compared to the strength of the PCL scaffold alone, with both groups still displaying a 

J-shaped stress-strain profile (Fig. 3.4 c). Furthermore, the tensile modulus and 

ultimate tensile strength of the composite was comparable to the PCL only (Fig. 3.4 d-

e). However, for the ‘offset’ design, adding the IPN into the PCL network reduced the 

permanent deformation of the composite after the application and removal of 10% 

compressive strain (Fig. 3.4f). After the application and removal of 20% compressive 

strain, the permanent deformation of all tested constructs was similar, independent of 

the chosen print pattern, but was still lower than that measured for native meniscal 

tissue (Fig. 3.4 f). 
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Fig. 3.4 Effect of IPN reinforcement on mechanical properties: IPNs of alginate and GelMA with 

printed PCL fibres with 120 μm fibre diameter, 2 mm spacing and aligned or offset pattern (a), their 

compressive moduli (b), ultimate compressive strength (c), tensile moduli (d), ultimate tensile 

strength (e), and permanent deformation (f). p ≤ 0.05 (*), p ≤ 0.001 (**) and p ≤ 0.0001 (****), n = 4 

(1) Sweigart et al, (2) Tissakht et al, ($) stress at 30% strain 
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3.4. Discussion 

Currently commercially available meniscus implants do not mimic the complex 

internal structure and biomechanical function of the native meniscus tissue. The aim of 

this chapter was to engineer composites that mimicked the compressive and tensile 

properties of native human meniscus tissue by combining 3D printed PCL scaffolds 

with IPN hydrogels. The compressive and tensile properties of 3D printed PCL 

scaffolds were found to decrease with decreasing fibre diameters and increasing fibre 

spacings, which was associated with a decrease in the overall PCL content of the 

biomaterials. The ratio between the tensile and compressive modulus of the PCL 

constructs was found to depend on the print pattern, with more meniscus biomimetic 

scaffolds generated using an ‘offset’ design. Finally, it was possible to engineer fibre-

reinforced composites by reinforcing IPN hydrogels with networks of 3D printed PCL. 

These composites possessed superior elasticity and compressive properties compared 

to PCL networks only. 

This chapter first sought to identify PCL network designs that mimicked both 

the compressive and tensile moduli of the native human meniscus tissue. Using PCL 

as a biomaterial, and within the design parameters explored in this study, it was not 

possible to print scaffolds that fully mimicked the complex compressive and tensile 

properties of human meniscus tissue. Scaffolds with fibre diameters of 120 μm, a fibre 

spacing of 2 mm and offset print pattern matched the compressive modulus of the 

tissue (M A Sweigart et al., 2004), as well as its tensile modulus and ultimate tensile 

strength in the radial direction (Tissakht & Ahmed, 1995). While the tensile modulus of 

the native tissue in circumferential direction could be approached using a fibre spacing 

of 0.25 mm, these scaffolds were not mimetic of other meniscus properties and 

suffered from other drawbacks. Firstly, the PCL content of scaffolds with 0.25 mm 

spacing was as high at 48%, which is deemed impractical for applications in surgery, 

since the degradation time of such a high amount of polymer in vivo increases 
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significantly (Abedalwafa, Wang, Wang, & Li, 2013; Woodruff & Hutmacher, 2010). 

Secondly, scaffolds with a PCL content this high showed a significantly increased 

compressive modulus, exceeding that of native tissue in compression by nearly two full 

orders of magnitude. High PCL content has been shown before to be associated with 

higher scaffold compressive moduli, so this result was to be expected (Malda et al., 

2013; Woodruff & Hutmacher, 2010). While it is unclear what impact implanting such 

constructs would have in the joint, damage to the AC in the knee would be a concern 

(Kwon et al., 2019). It was concluded, therefore, that it is not possible to engineer fully 

biomimetic meniscus scaffolds using PCL alone, but this was deemed an acceptable 

shortcoming of proposed design. Alternative material choices to solve those problems 

might be more silk fibre (Warnecke et al., 2018) or Ultra High Weight Polyethylene 

(NUsurface®, AIC, Memphis, Tennessee)(Active Implants, 2018; Balint et al., 2012; 

Elsner & Linder-ganz, 2010) to provide greater tensile strength in the backbone of the 

construct, either as an alternative to PCL or within the backbone of the present 

meniscus construct to provide additional tensile strength in the circumferential 

direction.  

Instead of pursuing higher circumferential tensile strength, it was decided to 

focus on developing a scaffold that mimicked the axial compressive and radial tensile 

properties of the native meniscus. The tensile and compressive moduli of native 

meniscus tissue have a specific ratio, with the tensile modulus being dramatically 

higher than the compressive modulus (>35:1), a feature referred to as tension-

compression non-linearity (X. Chen et al., 2017). This ratio could not be achieved using 

an ‘aligned’ print pattern, as the compressive modulus was too high, while their tensile 

moduli was too low compared to native human tissue. An increase in PCL content 

would bring the tensile modulus of the printed scaffold closer to the values of native 

tissue, but it also resulted in a dramatic increase in the compressive modulus, again 

resulting in the development of a scaffold with a non-physiological ratio of tensile to 
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compressive modulus. This design challenge was addressed using an offset printing 

pattern, which was found to decrease the compressive properties of the scaffold more 

than the tensile properties. Using a printing architecture of 2 mm spacing, 120 μm fibre 

diameter and an offset printing pattern, it was possible to produce scaffold with a 

physiological ratio of tensile to compressive modulus. Previous studies have 

demonstrated how such changes in scaffold design can alter the compressive 

properties of printed PCL networks (Szojka et al., 2017). However, to our knowledge it 

is the first time that the ability to modulate the tensile behaviour more than the 

compressive one has been described using this approach. Furthermore, the J-shaped 

stress-strain profile observed during compression testing of the offset printing pattern 

suggests a more biomimetic mechanical behaviour under compression compared to 

scaffolds with an aligned print pattern.  

The final stage of this chapter investigated the mechanical properties of 

composites generated by mechanically reinforcing IPN hydrogels with networks of 3D 

printed PCL. The compressive modulus of the fibre-reinforced composites were 

superior to that of the IPN and PCL alone, and to the sum of their individual moduli 

combined. This effect has been attributed to the fact that the IPN limits the radial 

expansion and buckling of the PCL fibre walls, and increases the generation of 

hydrostatic pressure with the IPN under compressive loading. Previously, MEW has 

been used to engineer such composites, using PCL fibres of a thickness of about one 

order of magnitude smaller than the ones created by FDM (Bas et al., 2015; Castilho, 

Hochleitner, Wouter, Rietbergen, & Paul, 2018; Schipani et al., 2020; Visser, Melchels, 

et al., 2015). These earlier studies have demonstrated little or no synergistic 

reinforcement when hydrogels are combined with PCL scaffold produced by FDM. 

Using an ‘offset’ print pattern results in the development of PCL scaffolds with a softer 

compressive modulus, but which can be used to synergistically reinforce hydrogels 

(Schipani et al., 2020). Furthermore, the stress-strain curve of the combined sample 
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under compressive testing revealed an elastic J-shaped profile, somewhat mimetic of 

that observed in soft biological tissue (Kendall & Fuller, 1987). It should be noted that 

the tensile modulus and ultimate tensile strength of the fibre-reinforced IPN composite 

was comparable to the PCL scaffold alone. This is most likely due to the drastically 

lower resistance of the IPN to tensile forces, therefore combining them resulted in no 

benefit to the overall tensile properties. 

The composites also displayed low levels of permanent deformation (the 

portion of the original height of a material that cannot be recovered after a particular 

strain is applied and removed) following the application and removal of compressive 

strain. The levels of permeant deformation in such biomaterials are dependent on the 

applied strain levels, the rate of loading as well as the time given for the sample to 

recover its original height following the removal of load. While 10% strain represented 

a physiological loading regime, 20% strain represented a more degenerative loading 

regime (Gupta et al., 2008; Mcnulty & Guilak, 2016; Zielinska et al., 2009). While 

menisci in the joint endure a high number of compressive strain cycles and recover 

from them, he tested meniscus tissue showed higher permanent deformation levels 

than all printed samples. This could be attributed to the fact that the interval between 

cycles during testing was chosen as too short and native tissue would usually swell 

and recover given more time (Mow & Huiskes, 2005). In subsequent chapters a longer 

recovery period was employed, which allowed further time for recovery of the sample. 

Similar to the compressive and tensile moduli, the level of permanent deformation 

under compressive loading decreased with increasing PCL content, fibre diameter and 

decreasing fibre spacing. The chosen fibre pattern had little influence on permanent 

deformation levels under 10% strain. However, not only did an offset pattern facilitate 

the development of scaffolds with compressive moduli similar to native values, the 

levels of permanent deformation within such constructs could be reduced when 

combined with the IPN. Therefore, future chapters of this thesis will employ an offset 
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printing pattern, with a 120 μm fibre diameter and 2 mm fibre spacing to produce PCL 

networks to reinforced IPN hydrogels designed for meniscus tissue engineering and 

3D bioprinting.  

3.5. Conclusions 

To conclude, 3D printed PCL scaffolds with a fibre diameter of 120 μm, a 

spacing of 2 mm and an ‘offset’ print pattern, when combined with an IPN of alginate 

and GelMA, result in development of highly hydrated composites with axial 

compressive and radial tensile properties similar to native human meniscus tissue. 

Chapter 4 of this thesis will explore the potential of the IPN to support chondrogenesis 

of MSCs, and further characterise the biphasic mechanical properties of such tissue 

engineered constructs with time in culture.  
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3D BIOPRINTING OF FIBRE-REINFORCED 

INTEPENETRATING NETWORK HYDROGELS 

FOR ENGINEERING OF FIBRICARTILAGINOUS 

TISSUES 

 

4.1. Introduction 

In order to create a tissue engineered implant for meniscus regeneration which 

can fulfil the complex tasks of the meniscus within the knee joint, it is essential that the 

construct mimics the biomechanical properties of the native tissue. In chapter 3 of this 

thesis a 3D printing strategy was developed which enables the fabrication of PCL 

scaffolds mimicking the elastic modulus of native meniscus tissue in compression and 

in tension (in the radial direction). However, cartilagenous tissue like the meniscus 

have complex bi-phasic (time-dependent) mechanical properties as the tissue consists 

of both a fluid and solid phase (Mcnulty & Guilak, 2016). PCL scaffolds do not display 

such bi-phasic mechanical properties. In contrast, hydrogels such as alginate or 

GelMA are characterized by both a solid and liquid phase and generally display time-

dependent mechanical properties. They consist of a matrix of polymer chains with 

electrostatic charges which bind water molecules in a similar manner to that within 

cartilagenous tissues. A significant limitation of such hydrogels (and hydrogel bioinks) 

for the engineering of musculosketelal tissues is their relatively poor mechanical 

properties, generally making them unsuitable for meniscus tissue engineering 

applications.  

A number of strategies have been employed to improve the mechanical 

properties of hydrogels and bioinks for the tissue engineering of cartilagenous tissues. 
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One common approach is to reinforce softer, more chondrogenic hydrogels with stiffer 

polymer networks (Bas et al., 2015; Visser et al., 2015). Another involves the use of 

IPNs with mechanical properties comparable to soft biological tissues (Chimene, 

Kaunas, & Gaharwar, 2020; Malda et al., 2013). IPNs are mixtures of two hydrogels 

which are crosslinked ionically and covalently, respectively but will remain 

uncrosslinked to one another. This provides an IPN with its superior mechanical 

properties like increased elasticity and lower fracture progression which be tailored to 

the tissue of interest (Chimene et al., 2020; Schipani, 2019). 

Such IPNs have also been used in the engineering of musculoskeletal tissues. 

For example, highly elastic and tough IPN hydrogels have been developed using 

alginate and gelatin, which were also shown to support the proliferation and osteogenic 

differentiation of MSCs (Jeon et al., 2017; Krishnamoorthy & Zhang, 2019a). Such 

IPNs can also be used as bioinks for 3D bioprinting applications (Y. X. Chen, Cain, & 

Soman, 2017; Do, Hong, Cha, Shin, & Bae, 2018)(Krishnamoorthy & Zhang, 

2019b)(Z.-Z. Zhang et al., 2016)(Colosi et al., 2016)(Ansari et al., 2017)(Zhu et al., 

2018)(Costantini, Onofrillo, Duchi, Daly, & Critchley, n.d.)(Tamayol et al., 2015). It 

remains unclear whether such IPN hydrogels are capable of supporting the 

fibrochondrogenic differentiation of MSCs, and furthermore if they could be 

mechanically reinforced to produce composites that mimic the complex viscoelastic 

mechanical properties of the native meniscus. 

Specifically, IPNs of alginate and GelMA has been used in bioprinting in the 

past, albeit not for cartilagenous tissue engineering.(Y. X. Chen et al., 

2017)(Krishnamoorthy & Zhang, 2019b)(Z.-Z. Zhang et al., 2016)(Colosi et al., 

2016)(Ansari et al., 2017)(Zhu et al., 2018)(Costantini et al., n.d.)(Tamayol et al., 

2015). 

Many hydrogels commonly used in tissue engineering due to their promotion of 

cell proliferation and tissue regeneration only have mechanical properties too low to 
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withstand the forces in a native joint environment (Malda et al., 2013). An additional 

difficulty in tailoring bioinks for cartilage tissue engineering is that common methods of 

increasing the mechanical properties of hydrogels is to increase the polymer density or 

the degree of crosslinking. However, both strategies have shown to decrease the cells’ 

ability to produce matrix. This lack of chondrogenesis in many gels with high 

mechanical stiffness has been linked to a lack of nutrient transport and cell migration 

through the hydrogels which can then lead to hypertrophy of MSCs (Chimene et al., 

2020)(Freeman & Kelly, 2017). 

In recent years cartilage biofabrication research has therefore employed 

scaffolds which reinforce softer, more chondrogenic hydrogels with stiffer PCL fibres 

(Bas et al., 2015; Schipani, 2019; Visser, Melchels, et al., 2015). The phenomenon of a 

soft hydrogel and a stiff PCL construct reinforcing each other has been reported to 

stem from the ability of the gel to prevent the PCL fibres from buckling under 

compression (Visser, Melchels, et al., 2015) and has been demonstrated in chapter 3 

already in case of the elastic modulus. Consequently, in the following chapter the 

mechanical properties of the created composite scaffolds were explored more in depth 

by employing a rheological analysis as well as a more complex compressive testing 

methodology which analyse the equilibrium and the dynamic moduli as well. Those 

characteristics provide insight into the ability of the scaffold to retain its liquid phase 

under compression.  

The aim of this chapter was to 3D bioprint a composite construct consisting of 

an MSC laden IPN hydrogel reinforced with a PCL fibre network, and to assess the 

capacity of this construct to support fibrochondrogenesis of MSCs. To this end this 

chapter will first characterise the rheological properties of alginate, GelMA and a 

mixture of both hydrogels, with a view to determining their shear thinning properties 

and suitability of 3D bioprinting applications. Next, the capacity of an alginate-GelMA 

IPN to support chondrogenesis of bone marrow mesenchymal stem cells (BMSCs) was 
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assessed in vitro. In particular, this chapter sought to determine if both the equilibrium 

and dynamic mechanical properties of these in vitro maturated tissues would fall within 

the range of native meniscus tissue. 

4.2. Methods 

4.2.1 Printing PCL scaffolds 

Cylindrical PCL scaffolds of 6 mm diameter and 6 mm height were printed in a 

pattern of double layered 2 mm offset as described in chapter 3 (Fig. 4.2 a). 

4.2.2 Preparation of constructs 

Printed PCL scaffolds were sterilized via ethylene oxide treatment for 12 hours 

and allowed to degas for 48 hours. All following steps were conducted under sterile 

conditions. To ensure homogenous crosslinking of IPN + PCL samples, the printed 

scaffolds were first incubated in sterile 45 mM CaCl2 overnight under rotation in order 

to ensure diffusion into all pores. To prepare crosslinking of IPN only gels a mould of 

3% agarose and 45 mM CaCl2 was prepared.  

First, 16% (w/v) LVG sodium alginate (Pronova, Norway) and 17.5% (w/v) 

GelMA were dissolved separately in DMEM and then mixed with 0.5% irgacure 2595 

(Sigma) in a ratio of 2:2:1 using two syringes connected via a luer lock adapter. 

Expanded BMSCs were then trypsinized and resuspended in expansion media (XPAN) 

at a concentration of 40x106 cells/ml and mixed with the remaining IPN components in 

a ratio of 1:1 to obtain a final cell seeding density of 20x106 cells/ml. IPN + PCL 

samples were then prepared by pipetting the IPN with cells into the pores of the 

prepared PCL scaffolds using a conical 23G needle while IPN only gels were pipetted 

into the prepared agarose and CaCl2 moulds to obtain cylindrical gels (4.7 mm 

diameter and 4 mm height). 
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Samples were then crosslinked in 45 mM CaCl2 under a 6 W UV lamp with 20 

mm distance to samples for 15 minutes and another 5 minutes of CaCl2 only. 

4.2.3 Rheology 

Rheological characterization was conducted using an MCR 102 Anton Paar 

Rheometer (Austria) with a 25 mm diameter parallel plate and a measurement gap of 

0.5 mm. 10% Uncrosslinked gels were allowed to equilibrate at 13°C for 20 minutes 

before measuring viscosity as a function of shear stress by conducting shear rate 

sweeps from 0.1 to 100 s-1. Each sample was measured in both technical and 

biological triplicates. The data was then fitted to the Herschel-Bulkley power law 

equation where 𝜏 describes the yield stress, 𝑘 is the consistency index, 𝛾 describes the 

shear stress and 𝑛 describes the flow index Eq. 4.1. 

𝜏 = 𝑘𝛾𝑛 

Eq. 4.1 

4.2.4 Cell culture 

Porcine bone marrow mesenchymal stem cells were harvested and isolated 

from femurs of 3 month old female pigs. Cells were expanded on 2D cell culture plastic 

XPAN, composed of DMEM (Gibco), 1% penicillin (100 U/ml), streptomycin (100 

μg/ml), 0.1 μl/ml amphotericin B, 0.05 μl/ml FGF-2 and bovine serum albumin (all 

Sigma) in 20% pO2. Chondrogenic potential was confirmed via tripotentiality assay and 

cells were expanded until passage 2 before seeding into scaffolds. 

After crosslinking, the constructs containing cells were transferred to XPAN 

medium at 20% pO2 overnight and then cultured in chondrogenically defined media 

consisting of DMEM supplemented with 1% penicillin (100 U/ml), streptomycin (100 

μg/ml), sodium pyruvate (100 μg/ml), L-proline (40 μg/ml), L-ascorbic acid 2-phospate 

(50 μg/ml), linoleic acid (4.7 μg/ml), bovine serum albumine (1.5 mg/ml), 1x insulin-

transferrin-selenium, dexamethasone (100 nM) (all Sigma Aldrich), human TGF-β3 (10 
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ng/ml) (ProSpec-Tany TechnoGene) and 0.1 μl/ml amphotericin B and 5% pO2 for 42 

days. Media changes were performed twice per week. 

4.2.5 Live/Dead confocal microscopy 

Cell viability was analysed at 1, 21, and 42 days after crosslinking using a 

Live/Dead assay kit (Bioscience). Samples were first washed in phenol free DMEM 

(pfDMEM) (Sigma) before incubating them in 4 μM ethidium homodimer-1 and 2 μM 

calcein in pfDMEM for 1 hour. After washing again in pfDMEM they were imaged using 

a Leica SP8 Confocal microscope and the viability quantified using the software 

ImageJ. 

4.2.6 Biochemical analysis 

The biochemical content of samples was quantified after 1, 21 and 42 days of 

culture. Samples were tab dried and weighed before digesting them in papain (125 

μg/ml) in 0.1 M sodium acetate, 5 mM L-cysteine-HCl, 0.05 M ethylene-diamine-

tetracetic acid (EDTA) (all Sigma) and pH 6 under rotation at 60°C for 18 hours. 

Finally, since PCL remains undigested the melted remains of each sample were blot 

tried and weighed separately in order to calculate the weight of the gel of alone of each 

sample by deducting their PCL weights from the total weight of each sample.  

The DNA content was analyzed using a Quant-iT PicoGreen dsDNA assay kit 

(Invitrogen) immediately after completing the papain digest. The amount of secreted 

sulphated glycosaminoglycans (sGAGs) was determined using a DMMB assay kit 

(Blyscan, Biocolor). The collagen levels were quantified through the hydroxyproline 

levels using a (dimethylamino)benzaldehyde and chloramine T assay and calculated 

through a hydroxyproline : collagen ratio of 1:7.69. All biochemical analysis results 

were normalized to gel weights. 
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4.2.7 Histological and immunohistological analysis 

Samples were analysed via histological and immunohistological stainings after 

1, 21 and 42 days in culture. After L/D microscopy samples were incubated in 100 mM 

CaCl2 for 3 minutes before fixing them in 4% paraformaldehyde with 21.4 g/l sodium 

cacodylate and 2.6 g/l BaCl2, pH adjusted to 7.4 under rotation at 4°C overnight. 

Samples were then washed in UPW and dehydrated in a graded series of ethanol, 

xylene, embedded in paraffin wax, sectioned at 7 μm thickness and affixed to 

microscopy slides. Sections were then stained with Aldehyde Fuchsin/Alcian Blue 

stains to analyze sGAG, Alizarin Red for calcium and Picrosirius Red for collagen 

deposition, respectively. 

Immunohistological analysis was conducted to assess secretion of Col I, II and 

X. Firstly, slides were rehydrated and treated with chondroitinase ABC (Sigma) in a 

humidified chamber at 37°C to ease access to antigens before goat serum was used to 

block unspecifc antigen binding sites. The primary antibodies collagen I (abcam 90395, 

1:400), collagen II (St.Cruz sc52658, 1:400) and collagen X (abcam 49945, 1:200) 

were applied in goat serum overnight at 4°C. After washing in PBS a 3% hydrogen 

peroxide solution was applied for 20 minutes at RT under protection light and another 

washing step in PBS before applying secondary antibodies for collagen I & II (mouse 

monoclonal, Sigma B7151, 1.5:200) and col X (mouse monoclonal, abcam ab97228, 

1:500) at room temperature for 1 hour. Then, sections were incubated in ABC reagent 

(Vectastain, Vecta Labs) for 45 minutes at room temperature and DAB peroxidase 

substrate until positive controls showed staining. Finally, sections were dehydrated 

again with a series of ethanol and xylene and mounted with Vectamount (Vector Labs). 

4.2.8 Meniscus sample preparation 

Compressive testing of sections of porcine menisci was conducted as 

described below in case of samples in cell culture. Medial menisci from 3 months old 

female pigs were harvested and biopsies of 6 mm diameter of the inner and outer 
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zones were taken. Biopsies were then cut to cylinders with parallel bases for more 

even contact with the compression platens and more robust testing (Fig. 4.4 c). 

4.2.9 Mechanical characterization 

Uniaxial unconfined compressive testing of meniscus biopsies, and PCL and 

IPN constructs after 1, 21 and 42 days of culture was conducted using a 100 N load 

cell in a twin column Zwick universal testing machine (Zwick/Roell). Samples were 

tested under compression in a bath of PBS in room temperature as published 

previously (Gannon, Nagel, & Kelly, 2012; Olvera, Daly, & Kelly, 2015). After a preload 

of 0.005 N to ensure contact between the sample surface and the testing platen, a 

stress relaxation test was performed by applying a strain of 20% with a strain rate of 

0.04%/s. Then equilibrium stress was recorded after a relaxation period of 45 minutes. 

Finally, directly after measuring the equilibrium stress, a cyclic testing protocol was 

conducted by applying a 1% amplitude sinusoidal strain for 5 cycles with a speed of 1 

Hz at 0.01%/s strain rate. The elastic modulus ( 𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 ) was calculated by first 

determining the stress at the linear region of the generated stress/strain curve (𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐) 

by the dividing the applied force (𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐) by the sample’s cross sectional area (𝐴)Eq. 

4.2 and then dividing 𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐 by the applied strain (𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐) Eq. 4.3. 

𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
𝐹𝑒𝑙𝑎𝑠𝑡𝑖𝑐

𝐴
 

Eq. 4.2 

𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
      𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐      

𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐
 

Eq. 4.3 

The equilibrium Young’s modulus (𝐸𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚) was determined as the force at 

equilibrium (𝐹𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚) divided by the cross sectional area (𝐴) of the sample (Eq. 4.4) 

divided by the applied strain (𝜖𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚)Eq. 4.5. 
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𝜎𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 =
𝐹𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚

𝐴
 

Eq. 4.4 

𝐸𝑒𝑞𝑢𝑙𝑖𝑏𝑟𝑖𝑢𝑚 =
      𝜎𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚     

𝜖𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
 

Eq. 4.5 

The dynamic stress (𝜎𝑑𝑦𝑛𝑎𝑚𝑖𝑐 ) was then calculated by dividing the average 

change of force (∆𝐹) during each cycle by the sample’s cross sectional area (𝐴) Eq. 

4.6. 

𝜎𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =  
∆𝐹

𝐴
 

Eq. 4.6 

The dynamic modulus (𝐸𝑑𝑦𝑛𝑎𝑚𝑖𝑐) was then determined by dividing the dynamic 

stress (𝜎𝑑𝑦𝑛𝑎𝑚𝑖𝑐) by the applied strain (𝜖𝑑𝑦𝑛𝑎𝑚𝑖𝑐) Eq. 4.7. 

𝐸𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =  
𝜎𝑑𝑦𝑛𝑎𝑚𝑖𝑐

𝜖𝑑𝑦𝑛𝑎𝑚𝑖𝑐
 

Eq. 4.7 

4.2.10 Statistical analysis 

Data was expressed as mean and standard error of the mean. Significance was 

calculated using the student t-test with Welch’s correction or ANOVA and Tukey’s post-

hoc test. Differences were considered to be statistically different at p ≤ 0.05 (*), p ≤ 

0.001 (**), p ≤ 0.0005 (***) and p ≤ 0.0001 (****), n = 3. 

4.3. Results 

4.3.1 Rheological analysis 

A rheological characterization of the alginate (1%, 3.5%) and GelMA (5%, 

10%), as well as the corresponding mixtures (1% Alg / 10% GelMA, 3.5% Alg, 5% 
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GelMA), was first conducted and fitted to the Herschel-Bulkley model in order to 

assess their shear thinning properties (Fig. 4.1). At 13°C GelMA was found to have the 

highest viscosity, uncrosslinked alginate was found to have the lowest viscosity and 

the mixture with GelMA an intermediate value. Furthermore, the viscosity increased 

with increasing polymer concentration in all materials. Viscosity decreased dramatically 

as a function of shear rate for the GelMA and the mixture with alginate, whereas 

alginate alone maintained a reasonably constant viscosity with increasing shear rate 

(Fig. 4.1 a). The measured levels of shear stress increased in all hydrogels with 

increasing shear rates, but the steepest increase was seen in the alginate inks (Fig. 

4.1 b). All materials could be fitted to the power law or the Herschel-Bulkley model Eq. 

4.1 in order to describe their non-Newtonian behaviour (Table 4.1). The measured 

yield stress 𝜏0 increased with polymer concentrations and was found to be highest in 

the 10% GelMA alone and 1% Alg/10% GelMA mixture. Furthermore the flow index n 

of both alginate inks was ~ 0.75, which indicates a weak shear thinning behaviour 

(values less than one indicate shear thinning behaviour). A significantly lower flow 

index, closer to 0, was observed for both GelMA concentrations, indicating strong 

shear thinning behaviour. Both mixtures displayed some degree of shear thinning 

behaviour, approximately midway between their respective alginate and GelMA 

components (Fig. 4.1 c). The calculated consistency index 𝑘 showed a similar trend, 

with higher consistency in GelMA than in alginate, with values for the mixtures between 

their respective GelMA and alginate concentrations (Fig. 4.1 d). To summarize, using 

the Herschel-Bulkley model it could be shown that the mixtures of alginate and GelMA 

have shear thinning properties, but less so than the GelMA inks alone. 
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Table 4.1 Herschel-Bulkley model of rheological analysis 

 n k [Pa*𝑠𝑛] 𝜏0 [Pa] 𝑅2 

1% Alg 0.756 0.086 0.003 0.936 

3.5% Alg 0.807 3.620 0.609 0.999 

5% GelMA 0.105 29.929 21.873 0.960 

10% GelMA 0.179 252.910 131.925 0.852 

3.5% Alg / 5% GelMA 0.594 20.600 8.851 0.997 

1% Alg / 10% GelMA 0.170 142.690 81.019 0.836 
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Fig. 4.1 Rheological analysis: A rheological analysis to assess the viscosity (a) and shear stress (b) 

as a function of shear rate was fitted to the Herschel-Bulkley model to calculate the flow index (c), 

consistency index (d) and yield stress (e ). n = 3 in triplicates 
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4.3.2 Fibrochondrogenetic differentiation of BMSCs in fibre-reinforced IPNs 

Next,  3.5% Alg/5% GelMA IPNs laden with BMSCs were either cultured alone 

or within 3D printed PCL networks in chondrogenic media and physioxic conditions for 

42 days (Fig. 4.2 a). Live/Dead staining at day 1 revealed lower levels of cells viability 

in IPN + PCL constructs, but overall levels of viability remained high (typically >60%) 

and were comparable in both PCL reinforced and unreinforced constructs after 21 and 

42 days in culture (Fig. 4.2 b-c). This was confirmed by the biochemical analysis, which 

demonstrated that DNA levels were comparable in both groups after 21 and 42 days of 

culture (Fig. 4.3 a). Collagen synthesis was estimated via a hydroxyproline assay and 

revealed a significant increase in collagen production in both constructs over the 

course of 42 days in culture (Fig. 4.3 b). Comparable levels of sGAG synthesis was 

also observed in the IPN alone and IPN + PCL constructs after 6 weeks in culture (Fig. 

4.3 c). 
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Fig. 4.2 BMSC viability in fibre-reinforced IPNs. BMSCs were seeded into IPNs of alginate and 

GelMA and either injected into the pores of printed PCL scaffolds or casted into an agarose mold. Scale 

bars: 2 mm and 500 μm (a). The cell viability was analyzed via Live/Dead imaging under confocal 

microscopy. The dotted circles show the location of PCL fibres. Scale bar: 100 μm (b-c). * indicates p ≤ 

0.05, n = 3 
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4.3.3 Mechanical testing 

The mechanical properties (equilibrium and the dynamic moduli in 

compression) of MSC laden constructs after 42 days of in vitro culture was next 

assessed, and compared to samples of the inner and outer zone of porcine meniscus 

tissue (Fig. 4.4 a-c). As expected, the mechanical properties of PCL reinforced IPNs 

were notably higher than that of the IPNs alone. The elastic modulus of the PCL + IPN 

constructs significantly increased with time in culture, falling into the same range as 

that of outer meniscus tissue, but significantly higher than that of the inner meniscus. 

The elastic modulus of IPN alone was comparable to that of inner meniscus tissue 

(Fig. 4.4 d).  

The equilibrium modulus of the PCL + IPN and the IPN alone constructs did not 

significantly increase with time in culture (Fig. 4.4 e). The equilibrium modulus of the 

IPN alone constructs was comparable to that of inner and outer zone of the meniscus, 

while the PCL + IPN constructs were found to have a significantly higher equilibrium 

modulus than the native tissue.  

 
Fig. 4.3 Biochemical analysis of fibre-reinforced IPNs. (a) DNA, (b) collagen and (c) sGAG levels in 

IPN hydrogels and IPN hydrogels reinforced with a networks of PCL (IPN + PCL). p ≤ 0.05 (*), p ≤ 0.001 

(**). n = 3 
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Fig. 4.4 Mechanical testing: A compressive testing regime was employed to test the elastic (i), 

equilibrium (ii) and dynamic modulus (iii)(a-b) of engineered constructs and compare them to tested native 

porcine meniscus (c). Analysis of the elastic modulus (d), the equilibrium modulus (e) and the dynamic 

modulus (f) furthermore uncovered the compressive properties of the created constructs after 42 days of 

culture as well as the moduli of PCL scaffolds alone and native porcine meniscus samples of the inner 

and outer zone. $ represents p < 0.05 compared to IPN + PCL d1, # represents p < 0.05 compared to IPN 

+ PCL d42, n = 3 
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The dynamic modulus of the PCL + IPN constructs were significantly higher 

than the modulus of PCL alone and increased with time, albeit not significantly 

(p=0.08), falling into the same range as that of the inner meniscus tissue after 3 weeks 

and into the range of the outer one after 6 weeks. The dynamic modulus of PCL alone 

was comparable to inner meniscus tissue while the modulus of IPN alone increased 

briefly after 3 weeks but decreased again after 6 weeks (Fig. 4.4 f).  

4.3.4 Histological and immunohistological analysis 

A histological and immunohistological analysis was next conducted in order to 

assess the fibrochondrogenic potential of the IPN based constructs. Alcian 

Blue/Aldehyde Fuchsin and Picrosirius Red staining demonstrated an increased 

secretion of sGAGs and collagen, respectively, in both groups over 42 days of culture. 

This aligns with the results shown in the biochemical analysis. Alizarin Red staining 

also revealed the presence of calcific deposits within the IPN only constructs. 

Immunohistological analysis of the sectioned engineered tissues revealed an increase 

in Col II staining over the culture period in both groups, whereas only low levels of Col I 

and Col X were detected. Porcine meniscus tissue used as control showed intense Col 

I staining (Fig. 4.5).  
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Fig. 4.5 Histological and Immunohistochemical analysis: (a) Histological analysis of cultured 

scaffolds over the course of 42 days via Alcian Blue/Aldehyde Fuchsin, Picrosirius Red and Alizarin 

Red staining. (b) Immunohistochemical analysis of Col I, II and X. Scale bars: 1 mm and 100 μm. n = 3 
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4.4. Discussion 

Providing stem or progenitor cells with surroundings which stimulate the 

production of cartilaginous or fibrocartilaginous matrix remains a major challenge in the 

field of tissue engineering. Many materials are either too soft to withstand the harsh 

mechanical stresses of the native joint environment, or are too dense/stiff to support 

robust cartilage matrix production. The research goal of this chapter was therefore to 

develop a printable IPN based hydrogel with fibrochondrogenic potential. It was 

demonstrated that an IPN of alginate and GelMA has shear thinning properties, that 

BMSCs secrete a cartilaginous matrix within this hydrogel and that this secreted matrix 

improves the mechanical properties of the PCL reinforced IPN, resulting in tissues with 

dynamic mechanical properties closer to native meniscal tissue. 

Rheological analysis methods have only been employed recently to develop 

bioinks and describe their viscoelastic properties through comparable parameters. The 

viscosity as a function of shear rate is hereby calculated through fitting the data to the 

Herschel-Bulkley model (Chimene et al., 2016; Melchels et al., 2016; Pati et al., 2014). 

Consequently, it was demonstrated that the GelMA and IPN hydrogels possess shear 

thinning properties. This characteristic of decreasing shear forces with an increase in 

shear rate is beneficial for the development of injectable and printable bioinks for 

several reasons. Firstly, the shear forces acting on the material and the encapsulated 

cells decrease with increasing shear rates during extrusion from a syringe and 

therefore support higher levels of cell viability post-printing. The observed shear 

thinning effect is caused by the alignment of polymer fibres within the gel as reviewed 

thoroughly elsewhere (Malda et al., 2013). Furthermore, after extrusion when the shear 

rate decreases, the viscosity of the bioink increases which ensures higher mechanical 

integrity and fidelity of the printed construct. The calculated flow index 𝑛 of 0.59 of the 

IPN of 3.5% alginate / 5% GelMA lies below 1 and therefore confirms the non-

Newtonian and shear thinning behaviour of the developed IPN. The yield stress 𝜏0 
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describes the minimum stress needed for extrusion and the ability of the bioink to 

retain its shape after extrusion. Bioinks with a higher consistency index 𝑘 have been 

shown to form a ‘plug’ during extrusion which protects the cells in the centre of the 

syringe and needle from high shear forces near the walls, which further increases the 

viability of the cells (Chimene et al., 2018; Mouser et al., 2016). The shear thinning 

behaviour of the IPN can be associated with the GelMA, which in agreement with this 

study has been shown to have shear thinning properties at 13°C (Chimene et al., 

2018). In contrast, uncrosslinked alginate does not shear thin to the same extent and 

has previously been shown to be unprintable unless modified to increase its viscosity 

(Freeman & Kelly, 2017). To conclude, an IPN of 3.5% alginate and 5% GelMA, with a 

value of 𝑛 below 1, 𝑘 to be 20.6 Pa*𝑠𝑛 and 𝜏0 of 8.851 Pa were found to be in the 

range of other reported bioinks and were therefore considered suitable for 

biofabrication (Chimene et al., 2018; Melchels et al., 2016). 

In addition to having rheological properties compatible with 3D bioprinting 

applications, the developed IPN bioink has also been found to promote the secretion of 

(fibro)cartilaginous matrix components, specifically Col II and sGAGs. 

Immunohistochemical analysis showed that the secreted matrix proteins were low in 

Col  X, but rich in Col II, which suggests the development of a stable cartilage matrix 

without hypertrophic chondrocytes. However, some calcification of the IPN was 

observed after 6 weeks of chondrogenic culture conditions, suggesting progression 

along an endochondral pathway. Similar observations have been made in the past 

(Krishnamoorthy & Zhang, 2019b)(Z.-Z. Zhang et al., 2016)(Colosi et al., 2016) (Ansari 

et al., 2017)(Zhu et al., 2018)(Rathan et al., 2019) when alginate and GelMA had been 

used in tissue engineering, suggesting further improvements in bioink design is 

required to engineer phenotypically stable cartilage. Interestingly, IPNs reinforced with 

PCL did not spontaneously calcify during chondrogenic culture. While the exact 

mechanism for this remains unclear, it may be related to the different bulk mechanical 
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properties of the fibre-reinforced IPN, which in turn will alter contraction of the construct 

as well as nutrient transport during in vitro culture. Alginate alone has been used in 

cartilage tissue engineering in the past since it forces cells to assume a rounded 

phenotype (Daly, Critchley, Rensock, & Kelly, 2016a; Rowley, Madlambayan, & 

Mooney, 1999) due to its lack of cell-matrix interaction sites. In contrast GelMA 

possesses cell-binding RGD motifs for example which enable encapsulated cells to 

spread and assume a more fibrochondrocyte-like phenotype as they have been found 

in meniscus cell populations (Daly, Critchley, et al., 2016a; Levett et al., 2014)(Makris 

et al., 2011b). 

Stimulation of MSC encapsulated within the IPNs supported the development of 

a cartilaginous tissue rich in sGAGs and Col II, which stained less intensely for Col I 

deposition. Compositionally, this is similar to the inner region of the meniscus, but 

different to the outer region of the meniscus, which consists predominately of Col I. 

Engineering tissues more mimetic of the outer region of the meniscus will likely require 

altering the biochemical and biophysical cues used to direct the differentiation of 

BMSCs. For example, different combinations of growth factors can be used to promote 

fibro-chondrogenic differentiation of stem/progenitor cells. The spatio-temporal use of 

CTGF and TGF-β has been shown to stimulate secretion of Col I, or Col II and sGAGs 

in sections of constructs designed to mimic the outer and inner zone of the meniscus, 

respectively (Chang H Lee et al., 2014; Nakagawa et al., 2019a). Alternatively, the 

composition of the bioink can be altered to module BMSC phenotype. The addition of 

meniscus ECM of the inner or outer zones has previously been shown to induce 

increased gene expression of Col I or Col II and AGG, respectively.(Rothrauff et al., 

2017; Shimomura et al., 2017) 

The dynamic mechanical properties of the fibre-reinforced IPNs were found to 

increase with time in culture as the encapsulated BMSCs secreted a cartilaginous 

matrix. This resulted in the development of engineered tissues that better mimicked the 
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biomechanical characteristics of meniscal tissue. An unexpected drop in stiffness of 

the IPN alone between day 21 and day 42, however, can be related to errors in testing 

due to changes in sample shapes over time in culture. This was only corrected in later 

studies through removal of swollen volumes in order to ensure flat surfaces for even 

contact with the compression platens. A complex compressive testing protocol was 

employed to analyse both the flow dependent (ramp & dynamic modulus) and flow 

independent (equilibrium modulus) mechanical properties of the hydrogels and 

engineered tissues. The equilibrium modulus provides insight in the behaviour of the 

solid phase of the construct once fluid is no longer flowing through the tissue. In 

contrast, both the ramp modulus and the dynamic modulus are dependent on the level 

of fluid pressurization generated in the tissue during loading and the associated flow of 

fluid. The extent of fluid pressurization during loading of cartilage depends on the 

permeability of the tissue (Gannon et al., 2012), with lower permeability leading to 

higher levels of fluid pressurization and hence stiffer tissues during dynamic loading.  

While the dynamic mechanical properties of the fibre-reinforced IPNs increased 

with time in culture, approaching that of the meniscus, the equilibrium (flow-

independent) mechanical properties of these constructs were notably higher than that 

of the native tissue. 

This suggests that the solid phase of meniscal tissue is inherently less stiff than 

that of the fibre-reinforced IPN. The fact that the dynamic properties are comparable 

suggests that the permeability of meniscus is lower than that of the hereby engineered 

tissue. Further studies are required to better understand the physiological relevance of 

these subtle differences in structure-function relations. 

4.5. Conclusion 

To summarize, this chapter successfully identified an IPN of alginate and 

GelMA as a favourable bioink for meniscus tissue engineering due to its shear thinning 
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properties. In addition, BMSCs encapsulated within this IPN bioink can secrete a 

cartilaginous matrix, improving the mechanical properties of the construct such that 

they better mimic the dynamic properties or the native meniscus. Thus, this research 

further closes a knowledge gap in the literature in the development of materials for 3D 

bioprinting of cartilage and fibrocartilage. However, the secreted matrix has been found 

to undergo slight calcification as well as to mainly consist of collagen II in contrast to 

native meniscus tissue which consists predominantly of Col I. Chapter 5 will therefore 

focus on tailoring the composition of the IPN bioink further in order to increase Col I 

production and hence the development of a tissue more representative of the normal 

meniscus.  
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CREATION OF ZONAL SPECIFIC BIOINKS OF 

THE MENISCUS BASED ON SOLUBILIZED ECM 

 

5.1. Introduction  

In chapter 4 a shear thinning bioink was developed which was capable of 

supporting the robust chondrogenic differentiation of BMSCs. However, meniscus 

tissue has a more fibro-cartilaginous composition, with higher levels of Col I in its 

matrix. Bioengineered meniscal tissues/implants typically fail to accurately mimic the 

complex composition and structure of the matrix of native meniscus tissue. This 

chapter will therefore focus on the development of meniscus-specific bioinks, with the 

goal of developing printable hydrogels with biochemical compositions that mimic the 

different regions of the meniscus. 

The meniscus consists of an inner white zone and an outer red zone which 

differ in vascularization, innervation, biochemical properties, ECM composition, and 

cell population among others (Makris et al., 2011b). In recent years it has been 

demonstrated that ECM derived biomaterials can direct the tissue-specific 

differentiation of stem cells. For example, it has been demonstrated that solubilised 

tendon can promote tendogenic differentiation of MSCs, while solubilised AC promotes 

the chondrogenic differentiation of MSCs (Yang et al., 2013). In the context of 

meniscus tissue engineering, it has been demonstrated that ECM from the inner 

regions of meniscus enhances expression of Col II and aggrecan, while ECM for the 

outer region of the meniscus promotes the expression of Col I (Romanazzo et al., 

2017; Rothrauff et al., 2017; Shimomura et al., 2017). These finding can be attributed, 

at least in part, to the unique compositions of the different regions of the meniscus. 
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Specifically, the outer zone has shown to be composed of mostly Col I as well as a low 

sGAG content. The inner zone, however, has been reported to consist of only 40% Col 

I and 60% type II as well as a higher degree of sGAGs (Makris et al., 2011a). Col II 

hydrogels have been shown to promote a more chondrogenic phenotype in MSCs 

compared to Col I hydrogels. A limitation of ECM derived hydrogels for tissue 

engineering applications is their poor mechanical properties. This motivates the 

development of new ECM functionalised hydrogels and bioinks that retain their 

biological activity whilst simultaneously being capable of supporting the challenging 

mechanical environment within the knee. 

The objective of this chapter is two-fold. Firstly, recognising that the outer 

meniscus zone is populated by cells with a more fibroblast-like phenotype, while the 

inner zone is populated by more chondrocyte-like cells, this chapter will first explore 

how the relative levels of alginate and GelMA within an IPN will influence the fibro-

chondrogenic differentiation of BMSCs. Different materials have been used in the past 

in meniscus tissue engineering to reflect that through the use of gels with a varying 

amount of cells-binding motifs or gels with different degrees of stiffness which 

promotes or prohibits cell spreading or migration (G Bahcecioglu et al., 2019; Gokhan 

Bahcecioglu et al., 2018). Alginate lacks cell-binding domains and MSCs typically 

adopt a round morphology upon encapsulation, whiles cells typically bind and spread 

within GelMA hydrogels. The following study will therefore analyse the effects of 

differing amounts of alginate (which promotes a more rounded, chondrogenic 

phenotype) and GelMA (which allows for cell-matrix interaction and allows for a more 

spread cell phenotype) on BMSC differentiation within an alginate-GelMA IPN.   

However, a more direct approach in tissue engineering is to stimulate cell 

differentiation through decellularized meniscus ECM components (Pati et al., 2014; 

Rothrauff et al., 2017; Shimomura et al., 2017). The second objective of this study was 

therefore to create two solubilized meniscus ECM based bioinks based on a protocol 
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previously established for growth plate and AC (Almeida et al., 2014; Browe et al., 

2019), with a view to further enhancing meniscus region specific differentiation of 

BMSCs. In order to create a biomaterial based on native tissue, the targeted tissue has 

to be treated with physical and/or chemical means in order to create a material which 

can be rendered printable. Furthermore, the material has to undergo decellularization 

steps in order to remove cellular material (e.g. DNA) which causes an immunological 

response upon implantation of the material, whilst retaining the matrix proteins 

responsible for promoting a specific cell response (Visser, Levett, et al., 2015). 

Following solubilization of ECM isolated from the inner and outer regions of porcine 

meniscus, a rheological characterization of the resulting biomaterials was carried out 

with the aim of analysing their shear thinning properties. IPNs of alginate and GelMA, 

combined with the solubilized ECM fractions, were then engineered with the aim of 

investigating their capacity to promote fibrochondrogenic differentiation of MSCs. 

5.2. Methods 

5.2.1 Tissue solubilisation 

A protocol established by my colleagues previously (Dudurych, 2015) was used 

to decellularize and solubilize porcine meniscus tissue. To summarize, porcine menisci 

from 3 months old female pigs were circumferentially cut from horn to horn into two 

zones of equal thickness(Fig.5.1 a). The zones were then cut into pieces < 1 mm, 

freeze dried for 24 hrs at -10°C and 0.2 mbar vacuum and cryo-milled (freezer mill 

6770, SPEX sample Prep) in liquid N2. Consecutively, the powder was then dissolved 

in 0.2 M NaOH (1 ml/ 50 mg wet tissue) for 24 hours at 4°C. After centrifugation at 

2500 G at 4°C for 10 minutes, the pellet was twice washed with ultra pure water and 

centrifuged under the same conditions. Furthermore, the pellet was digested in pepsin 

(1500 U / 1 ml 0.5 M acetic acid (HAc) / 50 mg wet tissue, Sigma Aldrich) for 24 hours 

under agitation at room temperature. After a centrifugation step at 2500 G for 1 hour at 
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4°C the supernatant was subject to a salt precipitation step. 5M NaCl was added so 

the salt concentration was adjusted to 0.8 M for the outer meniscus zone and 0.9 M for 

the inner zone and equilibrated over night at 4°C and consecutively centrifuged for 1 

hour with 2500 G at 4°C. The pellet was then resuspended in 0.5 M HAc and the salt 

precipitation step was repeated. In the next step the precipitated pellet was dialyzed 

against 0.02 M Na2HPO4 (pH 9.4) through a membrane of 12-14 kDa pore size for 24 h 

at 4 °C before freeze drying it for 20 hrs again at -10°C and 0.2 mbar vacuum. 

5.2.2 Rheology 

Rheological analysis of the used materials was conducted as described in 

chapter 4. 

5.2.3 Preparation of constructs 

Solubilized and freeze dried inner and outer ECM was first cut into pieces < 1 

mm before being sterilized via ETO gas for 12 hours and left to evaporate for 1 day. All 

further steps were then conducted under sterile conditions. Next, 1.3% [w/V] of inner 

and outer ECM was dissolved in sterile filtered 0.12M HAc (pH 4) with 0.15 mg/ml 

phenol red under constant rotation at 4°C for 48 hours. After completely dissolving the 

pH of the ECM was adjusted to 7 using sterile 5M NaOH. Next 12% [w/V] LVG sodium 

alginate (Pronova) in DMEM was mixed with the dissolved ECM and 0.5% irgacure 

2959 (Sigma) in a ratio of 3:3:1 using syringes connected with a luer-lock adapter. 

BMSC were isolated and cultured as described in chapter 3. After trypsinization and 

centrifugation cells were then dissolved in 17% [w/V] GelMA in a cell density of 67*106 

cells/ml. The mixture of GelMA and cells was then mixed with the mixture of ECM, 

alginate and irgacure in a ratio of 3:3:3:1 to receive a bioink with final concentrations of 

3.5% GelMA, 5% alginate, 0.4% inner or outer ECM, 0.05% irgacure 2959 and a cell 

density of 20*106 cells/ml. The bioink was then pipetted through a cylindrical 23G 

needle into moulds of 3% agarose and 45 mM CaCl2 and crosslinked as described in 

chapter 4. 
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IPN gels of 3.5% alginate and 5% GelMA were prepared as described in 

chapter 4. IPN gels of 1% alginate and 10% GelMA were prepared by dissolving 2.2% 

LVG alginate in DMEM and 22% GelMA in DMEM, then dissolving cultured BMSCs in 

GelMA at a cell density of 44*106 cells/ml. GelMA with cells, alginate and 0.5% 

irgacure 2959 were then mixed in a ratio 4.5:4.5:1. The mixed bioink was then pipetted 

into agarose and CaCl2 moulds and crosslinked as described in chapter 4. 

 

5.2.4 Scanning Electron Microscopy (SEM) 

Samples were dehydrated in a graded ethanol series with concentrations of 

50% (2 x 10 min), 70% (2 x 10 min), 90% (2 x 10 min) and 100% (2 x 15 min). They 

were then immersed in hexamethyldisilazane (HMDS) (2 x 15 min) and allowed to dry 

overnight. Samples were then mounted on SEM stubs and coated with gold/palladium 

for 90s at a current of 40mA using a Cressington 208HR sputter coater. SEM imaging 

was conducted at 5kV in a Zeiss ULTRA plus. 

5.2.5 Cell culture 

Cell culture was conducted as described in chapter 4. 

5.2.6 Biochemical analysis 

Biochemical analysis was conducted as described in chapter 4. Furthermore, a 

calcium assay was conducted on samples without papain digest. Samples were first 

digested in 1M HCl at 60°C under constant rotation for 4 days before analysing them 

using a calcium liquid colorimetric assay (Alpha laboratories, Sentinel Diagnostics). 

Values were normalized by gel weights. 

5.2.7 Histological analysis 

Histological analysis was conducted as described in chapter 4 
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5.2.8 Mechanical characterization 

Mechanical characterization was conducted as described in chapter 4 with the 

exception that gels were cut to cylinders with flat bases in order to ensure contact with 

compression platens. 

5.2.9 Statistical analysis 

Data was expressed as mean and standard error of the mean. Significance was 

calculated using the student t-test with Welch’s correction or ANOVA and Tukey’s post-

hoc test. Differences were considered to be statistically different at p ≤ 0.05 (*), p ≤ 

0.001 (**), p ≤ 0.0005 (***) and p ≤ 0.0001 (****), n = 6 

5.3. Results 

5.3.1 Solubilized ECM from the inner and outer zone of meniscus tissue 

improves the shear thinning properties of IPN based bioinks 

The inner and outer region of porcine meniscus tissue was first solubilized and 

then incorporated into the IPN based bioink developed in chapter 4. A picogreen assay 

demonstrated a significant reduction in DNA levels within solubilized tissue, below 50 

ng/mg dry weight in both the inner and outer ECM. Furthermore, the levels of sGAGs 

and collagen within the ECM were reduced by the solubilization treatment, however the 

ratio of their levels in the inner and outer zone remained unchanged (Fig. 5.1).  

Following solubilization, the ECMs were mixed with the IPN (3.5% alginate and 

5% GelMA), at a concentration of an additional 0.4% inner (termed inECM) or outer 

ECM (termed outECM). A rheological characterization of the bioinks was then 

conducted in order to assess the effect which the addition of ECM had on their 

rheology and shear thinning properties. An analysis of the viscosity as the function of 

shear stress revealed that the viscosity of the solubilised ECM alone was very low, but 

still showed high shear thinning properties. However, when mixed with the IPN of 3.5% 
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alginate and 5% GelMA, the resulting bioinks showed a significant increase in both 

viscosity and shear thinning properties (Fig. 5.2 a-b). Specifically, when fitting the data 

to the Herschel-Bulkely model Eq. 4.1) the flow index 𝑛 decreased further compared to 

the IPN alone, indicating a higher shear thinning effect (Fig. 5.2 c). Furthermore, an 

increase in yield stress 𝜏0 and consistency index 𝑘 was also observed (Fig. 5.2 d-e). 

Specifically, when adding outECM to the IPN of alginate and GelMA, the shear thinning 

behaviour and consistency further increased compared to adding inECM, as seen 

through the lower flow index, as well as increased yield stress and consistency index 

(Table 5.1). 

  

Fig. 5.1 Meniscus solubilization: Porcine menisci were dissected into inner and outer regions and 

solubilized (a-b), before analyzing native and solubilized DNA content(c), collagen content (d) and 

sGAG content(e). Scale bar 5 mm. p ≤ 0.05 (*), p ≤ 0.001, n = 3 
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Table 5.1 Herschel-Bulkley model of rheological analysis 

 n k [Pa*𝑠𝑛] 𝜏0 [Pa] 𝑅2 

0.4% outECM 0.475 0.314 0.091 0.992 

0.4% inECM 0.510 0.277 0.092 0.998 

3.5% Alg/ 

5% GelMA 

0.594 20.600 8.851 0.997 

3.5% Alg/ 
5% GelMA / 

0.4% outECM 

0.305 87.852 49.433 0.991 

3.5% Alg/ 
5% GelMA / 

0.4% inECM 

0.444 39.997 14.672 0.998 
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5.3.2 Solubilized ECM increases tissue calcification in chondrogenic 

analysis 

After mixing the four different bioinks of 1% alginate / 10% GelMA, 3.5% 

alginate / 5% GelMA, 0.5% alginate / 5% GelMA / 0.4% inECM and 0.5% alginate / 5% 

GelMA / 0.4% outECM with BMSCs they were crosslinked via UV light and CaCl2 and 

Fig. 5.2 Rheological analysis: A rheological analysis to assess the viscosity (a) and shear stress (b) 

as a function of shear rate was fitted to the Herschel-Bulkely model to calculate the flow index (c), 

consistency index (d) and yield stress (e ). n = 3 in triplicates 
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cultivated in chondrogenic media with TGF-β3 and physioxic culture conditions for 42 

days. 

An SEM analysis of the mixed and cross-linked bioinks showed a smoother 

surface of the IPN of 1% alginate and 10% GelMA compared to 3.5% alginate and 5% 

GelMA. Furthermore, the addition of 0.4% ECM of inner or outer meniscus zone 

revealed a surface with a deeper network of pores compared to alginate and GelMA 

alone (Fig. 5.3 a). Macroscopical observation of the MSC laden constructs after 42 

days of culture revealed the development of large white sections of tissue being 

formed in the inside of constructs of all groups (Fig. 5.3 b). However, Live/Dead 

staining revealed a decrease in viability after 3 weeks of culture in all groups, which 

slightly recovered by day 42. (Fig. 5.4). 

A pico-green assay to measure DNA levels in the cultured constructs revealed 

a significant decrease in the DNA content of all bioinks except for the IPN of 1% 

alginate and 10% GelMA. DNA levels remained constant in the bioink of 1% alginate / 

10% GelMA, as were sGAGs and collagen levels, but an increase in calcification was 

detected. The bioinks of 3.5% alginate / 5% GelMA, as well as those functionalised 

with 0.4% inECM or outECM, showed a significant decrease in DNA levels. Total 

 Fig. 5.3 Macroscopic and SEM imaging: SEM imaging was conducted before (a) and a 

microscopical analysis after 42 days of culture scale (b) scale bars. 1 mm, 100 μm, Work has been 

done in conjunction with Kian Eichholz, PhD. 
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collagen and sGAG levels in the gels remained constant, but increased when matrix 

levels were normalized to DNA levels. Calcium accumulation also increased after 42 

days of culture in these constructs (Fig. 5.5).   
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Fig. 5.4 Live/Dead imaging and quantification: Cultured constructs were stained via Live/Dead 

assay to quantify their viability. Scale bar 100 μm. p ≤ 0.05 (*), p ≤ 0.001 (**), p ≤ 0.0005 (***) and p 

≤ 0.0001 (****). n = 3 
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 Fig. 5.5 Biochemical analysis: A biochemical analysis of DNA(a), collagen(b-c), sGAG(d-e) and 

calcium levels (f-g) of BMSCs in IPN and IPN + PCL was conducted. p ≤ 0.05 (*), p ≤ 0.001 (**), p ≤ 

0.0005 (***) and p ≤ 0.0001 (****). n = 3 
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Histological analysis revealed only low and mostly pericellular secretion of 

sGAGs in all gels through an Aldehyde Fuchsin/Alcian Blue staining (Fig. 5.6). The 

Picrosirius Red staining revealed only a slight increase in collagen secretion in those 3 

groups as well as a layered pattern in gels containing inECM and outECM, which had 

disappeared at the time point of 3 weeks (Fig. 5.7). Furthermore, the Alizarin Red 

staining showed a distinct increase in calcification in those three bioinks by day 42, 

especially in the bioink mixed with outECM (Fig. 5.8). In contrast, the bioink of 1% 

alginate and 10% GelMA showed a very different internal structure to the other three 

gels as seen through Aldehyde Fuchsin/Alcian Blue and Picrosirius Red stainings. 

While the outer layer of the gels seemed to be of a homogenous composition, their 

cores showed a heterogeneous separation of two materials with differently intense 

staining as well as hollow sections in between them (Fig. 5.5). 
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Fig. 5.6 Histologcal staining via Alcian Blue/Aldehyde Fuchsin: Histological analysis of cultured 

scaffolds over the course of 42 days via Alcian Blue/Aldehyde Fuchsin. Scale bars: 1 mm and 100 μm. 

n = 3 
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Fig. 5.7 Histological staining via Picrosirius Red: Histological analysis of cultured scaffolds over 

the course of 42 days via Picrosirius Red. Scale bars: 1 mm and 100 μm. n = 3 
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Fig. 5.8 Histological staining via Alizarin Red: Histological analysis of cultured scaffolds over the 

course of 42 days via Alizarin Red. Scale bars: 1 mm and 100 μm. n = 3 
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An increase in elastic, dynamic and equilibrium modulus in bioinks of 3.5% 

alginate, 5% GelMA and 0.4% inner or outer ECM was observed after 42 days of 

culture. The bioink of 1% alginate and 10% GelMA was shown to be the softest of all 

groups (Fig. 5.9). 

To summarize, inner and outer meniscus tissue were successfully solubilized 

and their viscoelastic properties were demonstrated to further increase the shear 

thinning properties of a developed bioink of alginate and GelMA. However, a cell study 

with BMSCs in chondrogenic media over 6 weeks showed low cell viability and 

relatively poor cartilagenous matrix production as well as increased construct 

calcification. 

5.4. Discussion 

Chapter 4 demonstrated the IPN of alginate and GelMA as a suitable bioink for 

meniscus tissue engineering due to its shear thinning properties and its capacity to 

support robust chondrogenesis of BMSCs. The overall goal of this current chapter was 

to further develop the alginate and GelMA based bioink to promote more meniscus-

specific matrix secretion. Specifically, the aim was to mimic the specific collagen types 

and sGAG of the inner and outer region of the meniscus within ECM functionalised 

Fig. 5.9 Mechanical testing of gels: A compressive testing regime was employed to test the 

elastic (a), equilibrium (b) and dynamic modulus (c) after 42 days of culture as well as the 

moduli of native porcine meniscus samples of the inner and outer zone. p ≤ 0.05 (*), p ≤ 0.001 

(**), p ≤ 0.0005 (***). n = 4 
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bioinks, based on the belief that this would enhance their capacity to support 

meniscus-specific differentiation of BMSCs (C H Lee et al., 2014; Rothrauff et al., 

2017; Shimomura et al., 2017). This was achieved through both the variation of the 

IPN composition as well as through an addition of decellularized meniscus ECM 

components. To summarize, inner and outer meniscus tissue were successfully 

solubilized and their viscoelastic properties were demonstrated to further increase the 

shear thinning properties of a developed bioink of alginate and GelMA. However, a cell 

study with BMSCs in chondrogenic media over 6 weeks showed low cell viability and 

relatively poor cartilaginous matrix production as well as increased construct 

calcification. 

The success of the solubilization protocol for efficiently decellularizing the ECM 

was confirmed by demonstrating a reduction in DNA content to below 50 ng/mg, which 

has been suggested as the threshold necessary to avoid immune responses upon 

implantation of an ECM derived material (Crapo, Gilbert, & Badylak, 2011b). 

Furthermore, the collagen and sGAG contents were also reduced by the solubilization 

treatment, but the collagen:sGAG ratio for the solubilised ECMs was comparable to 

that of the native tissue. This retained ratio suggests a maintenance of the relative 

number of binding sites for specific growth factors and cell binding sites which have 

been associated with promoting chondrogenesis (Rutgers et al., 

2012)(Schneiderbauer, Dutton, & Scully, 2004). Moreover, the solubilized ECM 

fractions, which were rich in collagenous proteins, were found to possess low 

viscosities alone but strong shear thinning properties, as assessed by fitting the 

rheology data to the Herschel-Bulkley model. Consequently, when combined with the 

previously developed IPN of 3.5% alginate and 5% GelMA, a significant increase in 

both viscosity and shear thinning behaviour was observed, especially for the outer 

meniscus ECM. This improvement rheological properties (for bioprinting applications) 

through the incorporation of collagen into bioinks has been explained through a change 
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in their fibre orientation under shear forces during extrusion (Malda et al., 2013). To 

summarize, the solubilized ECM fractions were developed into highly shear thinning 

bioinks, retaining ratios of sGAG:collagen that may prove beneficial for promoting 

either an inner or outer meniscus phenotype. 

To assess the capacity of these ECM functionalised IPN bioinks to support 

chondrogenesis, they were loaded with BMSCs and maintained in culture for 42 days. 

During this time period, no increase in sGAG or collagen levels were detected. 

Furthermore cell viability was low and the engineered constructs calcified in culture. 

These negative findings were also observed in the IPN control group (3.5% alginate 

and 5% GelMA), which in chapter 4 was shown to support robust chondrogenesis of 

BMSCs. This suggests that the specific batch of BMSCs used in this experiment may 

have possessed a limited capacity for chondrogenesis. Calcification of cartilaginous 

tissues engineered using BMSCs is a well documented limitation of this cell source 

(Rathan et al., 2019). Alternative cell sources could be explore in the future, including 

fat-pad derived MSCs which have shown to be less prone to calcification and tend to 

produce tissue rich in both Col I and II, which would be ideal for meniscus tissue 

engineering (Browe et al., 2019; Luo, Thorpe, Buckley, & Kelly, 2015; Romanazzo et 

al., 2017)(Almeida et al., 2014). Furthermore, employing a different solubilization 

protocol based on alternative strategies which are being discussed in the field at the 

moment could further improve the bioink. For example, a protocol based on urea as it 

has been reported, which could avoid calcification while driving a differentiation 

response distinguishable between inner and outer phenotype (Shimomura et al., 

2017)(Y. Zhang et al., 2009). In addition, avoiding a pepsin-digestion step has been 

reported to increase the fraction of low to moderate molecular weight proteins in the 

ECM fraction, which improved the fibroinductive signals conveyed by the biomaterial 

(Visser, Levett, et al., 2015). A further challenge in engineering tissues with 

phenotypical differences representative of the inner and outer meniscus zones is the 
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common use of TFG-β3 to support MSC differentiation. This growth factor is necessary 

to promote a robust chondrogenic response, but has also been shown to dilute 

phenotypically different responses between two zones (Rothrauff et al., 2017). 

To summarize, the bioinks developed for the different anatomical meniscus 

zones based on alginate, GelMA and solubilized ECM showed a high degree of shear 

thinning. However, no evidence was found to support the hypothesis that meniscus 

ECM functionalization promotes a more fibrochondrogenic response over the IPN only 

developed in chapter 4, which showed a stable chondrogenic response when loaded 

with BMSCs. The improvement in shear thinning characteristics of the two developed 

bioinks motivates further investigation into the printability of such materials. Given the 

concerns related to the specific batch of BMSCs used in this study, further studies are 

warranted to investigate the fibro-chondrogenic potential of solubilised meniscus ECM. 

Finally, additional studies are required towards scaling up of bioprinted tissues to 

produce an anatomically correct tissue engineered meniscus construct. 

5.5. Conclusion 

The solubilized ECM fractions of inner and outer meniscus failed to improve the 

fibrochondrogenic potential of the developed IPN based bioinks but significantly 

improved their shear thinning and viscoelastic behaviour. Next, chapter 6 was then 

focused on scaling up the printing process and to create an anatomically shaped and 

sized meniscus construct based on the scaffold parameters and bioinks, which had 

been developed in the previous chapters. 

 

  



 

 112 

 



 

 113 

 

3D BIOPRINTING OF SCALED UP, BIOMIMETIC 

MENISCUS CONSTRUCTS 

 

6.1. Introduction 

Partial meniscectomies are still widely performed when surgically treating 

damaged meniscal tissue, despite the fact that this procedure is associated with a 4-

fold increase in the risk of developing OA (M Englund, Roos, & Lohmander, 2003). 

Similarly, in case of severe meniscal damage, total meniscectomies are conducted 

despite a 14-fold associated increase in risk of development of OA (H. Roos et al., 

1998). Total meniscectomies are then followed by allograft transplants, which are still 

commonly considered the gold standard to replace the removed meniscus tissue. 

However, shortages of health donor menisci and a technically challenging surgical 

procedure have limited its widespread use. A number of implants to replace tissue 

following partial meniscectomies (Actifit™ and CMI®) are also in clinical use, however 

they do not restore normal meniscal tissue anatomy and joint function and clinical 

results are mixed (Leroy et al., 2016; Makris et al., 2011a; Monllau et al., 2011). 

This is partially due to a number of limitations associated with such biomaterial 

scaffolds, in particular their failure to mimic the gross anatomy, internal structure and 

biomechanical behaviour of the normal meniscus. Modern biomaterial fabrication 

techniques like electrospinning and 3D printing strategies enable the engineering of 

implantable biomaterials that mimic specific aspects of the internal architecture and 

biomechanics of soft biological tissues (B. M. Baker & Mauck, 2007; Levato, Visser, 

Planell, & Engel, 2014; W.-J. Li, Cooper, Mauck, & Tuan, 2006; Visser, Melchels, et al., 

2015). In spite of this, engineering implants that mimic both the external geometry and 
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internal architecture of the meniscus remains a challenge. More biomimetic tissue 

engineered meniscus implants could offer alternatives to allograft transplants for total 

meniscectomies and alternative approaches to existing constructs for treating partial 

meniscal defects. 

In recent years, 3D bioprinting has been utilized to engineer biological 

constructs that mimic certain aspects of the structure, composition and biomechanics 

of native meniscus tissue (G Bahcecioglu et al., 2019; Gokhan Bahcecioglu et al., 

2018; Chang H Lee et al., 2014; Szojka et al., 2017). For example, Szojka et al 

demonstrated an anatomically accurate 3D printed meniscus scaffold with PCL fibres 

mimicking circumferential collagen fibre directionality and explored offset fibre pattern 

to modulate the compressive properties of the construct. Lee et al and their follow-up 

study by Nakagawa et al printed an anatomically accurate PCL scaffold with PLA/PGA 

microspheres which contained CTGF and TGF-β3 to create a spatio-temporal release 

profile to recreate inner and outer zones. In vitro studies with human synovial cells 

showed increased levels of col I in the outer zone and col II and sGAG in the inner 

zone as well as mechanical reinforcement through the secreted matrix after 6 weeks in 

a mixture of chondrogenic and fibrogenic media. In vivo studies in sheep for 3, 6 and 

12 months showed meniscal tissue formation and no signs of synovial inflammation, 

however in combination with damages to the meniscus extrusion and subsequent 

damages to the AC due to a lack of fixation to the tibial plateau (C H Lee et al., 2014; 

Nakagawa et al., 2019a). A more recent study filled varying compositions of GelMA 

and agarose into the pores of a meniscus shaped PCL scaffold in order to create an 

inner and outer zone where the authors reported varying cell morphologies and ECM 

composition to some degree. (G Bahcecioglu et al., 2019) Similar zonally engineered 

constructs were also achieved through a combination of dynamic mechanical and 

biochemical stimulation through CTGF and TGF-β3 in vitro and led to promising tissue 

regeneration in rabbit studies in vivo (Z.-Z. Zhang et al., 2017; Zheng-zheng Zhang et 
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al., 2019). However, scaling-up the 3D bioprinting process to engineer anatomically 

accurate cell-laden constructs that mimic the biomechanics and external geometry of 

the entire meniscus remains a challenge.  

The in vitro maturation of such scaled-up biological constructs is a particular 

challenge,  as limitations in sufficient nutrient and gas exchange throughout the 

engineered tissue can lead to cell death and limited matrix deposition (Rouwkema et 

al., 2013). Sacrificial hydrogels (e.g. pluronics 127) have previously been used to 

create nutrient channels in printed constructs (Daly & Kelly, 2019; Daly, Pitacco, Nulty, 

& Kelly, 2018). While such strategies can support nutrient transfer in vitro and 

vascularization of engineered tissues in vivo, using multiple biomaterials in the printing 

process further increases the complexity of the final implant and therefore the required 

time and quality control during the manufacturing process and adds further logistical 

challenges (Oropallo & Piegl, 2016). Multistage 3D printing processes are subject to 

variations at each stage and therefore require a high amount of quality control through 

feedback loops to minimize the propagation of errors during the printing process 

(Gibson, Rosen, & Stucker, 2010; Shi & Zhou, 2009)(Gibson et al., 2010; Shindo, 

Nurani, & Strojwas, 1998). Therefore consideration of the complexity of the printing 

process, as well as the time required for bioprinting of live cells, must be considered in 

the design of emerging 3D bioprinting strategies to produce scaled-up biological 

implants.  

In previous chapters of this thesis, PCL printing patterns have been identified 

which are capable of mimicking the anisotropic and heterogenous mechanical 

properties of native meniscus. Moreover, chondrogenic bioinks which support a 

(fibro)chondrogenic phenotype were developed and combined with 3D printed PCL 

networks to develop composites believed compatible with implantation into load 

bearing environments. The aim of this study was to leverage these outputs and use 3D 

bioprinting to engineer a cell-laden meniscal construct that mimics the biomechanics 
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and the overall anatomical size and shape of the human meniscus. To this end, a 

rheological analysis and a series of 3D printing tests were conducted to identify the 

optimal temperature and extrusion pressure settings for each bioinks. Next, a recently 

developed 3D bioprinting technique, herein termed z-printing, was utilised in order to 

overcome some of the current challenges in printing complex, large-scale constructs. 

Lastly, 3D printing was utilised to produce MSC-laden implants mimicking the anatomy 

of the human meniscus, incorporating zone specific bioinks, channels to enhance 

nutrient transport and region specific biomechanics. 

 

6.2. Methods 

6.2.1 Preparation of bioinks 

Bioinks of 3.5% alginate, 5% GelMA and 0.4% inECM or 0.4% outECM were 

produced as described in chapter 5. 

6.2.2 Rheological analysis 

Rheological analysis was performed in order to determine the gelation kinetics 

of the developed bioinks as a function of temperature using a MCR 102 Rheometer 

(Anton Paar, Austria) with a PP25 rotating plate and a measuring gap of 0.5 mm. 

Samples were allowed to equilibrate for 20 minutes at 4°C before the start of each 

measurement. Storage modulus (𝐺’), loss modulus (𝐺’’) and the complex viscosity (𝜂) 

were determined through a temperature sweep from 4°C to 37ºC with a temperature 

increase of 1°/min, a constant oscillating shear strain ( 𝛾 ) of 5% and an angular 

frequency (𝜔) of 10/s. Finally, the loss factor (𝑡𝑎𝑛 𝛿) was determined by calculating the 

ratio of 𝐺’’ to 𝐺’ Eq. 6.1. All measurements were conducted in triplicates. 
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𝑡𝑎𝑛 𝛿 =
𝐺′′

𝐺′
 

Eq. 6.1 

6.2.3 Spreading ratio 

A 3D bioprinter from RegenHU (3D Discovery) was used to evaluate the 

printability of the developed bioinks. Materials were extruded through a cylindrical 23G 

needle (inner diameter = 337 mm) using a feed rate of 10 mm/s and a series of 

pressure settings into a pattern of 4 mm fibre spacing and 90° orthogonal orientation. 

The printability was then determined through a calculation of the spreading ratio as 

previously described (Daly, Critchley, Rensock, & Kelly, 2016b)Eq. 6.2. All 

measurements were conducted in triplicates. 

𝑆𝑝𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑃𝑟𝑖𝑛𝑡𝑒𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝐼𝑛𝑛𝑒𝑟 𝑛𝑒𝑒𝑑𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 

Eq. 6.2 

6.2.4 Z-printing 

Z-printing and conventional 3D bioprinting technique were compared through a 

printed scaffold of PCL and two gels of Pluronics F127 (Sigma) with food coloring with 

5 mm height as well as versions scaled to 10 and 15 height. The PCL scaffold of 1.5 

mm edge length, 2 mm fibre spacing, aligned and double layered pattern was printed 

using a 3D Discovery printer (RegenHU, Switzerland) with parameters described in 

chapter 3. For conventional 3D bioprinting gel 1 and gel 2 were printed alternating with 

the extrusion of the PCL fibres in a commonly used and previously described pattern 

(Daly, Cunniffe, et al., 2016), as shown in figure 6.2 a. Extrusion settings for gel 1 and 

2 were chosen at 13°C with cylindrical 23G needles, 1.75 bar and 10 mm/s speed. To 

conduct z-printing gel 1 and 2 were printed while moving along the z-axis through the 

pores of the PCL scaffold after the completion of all PCL layers. In contrast to 

conventional printing technique, where materials are alternated at each layer and 

extruded while moving along the x and y-axis (Fig. 6.2 a). First, the coordinates of each 
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pore were determined by manually finding positions on the x, y and z-axis of the 3D 

Discovery printer (Fig. 6.2 b). Then all coordinates were put into an algorithm written in 

visual basic (Table 6.1) to generate a G-code. This enabled the printing needle to 

vertically move into the selected pores and extrude gel 1 and 2 while exiting the pores 

through the top along the z-axis (Table 6.2). Gels were extruded at 13°C with 1.75 bar 

pressure through cylindrical 23G needle with 1/2 inch length to create the scaffold seen 

in Fig. 6.2 c. Printing times were measured for the full process as well as the duration 

of automatic changes of printheads in case of conventional 3D printing and manual 

changes for z-printing, as well as the printing times of each separate material. Printing 

times of scaffolds with the selected volumes were then fitted to a linear regression 

equation (Fig. 6.3 a-c). 

 

6.2.5 Multistage process analysis of z-printing 

Printing processes were described as multistage processes using simplified 

state space models(Shi & Zhou, 2009). Briefly explained, the key quality characteristics 

of the printed construct at stage k (e.g. hydrogel extrusion) can be represented by state 

vector xk which depends on state specific process variables like input uk (e.g. extrusion 

pressure) and error wk (e.g. needle blockage). The output y (e.g. construct of PCL and 

bioink) of each printing stage was subject to quality control via visual evaluation 

through a feedback loop Fy followed by possible adjustment of stage specific process 

variable uk. Furthermore, evaluation of state vectors was conducted through 

intermediate feedback loops Fx. Pre-printing stages were defined as preparational 

working steps before any printing takes place, like the creation of a 3D model or the 

design of a printing pattern. Printing stages were defined as the extrusion of a single 

material in a single layer, the changing of a printhead or the extrusion of a single 

material into a single pore via z-printing. Feedback loops were defined as quality 

control processes of a state vector xk or output y. Printing stages and feedback loops 
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were then quantified. Post-printing stages were defined as finishing working steps 

taking place after printing, such as cross-linking. Intermittent modification steps were 

defined as steps taking place between the completion of one printing stage and the 

beginning of another. 

6.2.6 3D printing meniscus PCL scaffold 

A digital file was created by 3D scanning a porcine meniscus using a LPX-250 

Picza 3D laser scanner (Roland, UK). The STL file was then scaled to adult human 

size, sliced into 120 μm thick layers and imported into the software BioCAD (RegenHU, 

Switzerland). Using BioCAD the file was filled in with the previously investigated infill 

patterns in order to reflect the mechanical properties of the native tissue (Fig. 6.5 a). 

The posterior and central region was filled with an infill pattern of 120 µm fibres in 

double layered offset pattern in 2 mm spacing. The anterior region was filled with the 

same pattern but with a 1.5 mm spacing, in order to stiffen this region, as observed in 

normal human meniscus tissue. The fibres were oriented orthogonally, but additionally 

in circumferential and radial directions in order to reflect the anisotropy of the fibre 

orientation in the native meniscus tissue (Makris et al., 2011b) (Fig. 6.5 b). The infill 

pattern was then adapted to the entire meniscus and scaled up slightly to be printed in 

human size (Fig. 6.5 c).  

6.2.7 Z-printing to 3D bioprint meniscus 

A mould was created using a Form 3 3D printer (Formlabs, USA) in order to 

position the printed meniscus construct upside down on the printing platform of the 

RegenHU printer so all pores could be accessed during the z-printing process. In the 

following step, the printing coordinates were written into a G-code program using the 

algorithm displayed in Table 6.1 and Table 6.2. Pluronics F127 was then z-printed into 

pores in approximately 2 mm distance with 3 bars pressure through a cylindrical 23G 

needle (Fig. 6.5 d-e). This distance between pluronics filled pores was reported to 

allow nutrient and gas exchange to BMSCs after the sacrificial gel would have been 
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removed (Grayson et al., 2008). Bioinks of 3.5% alginate, 5% GelMA and 0.4% inECM 

or outECM with 20*106 BMSCs/ml in as described in chapter 5 were then z-printed into 

the pores of the inner and outer zone of the meniscus, respectively, with printing 

settings described above. The bioink filled pores were chosen in approximately 1.5 mm 

distance from each other since the gels were observed to flow over from the pore they 

were originally extruded into and close that distance (Fig. 6.5 e-d). The construct was 

then lifted from the mould and cross-linked in CaCl2 and UV light as described above 

and incubated over night at 37°C in physioxic conditions in XPAN media as described 

in chapter 2. 

6.2.8 Assessment of cell viability 

Analysis of viability was conducted through staining with a Live/Dead kit and 

confocal imaging, as described in chapter 4. Furthermore, constructs were separated 

into cross-sections as well as anterior, central and posterior sections to facilitate 

imaging. 
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Sub compile_GCode() 

Dim i, j, x, y, z, lrow As Double 

Dim Line1, Line2, Line3, Line4, Line5, Line6, Line7, Line8, 

Line9 As String 

lrow = Worksheets("Coords").Cells(Rows.Count, 

1).End(xlUp).Row 

i = 1 

j = 1 

Do Until i = lrow * 9 + 1 

 

    With Worksheets("Coords") 

        x = .Cells(j, 1).Value 

        y = .Cells(j, 2).Value 

        z = .Cells(j, 3).Value 

    End With 

 

    Line1 = "G0 X" & x & " Y" & y 

    Line2 = "G0 Z" & z + 0.2 

    Line3 = "M97" 

    Line4 = "G91" 

    Line5 = "F5 G1 Z" & z + 1 

    Line6 = "G90" 

    Line7 = "F10 G1 Z" & z 

    Line8 = "M96" 

    Line9 = "G0 Z" & 15 

 

    With Worksheets("Code") 

        .Cells(i, 1).Value = Line1 

        i = i + 1 

        .Cells(i, 1).Value = Line2 

        i = i + 1 

        .Cells(i, 1).Value = Line3 

        i = i + 1 

        .Cells(i, 1).Value = Line4 

        i = i + 1 

        .Cells(i, 1).Value = Line5 

        i = i + 1 

        .Cells(i, 1).Value = Line6 

        i = i + 1 

        .Cells(i, 1).Value = Line7 

        i = i + 1 

        .Cells(i, 1).Value = Line8 

        i = i + 1 

        .Cells(i, 1).Value = Line9 

        i = i + 1 

    End With 

    ' increment x, y, z by the required amount 

    j = j + 1 

     

Loop 

 

End Sub 

Table 6.1 Algorithm to program z-printing G-code: Algorithm written in Visual Basic to write G-

code for z-printing. Work was done in conjunction with Simon Carrol, PhD. 
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Table 6.2 Z-printing G-code commands: G-code commands used 

to write an algorithm for Z-printing in table 6.1. 

G-code command Translation 

G0 XxYy Move with max speed to coordinates 

xy of pore 

G0 Z0.2 Move with max speed to 0.2 mm from 

the bottom of the pore 

M97 Start extrusion via air pressure 

G91 Switch to incremental positioning 

F5 G1 Z1 Move 1 mm up with speed of 5 mm/s 

G90 Switch to absolute positioning 

F10 G1 Zz Move to z mm height of scaffold 

M96 Stop extrusion via air pressure 

G0 Z15 Move with maximum speed to 15mm 

above base 

 

6.2.9 Histological characterization 

After confocal imaging, sections of the printed constructs were fixed, encased 

in 3% agarose, dehydrated and embedded in paraffin wax. Due to the bigger size of 

the sections of the printed construct, the xylene and paraffin wax embedding steps 

were extended from 1 hour twice to 3 hours twice to ensure complete removal of air 

pockets and homogenous dehydration. Finally, constructs were sliced and stained in 

Alcian Blue/Aldehyde Fuchsin, Alizarin Red and Picrosirius Red as described in 

chapter 4. 
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6.3. Results 

6.3.1 Bioinks of IPN and ECM show good printability 

The printability of the bioinks developed in chapter 5 (IPN of 3.5% alginate and 

5% GelMA with or without solubilized inner and outer zone meniscus ECM) was first 

evaluated. Viscosity was analysed as a function of temperature in order to determine 

the optimum printing temperature. A temperature sweep under oscillation revealed a 

significant difference between the viscosity of the IPN alone (30 Pa*s) compared to the 

ECM functionalised IPNs (100 Pa*s) at 4°C. However, the differences in viscosity 

decreased with increasing temperature and all displayed lower viscosity of 

approximately 10 Pa*s at 37°C (Fig. 6.1 a). Furthermore, the value for Tan Delta (the 

ratio of loss G’’ and storage moduli G’) for the IPN alone was >1, demonstrating that 

the bioink behaves like a viscous liquid and increased with increasing temperature. In 

contrast, the IPN bioinks containing inECM and outECM showed a value of Tan Delta 

<1 at lower temperatures, indicating that the material behaves like an elastic solid, but 

this increased to ~ 1 at temperatures of 32°C and higher (Fig. 6.1 b). At 13°C the 

viscosities of all three bioinks were sufficiently high that based on previous experience 

meant that they should be printable. To further assess the printability, a spreading ratio 

assay was conducted at 13°C under different extrusion pressure settings. The 

spreading ratio decreased with lower pressure settings for all bioinks. Higher spreading 

ratios were observed for IPN bioinks containing inECM and outECM (Fig. 6.1 c). To 

summarize, the printability of IPN bioinks containing 3.5% alginate and 5% GelMA, 

with and without 0.04% inECM and outECM, were characterized and 13°C was 

determined as a suitable printing temperature. 
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6.3.2 Z-printing accelerates the 3D bioprinting of complex large scale 

constructs 

The emerging concept of ‘z-printing’ was next explored as a novel 3D printing 

technique that facilitates accelerated bioprinting of complex, large scale cell-laden 

constructs. The concept of z-printing involves linearly moving the depositing needle 

into the spaces/channels of a pre-existing biomaterial and then extruding a bioink while 

Fig. 6.1 Printability characterization of bioinks: rheological analysis of viscosity as a function 

of temperature (a-b) and spreading ratio assay(c-d). Scale bar 10 mm, n = 3 in triplicates 
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exiting the construct from the bottom to the top along the z-axis of the printing platform 

(Fig. 6.2 a). First, the time to print a scaffold with a width of 1.5 mm and a height of 

either 5, 10 and 15 mm, consisting of PCL and 2 different inks, was compared for z-

printing and conventional x-y printing (Fig. 6.2 b-c). Z-printing was found to be faster 

than conventional x-y printing for each scaffold size by 20 - 35% and printing times 

increased with increasing scaffold volume on a linear scale by a factor of 2.2, whereas 

printing times for conventional printing methods scaled with a factor of 3.2 (Fig. 6.3 a-

b). Upon closer inspection of the duration of the individual printing steps, it was shown 

that the total duration necessary to change printheads was shortened through the z-

printing approach. Furthermore, the technique of z-printing allowed a segmentation of 

the various printing steps of extruding different materials as well as switching between 

them into separate working steps, whereas conventional 3D printing required all 

working steps to be performed in a singular uninterrupted process (Fig. 6.3 c). 
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Fig. 6.2 Z-printing compared to conventional 3D bioprinting: Two constructs were either 

designed for with z-printing or conventional 3D bioprinting using PCL via FDM and two 

hydrogels via air pressure extrusion (a). Infill patterns to print a scaffold and as finished prints 

of 5 mm height(c). 
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6.3.3 Z-printing allows a higher ratio of printing stages to feedback loops 

Next, conventional printing and z-printing were described as multistage 

manufacturing process using a state space model (Fig. 6.4 a-d). A quantification of the 

amount of printing stages and feedback loops revealed that the number of printing 

stages associated with a conventional 3D bioprinting process scaled faster with 

increasing scaffold size compared to a z-printing process (Table 6.3) (Fig. 6.5 a). 

Moreover, z-printing is characterised by a lower ratio of printing stages per feedback 

loops compared to a conventional 3D bioprinting technique, which also scaled slower 

with increasing scaffold size (Fig. 6.5 b). 

 

 

Fig. 6.3 Quantification of printing processes: Duration to print each scaffold for each action of the 

printer (a) and further compared when the scaffolds were scaled up to bigger volumes (b). The printing 

times of the separate stages of each printing technique were broken down to gain insight into the details of 

the different processes (c). 
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Fig. 6.4 State space models of 3D printing as multistage manufacturing process: 3D bioprinting 

can be described as a state space model of multistage manufacturing process with pre-printing 

stages, post-printing stages and several printing sub-stages (a). 
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Fig. 6.5 Quantification of number of stages and stages per feedback loops: The number of printing 

stages used in conventional printing processes increases faster with scaffold volume compared to the 

number of stages in a z-printing process (a), as does the number of stages per feedback loop (b). 
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Table 6.3: Quantification of printing stages and feedback loops 

Conventional 3D bioprinting Z-printing 

5 10 15 height (mm) 5 10 15 height (mm)         

amount of stages stage k amount of stages stage k 

52 104 156 PCL layers 52 104 156 PCL layers 

26 52 78 gel 1 layers 67 67 67 gel 1 pores 

26 52 78 gel 2 layers 66 66 66 gel 2 pores 

26 52 78 
change printhead to 

PCL 
1 1 1 

change printhead to 
PCL 

26 52 78 
change printhead to  

gel 1 
1 1 1 

change printhead to  
gel 1 

26 52 78 
change printhead to  

gel 2 
1 1 1 

change printhead to  
gel 2 

182 364 546 
sum of stages k 

188 240 292 
sum of stages  

k         

amount of feedback 
loops F 

feedback loop  
F 

amount of feedback 
loops F 

feedback loop  
F 

1 1 1 
end of printing stage 

Fy2 
1 1 1 

end of PCL printing 
stages Fxk1 

- - - - 1 1 1 
end of gel 1 printing 

stages Fxk2 

- - - - 1 1 1 
end of gel 2 printing 
stages Fxk3 = end of 

printing stage Fy2 

1 1 1 
sum of feedback  

loops F 3 3 3 
sum of feedback 

loops F 
        

182 364 546 
ratio of stages to 

feedback loops k/F 
62.6 80 97.3 

ratio of stages to 
feedback loops k/F 
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Fig. 6.6 Multiple-tool biofabrication of an anatomically accurate meniscal graft mimicking the 

anisotropic and heterogeneous properties of the native tissue: Schematics of how a porcine 

meniscus was 3D scanned and converted into an STL file (a), and subsequently further converted into a 

printable file with infill pattern of circumferentially and radially orientated fibres with 120 μm, double layer, 

offset and 1.5 mm spacing in the anterior or 2 mm in the central and posterior region. Scale bar 10 mm 

(b). Schematics of scaling up the infill pattern to 3D print a meniscus of anatomical size and shape. 

Scale bar 10 mm (c). Schematics in top view of pores of meniscus construct (d) and utilization of z-

printing with pluronics and bioinks for inner and outer zone (e). Application of pluronics as sacrificial 

hydrogel to create pores after washing out (f) and confirmation of pores via confocal microscopy (g). 

Printed construct with distinct inner and outer zones using bioinks of alginate, GelMA, inECM or outECM 

with BMSC (h). 
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6.3.4 Multiple-tool biofabrication of an anatomically accurate meniscal graft 

mimicking the anisotropic and heterogeneous properties of the native 

tissue 

After printing a PCL scaffold mimicking the anatomical size and shape of a 

human meniscus, the spaces between PCL filaments (i.e. the scaffold pores) were 

filled with an alginate-GelMA IPN bioink functionalised with either inECM or outECM 

(Fig. 6.6 a-e). After crosslinking the construct and swelling over night at 37°C, the 

sacrificial pluronics bioink had washed out leaving behind a network of nutrient 

channels (Fig. 6.6 f). To demonstrate the capacity to spatially locate different bioinks 

within the inner and outer zones of the printed meniscus, each bioink was loaded with 

either purple or yellow food colouring (Fig. 6.6 g). Live/Dead imaging of cells 

encapsulated in the bioinks showed a viability of ~80%, with a relatively homogenous 

distribution of cells in the cross sectional as well as the transversal view. Furthermore, 

after maintaining these MSC laden constructs for 24 hours in chondrogenic culture 

conditions, a histological analysis revealed a homogenous accumulation of 

extracellular matrix throughout the printed meniscus construct (Fig. 6.7).  

  



 

 133 

 

 

 
Fig. 6.7: 3D bioprinted meniscus of bioinks seeded with BMSCs: anatomically shaped and sized 

meniscus construct printed from PCL and bionks of alginate, GelMA and inECM or outECM (a), cell 

viability analysis in the transverse plane (scale bar 100 μm) (b) and cross sectional view (scale bar 1 

mm) (c). Histological assessment via Alcian Blue/Aldehyde Fuchsin, Alizarin Red and Picrosirius Red 

staining. Scale bars 4 mm and 100 μm (d). 
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6.4. Discussion 

In the previous chapters, PCL printing patterns and IPN bioinks were developed 

which enabled the engineering of cell-laden bi-phasic constructs mimicking key 

aspects of the non-linear, heterogeneous biomechanical properties of native meniscal 

tissue. The aim of this chapter was to further analyse the printability of these bioinks 

and to develop a printing technique which facilitates accelerated 3D bioprinting of 

complex large scale constructs. To demonstrate the utility of this approach, an 

anatomically accurate meniscus construct was fabricated, which mimicked key aspects 

of composition and biomechanical properties of the native tissue.  

Viscosity and spreading ratio analyses of the developed bioinks revealed 

favourable printability at 13°C using a print pressure of 1-1.75 bar with a 23G needle. 

The IPN of GelMA and alginate assumed a Tan Delta value > 1 throughout the 

measured temperature range, which indicates that the material can primarily be 

described as a viscous liquid. Tan Delta increased further with increasing temperature 

which can be attributed to the melting point of GelMA at 37°C. In contrast, the addition 

of solubilized inECM or outECM to the IPN based bioink showed significantly increased 

its viscosity at lower temperatures. Furthermore, the Tan Delta values < 1 indicate that 

the ECM containing bioinks can be described as elastic gels. At 37°C, however, the 

decreased viscosity and increased Tan Delta values suggest a similar behaviour as 

observed in the IPN alone. Consequently, 13°C was chosen as optimal printing 

temperature since increased viscosity at lower temperatures provides better printability 

while the temperature remained in a range in which viability of encapsulated cells 

would not be diminished (J. Wang et al., 2017). It should be noted, however, that the 

spreading ratio was found to be relatively high, even at lower extrusion pressure or 1 

bar, even when solubilized ECMs were incorporated into the bioink. Further tuning of 

the developed bioinks in the future could be achieved for example by partially pre-

crosslinking the alginate component of the IPN bioink prior to printing (Freeman & 
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Kelly, 2017). In summary, rheology and spreading ratio assays of developed bioinks 

were conducted successfully in order to determine printing conditions to scale up a 

bioprinted meniscus construct. 

Next, a novel 3D bioprinting technique was utilised to accelerate the 

biofabrication of complex, large scale tissues like a meniscus. The described z-printing 

technique has three advantages: the printing process takes less time, it allows the 

whole process to be broken up into separate stages for more quality control, and finally 

it enables additional intermittent material modification stages. These features are 

especially beneficial when creating complex, large scale constructs. The term z-

printing describes the movement of printheads along the z-axis instead of the x and y-

axis as usually done in conventional 3D printing techniques. In short, instead of 

completing a layer with each material before printing the next layer as in conventional 

methods, z-printing completes the extrusion of all layers with one material before 

extruding another material. After printing of all PCL layers, the needle of the hydrogel 

bioink printhead is translated through pores or channels within the exiting PCL 

structure, extruding a specific bioink while upwards in a z-direction. This technique is, 

therefore, not a strict layer-by-layer process, similar to other recently developed 

printing technologies, enabled by novel printing devices like six axis printers for 

example (Y. Chen, Zhou, & Lao, 2011; Choudhury, Anand, & Naing, 2018; Keating & 

Oxman, 2013; Zhu et al., 2018) or volumetric printing (Bernal et al., 2019). Similarly to 

z-printing, hydrogels have been bioprinted in the z-direction into the pores of scaffolds 

fabricated via MEW recently as well, however, without applying the technique to larger 

construct which was here enabled through FDM printed scaffolds (de Ruijter et al., 

2018). Despite numerous developments in the field of 3D bioprinting, decreasing the 

duration of the printing processes is still considered a major challenge (Oropallo & 

Piegl, 2016), especially when printing cell-laden constructs sensitive to the length of 

the overall printing process. The z-printing process required less time to produce large, 
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multi-material constructs compared to conventional 3D bioprinting. This was shown to 

mainly be due to a decrease in necessary changes of printheads required when using 

multiple materials. Furthermore, when using state space models to display 3D 

bioprinting as a multistage process, it was shown that z-printing increases the 

opportunities for quality control due to a higher number of feedback loops. Due to its 

layer-by-layer approach, conventional printing processes can suffer from errors which 

accumulate from stage to stage, but typically only offer one opportunity for quality 

control at the end of the process (Gibson et al., 2010). Since the z-printing process is 

broken up into stages dedicated to each material separately, additional feedback loops 

are introduced, which enable oversight and corrections of common errors like clogged 

needles, software or human errors. Lastly, z-printing introduces additional intermittent 

material modification steps which allow a further increase in construct complexity. 

Processes like surface treatment of printed PCL fibres, that would otherwise be 

cytotoxic if performed on cell containing constructs (J. S. Park et al., 2007; Qi et al., 

2016), or indeed simple sterilization steps can be easily introduced into the bioprinting 

workflow. Furthermore, sequential cell seeding is enabled through in vitro culture of a 

construct before transferring it back onto the printer to add another cell-carrying bioink 

(Baldwin et al., 2014; Iyer, Chiu, Vunjak-Novakovic, & Radisic, 2012). Like every 

technique, z-printing has limitations such as the restriction of the outer needle diameter 

by the channel/pore size of an existing scaffolds, or where the full volume cannot be 

accessed via pores due to overhangs. In addition, it is difficult to alter the bioink 

composition through the depth of the construct. In spite of these limitations, it is the 

contention of this thesis that the developed z-printing technique offers a number of 

advantages compared to conventional 3D bioprinting when bio-fabricating large, multi-

material constructs.Finally, an MSC-laden construct mimicking the shape and size of 

the human meniscus was 3D bioprinted, which considered the non-linear and 

heterogenous biomechanics and spatial composition of the native meniscus tissue. 

Both FDM and MEW have been used in the past for tissue engineering of 
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cartilagenous constructs. MEW has similar strengths as FDM like printing highly 

detailed structures via a layer-by-layer process in addition to a higher resolution with 

fibre diameters as low as 2 μm. Furthermore, the mechanical properties of both FDM 

and MEW constructs are highly tunable and show compressive properties similar to the 

ones of native meniscus tissue when in the form of fibre reinforced IPN as 

demonstrated in this study (Bas et al., 2015; Visser, Melchels, et al., 2015). Despite 

much recent progress however, the main disadvantage of the emerging technology of 

MEW is still its lack in scalability (Dalton, n.d.; Robinson, Hutmacher, & Dalton, 2019; 

Wunner, Wille, et al., 2018a). Only very recently have MEW scaffolds been created in 

a height sufficient for meniscus tissue engineering for the size of human tissue or 

larger (Wunner, Wille, et al., 2018b). Furthermore, the long duration of printing large 

scale constructs like the one presented in this thesis when using MEW compared to 

FDM was another reason why FDM was chosen to print this meniscus construct 

(Dalton, n.d.; Wunner, Eggert, et al., 2018). Similarly to other meniscus tissue 

engineering papers (Gokhan Bahcecioglu et al., 2019; C H Lee et al., 2014; Szojka et 

al., 2017; Zheng-zheng Zhang et al., 2019) FDM was used instead due to its ability to 

print complex structures that can withstand the biomechanical forces in the knee joint. 

Often used in bone tissue engineering, FDM printed PCL shows the advantage of high 

mechanical strength essential for load bearing tissues (Daly, Cunniffe, et al., 2016; 

Hutmacher, 2000). Furthermore, the developed offset pattern in combination with IPNs 

make it possible to create constructs with bi-phasic mechanical properties close to one 

of meniscus tissue. The approach described in this chapter offers therefore a number 

of advantages over the small number of earlier attempts to 3D print meniscal 

constructs. Zone-specific tissue engineered meniscus constructs have previously been 

fabricated using a 3D printed PCL scaffold loaded with CTGF and TGF-β3 

encapsulated in microspheres within the outer and inner zones of the construct, with 

the goal of creating a spatio-temporal growth factor release profile (Chang H Lee et al., 

2014). A more recent study combined tailored PCL scaffolds with GelMA and agarose 
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hydrogels (G Bahcecioglu et al., 2019; Gokhan Bahcecioglu et al., 2018). Unlike the 

printed construct in this study, they utilised a broadly orthogonal fibre pattern, failing to 

recapitulate the circumferentially and radially orientated fibres observed in native 

meniscus (G Bahcecioglu et al., 2019). In contrast, Zhang et al and Szojka et al 

developed scaffold designs with circumferential and radially oriented PCL fibres which 

mimic the directionality of the native meniscus collagen architecture (Szojka et al., 

2017; Z.-Z. Zhang et al., 2017). The design used in the current study also mimics the 

biomechanical differences between heterogeneous anterior, central and posterior 

regions of the native tissue, which was not taken into account in the above-mentioned 

studies. Moreover, the reported inclusion of pores in this study to enable gas and 

nutrient exchange through diffusion (Grayson et al., 2008; Rouwkema et al., 2013) as 

well as cell migration into the centre of the construct represents another novelty in 

printing large scale meniscus tissue engineering constructs. 

Moreover, the studies above also report successful simulation of rounded and 

spread cell morphology in inner and outer zones respectively (G Bahcecioglu et al., 

2019) and secretion of zone specific ECM through biochemical and/or biomechanical 

stimulation through CTGF and TGF-β3 in vitro or in vivo studies in rabbits or sheep (G 

Bahcecioglu et al., 2019; Chang H Lee et al., 2014; Nakagawa et al., 2019b; Z.-Z. 

Zhang et al., 2017; Zheng-zheng Zhang et al., 2019). However, the construct reported 

in this current study was not subject to long term in vitro culture or implanted in vivo. 

Future work should be carried out in order to assess the zone-specific 

fibrochondrogenic and chondrogenic differentiation potential of the developed 

construct. 

6.5. Conclusion 

This chapter describes the development of a 3D bioprinted meniscus construct 

which mimics the external size and shape of the human meniscus as well as its 
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internal heterogeneous structure. The print patterns employed in this study were also 

previously shown (Chapter 3) to mimic key aspects of the biomechanics of the normal 

meniscus.  Furthermore, the creation of this large, multi-material biological constructs 

was facilitated through the development of a novel 3D bioprinting technique which 

successfully addresses several key challenges of 3D printing as a manufacturing 

process. 
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DISCUSSION 

 

7.1. Summary and discussion of key findings 

The objective of this thesis was to 3D bioprint a cell-laden and anatomically 

accurate engineered meniscus construct with (i) heterogeneous and anisotropic 

mechanical properties and (ii) spatially defined regulatory cues in the form of meniscus 

ECM components, thereby mimicking key features of the native meniscus. This 

bioprinted construct was also required to have the potential to continue to mature 

either in vitro or in vivo. This required the development of polymer scaffolds and 

bioinks with specific biomechanical properties and the potential to support fibro-

cartilaginous tissue deposition by encapsulated cells. Chapter 3 therefore explored the 

mechanical properties PCL scaffolds produced using FDM, varying the fibre diameter, 

spacing and print pattern. Using this approach is was possible to produce scaffolds 

with axial compressive properties and radial tensile properties similar to human 

meniscus tissue. Chapter 4 described the development of a composite construct 

consisting of an MSC laden hydrogel reinforced with a 3D printed PCL fibre network. 

This composite biomaterial displayed biomechanical behaviour similar to bi-phasic soft 

tissues like the meniscus. Furthermore, the developed hydrogel showed shear thinning 

properties making it suitable for putative 3D bioprinting applications, and supported 

robust chondrogenesis of MSCs in vitro. Chapter 5 then sought to functionalise the 

alginate and GelMA IPNs with solubilized ECM fractions from the inner and outer 

zones of porcine meniscus. While the addition of ECMs improved the shear thinning 

properties of the developed hydrogel bioinks, it did not dramatically alter the capacity of 

the inks to support the fibrochondrogenic differentiation of MSCs. Finally, in chapter 6 

of the thesis a novel 3D bioprinting technique was described which was used to create 
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large scale tissue engineered constructs. Using this approach a meniscus construct 

with a size and shape similar to that of the human meniscus was produced, using 

printing parameters that were previously shown to produce composites with anisotropic 

and bi-phasic biomechanical properties. 

The thesis began with the aim of engineering materials with compressive and 

tensile properties similar to the native human meniscus tissue by 3D printing composite 

constructs consisting of IPN hydrogels reinforced with networks of PCL fibres (chapter 

3). First, the effect of the variation of fibre diameters and spacing on the compressive 

and tensile properties was investigated. Mechanical properties decreased with 

decreasing PCL content, with a scaffold consisting of a 120 μm fibre diameter and a 2 

mm fibre spacing best mimicking the axial compressive properties of the native tissue. 

While PCL scaffolds with a tensile modulus mimicking that of the radial direction of the 

meniscus could be readily achieved, reaching values observed in the circumferential 

direction of the meniscus required printing scaffolds with almost 50% PCL content. 

However these scaffold possessed an axial compressive modulus at least one order of 

magnitude higher than that observed int eh native tissue, and hence could not be 

considered biomimetic of the native tissue. Next the influence of fibre print pattern was 

explored by 3D printing consecutive parallel layers of fibres either directly ‘aligned’ with 

the underlying parallel layer or ‘offset’ to the underlying parallel layer. This design 

reduced the compressive modulus of 3D printed samples more than its tensile 

modulus, without altering the PCL content, and therefore increased the ratio of the 

tensile to compressive modulus to native tissue-like values. These PCL networks were 

then used to mechanically reinforce IPN hydrogels, producing highly hydrated 

composites with soft tissue-like biomechanical behaviour.   

Chapter 4 of the thesis explored then the potential of the IPN to support 

chondrogenesis in MSCs and further investigated the bi-phasic mechanical properties 

of such constructs. First, through a rheological characterization of the IPN and its 
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components, the viscosity as function of shear rate was fitted to Herschel-Bulkley 

model. The shear thinning properties of an IPN of 3.5% alginate and 5% GelMA were 

hereby found to be in the range of other reported bioinks and considered suitable for 

biofabrication (Chimene et al., 2018; Melchels et al., 2016). Next, the chondrogenesis 

of BMSCs within the fibre reinforced IPN was investigated through histological, 

immunohistological and biochemical analysis after a 6 week in vitro study in physioxic 

conditions where the encapsulated cells were stimulated with TGF-β3. The IPN 

supported robust chondrogenesis of BMSCs, however, some evidence of  calcification 

was observed, and the cartilage tissue was dominated by Col II, in contrast to native 

meniscus tissue which consists predominantly of Col I (Makris et al., 2011a). A 

complex compressive testing protocol was employed next to analyze the effect of the 

cell secreted ECM on both the flow dependent and flow independent mechanical 

properties of the engineered tissues. The flow independent equilibrium moduli of the 

constructs were notably higher than that of the native tissue, which suggests that the 

solid phase of meniscal tissue is inherently less stiff than that of the fibre-reinforced 

IPN. Meanwhile, the dynamic mechanical properties of the composite increased with 

time in culture, only approaching that of the meniscus, which suggests that the 

permeability of meniscus is lower than that of the hereby engineered tissue and 

therefore better able to generate fluid load support (Gannon et al., 2012). In 

conclusion, It was demonstrated that an IPN of alginate and GelMA has shear thinning 

properties, that BMSCs secrete a cartilaginous matrix within this hydrogel and that this 

secreted matrix improves the mechanical properties of the PCL reinforced IPN, 

resulting in tissues with dynamic mechanical properties closer to native meniscal 

tissue.  

The goal of chapter 5 was to further develop the alginate and GelMA IPN 

bioinks by functionalising them with solubilised ECM isolated from the inner and outer 

region of the meniscus, based on the belief that this would enhance their capacity to 
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support meniscus-specific differentiation of BMSCs (C H Lee et al., 2014; Romanazzo 

et al., 2017; Rothrauff et al., 2017; Shimomura et al., 2017). The success of the 

solubilization protocol for efficiently decellularizing the ECM was confirmed by 

demonstrating a reduction in DNA content to below 50 ng/mg, which has been 

suggested as the threshold necessary to avoid immune responses upon implantation 

of an ECM derived material (Crapo et al., 2011b). Furthermore, the collagen and sGAG 

contents were also reduced by the solubilization treatment, but the collagen:sGAG 

ratio for the solubilised ECMs was comparable to that of the native tissue. This 

suggested a maintenance of the relative number of binding sites for specific growth 

factors and cell binding sites that may be important for promoting chondrogenesis 

(Rutgers et al., 2012)(Schneiderbauer et al., 2004). Moreover, the solubilized ECM 

fractions were found to possess low viscosities alone but strong shear thinning 

properties, as assessed by fitting the rheology data to the Herschel-Bulkley model in a 

rheological analysis. Consequently, when combined with the previously developed IPN 

of 3.5% alginate and 5% GelMA, a significant increase in both viscosity and shear 

thinning behaviour was observed, especially for the outer meniscus ECM. This 

improvement rheological properties (for bioprinting applications) through the 

incorporation of matrix components into bioinks has been explained through a change 

in the collagen fibre orientation under shear forces during extrusion (Malda et al., 

2013). To assess the capacity of these ECM functionalised IPN bioinks to support 

chondrogenesis, they were loaded with BMSCs and maintained in culture for 42 days. 

The solubilized ECM fractions of inner and outer meniscus failed to improve the 

fibrochondrogenic potential of the developed IPN based bioinks, but significantly 

improved their shear thinning and viscoelastic behaviour.  

The aim of chapter 6 was to further analyse the printability of these bioinks, 

develop a printing technique which facilitates accelerated and scaleable 3D bioprinting 

of complex large scale constructs and finally to fabricate an anatomically accurate 
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meniscus construct, which mimicked key aspects of the composition and 

biomechanical properties of the native tissue. Viscosity and spreading ratio analyses of 

the previously developed bioinks identified the optimal printing conditions. At lower 

temperatures, the bioinks displayed elastic solid behaviour and increased viscosity, 

which supported better printability in a temperature range in which viability of 

encapsulated cells would not be diminished (J. Wang et al., 2017). Next, z-printing, a 

novel 3D bioprinting technique was developed, which describes the movement of 

printheads along the z-axis instead of the x and y-axis as usually done in conventional 

3D printing techniques. After printing of all PCL layers, the needle of the hydrogel 

bioink printhead is translated through pores or channels within the exiting PCL 

structure, extruding a specific bioink upwards in a z-direction. The described technique 

has three advantages: the printing process takes less time, it allows the whole process 

to be broken up into separate stages for more quality control, and finally it enables 

additional intermittent material modification stages. These features are especially 

beneficial when creating complex, large scale constructs. Finally, an MSC-laden 

construct mimicking the shape and size of the human meniscus was 3D bioprinted, 

which considered the non-linear and heterogenous biomechanics and spatial 

composition of the native meniscus tissue, similarly to a small number of earlier 

attempts to 3D print meniscal constructs (G Bahcecioglu et al., 2019; Lee et al., 2014; 

Nakagawa et al., 2019; Z. Zhang et al., 2019)(Szojka et al., 2017; Z.-Z. Zhang et al., 

2017). Moreover, the reported inclusion of pores into the bioprinted construct 

supported nutrient transport and waste removal (Grayson et al., 2008; Rouwkema et 

al., 2013), providing further benefits in printing large scale meniscal constructs. 

In summary, this thesis describes the development of a 3D bioprinted meniscus 

construct which mimics the external size and shape of the human meniscus as well as 

its internal heterogenous structure. The fibre reinforced IPN constructs employed in 

this study were shown to mimic key bi-phasic biomechanical attributes of the normal 
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meniscus. Moreover, the developed bioink showed its potential for 3D bioprinting in the 

field of cartilaginous tissue engineering, being both shear thinning and supportive of a 

chondrogenic phenotype. Furthermore, the creation of this large, multi-material 

biological constructs was facilitated through the development of a novel 3D bioprinting 

technique which successfully addresses several key challenges of 3D printing as a 

manufacturing process. 

 

7.2. Limitations 

The PCL patterns developed in chapter 3 mimic a number of biomechanical 

properties of the native meniscus tissue, but still have a number of shortcomings, 

particularly the inability to mimic the circumferential tensile properties of the meniscus 

without dramatically reducing the overall porosity of the printed scaffold. This can be 

attributed to the limitations of PCL as material of choice. Possible alternative design 

solutions for future studies are to combine 3D-printing with other manufacturing 

methods and biomaterials such as silk fibre (Warnecke et al., 2018) or Ultra High 

Weight Polyethylene (NUsurface®, AIC, Memphis, Tennessee)(Active Implants, 2018; 

Balint et al., 2012; Elsner & Linder-ganz, 2010) to provide greater tensile strength in 

the backbone of the construct. Moreover, a further increase of the tensile properties of 

printed PCL fibres could be achieved through the secreted matrix of BMSCs over an 

extended in vitro culture period (C H Lee et al., 2014). The created construct does not 

fully mimic the native biomechanical properties but addresses many of the problems of 

currently available products.  

Chapter 4 demonstrated chondrogenesis of the BMSCs when cultured in the 

fibre reinforced IPN constructs, but some cartilage calcification observed after 42 days 

of in vitro culture, which suggests progression along an endochondral pathway. 

Previous studies have demonstrated that CaCl2 crosslinked alginate can support 
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spontaneous calcification (Liberski, Latif, Raynaud, Bollensdorff, & Yacoub, 2016), 

which could potentially have been prevented by using bisphosphatate or barium 

chloride to crosslink the IPN (C. S. D. Lee et al., 2010). Furthermore, calcification of 

cartilaginous tissues engineered using BMSCs is a well documented limitation of this 

cell source when exposed to TGF-β3 (Rathan et al., 2019), related to the inherent 

tendency of chondrogenically primed MSCs to become hypertrophy and progress 

along an endochondral pathway (Makris et al., 2011b) (Bracht et al., 2007). Tissue 

calcification could be prevented by using a different cell source like synovium (C H Lee 

et al., 2014; Shirasawa et al., 2006) or fat pad derived stem cells (Romanazzo et al., 

2017)(Buckley et al., 2010; Luo et al., 2015). However, in this thesis porcine BMSCs 

were used due to the simplicity of their isolation in high numbers and the doubling 

speed during the expansion phase, as 3D bioprinting large constructs requires a 

comparatively high amount of cells. Going forward a co-culture approach incorporating 

meniscal derived fibrochondrocytes and stem cells could be used as an alternative cell 

population suitable for such applications. Furthermore, using human cells instead of 

porcine would have shown more clinical relevance, due to the possibility of using 

allograft or autograft cells in a cell therapy. However, as described in chapter 2, human 

autograft BMSCs often show low chondrogenic potential due to the advanced age of 

many patients.  

While the in vitro study presented in chapter 4 showed promising 

chondrogenesis and secretion of type II collagen, native menisci (and particularly the 

outer zone) consist of more fibrocartilage-like tissue rich in collagen type I. However, 

chapter 5 failed to induce a more fibrochondrogenic response in the MSCs. The 

increased cell death observed in this study could be related to the use of irgacure 2959 

and UV light to crosslink the IPN, which has been associated with higher levels of 

cytotoxicity (Billiet, Gevaert, De Schryver, Cornelissen, & Dubruel, 2014)(Mironi-

harpaz, Yingquan, Venkatraman, & Seliktar, 2012)(Bahney et al., 2016)(Rouillard et 
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al., 2011). Alternative catalysts like LAP or VA-086 which crosslink using less harmful 

optical light or less cytotoxic crosslinkers like genipin instead could improve cell 

viability within the constructs (Pahoff, Klein, Meinert, Bas, & Hutmacher, 2019; 

Rouillard et al., 2011). Unlike previous studies (Rothrauff et al., 2017; Shimomura et 

al., 2017), the use of solubilized ECM failed to induce a zone-specific meniscal 

phenotype. Alternative approaches that could be explored in future studies include the 

spatio-temporal release of factors such as CTGF and TGF-β3, which have previously 

been used in successful meniscus tissue engineering studies (C H Lee et al., 2014; 

Nakagawa et al., 2019a; Z.-Z. Zhang et al., 2017; Zheng-zheng Zhang et al., 2019). 

Chapter 6 demonstrated the creation of a 3D bioprinted construct mimicking the 

external and internal structure of the human meniscus based on the fibre reinforced 

IPNs developed in chapter 3 and 4. However, it lacks further verification if the 

biomechanical properties also translate to the more irregular fibre design of the 

meniscus shaped construct. The biomechanical properties of the developed fibre 

reinforced IPN constructs were analyzed through uniaxial testing in the shape of 

cylinders or dogbone structures in chapters 3 and 4. A more complex testing setup 

through indentation testing (Q. Li et al., 2017) or cut-out studies would be required to 

assess the mechanical properties of the scale-up construct (Peloquin, Santare, & 

Elliott, 2015). Equally, a multidirectional testing rig would be necessary in order to 

analyse the tensile properties of the circumferentially orientated fibres (Dienst et al., 

2007; R. S. Jones et al., 1996; Kahlon, Hurtig, & Gordon, 2015). This would also 

enable a more accurate mechanical testing of native porcine meniscus tissue 

presented in chapter 4. Here the varying heights of biopsies between the inner and the 

outer zones, the wedge-shaped form of the tissue, and the variation in ECM between 

surface layers compared to deeper ones led to difficulties in sample preparation and 

large differences in the results.  
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7.2.1 Conclusions 

• It is possible to 3D bioprint a meniscus construct which mimics the external 

size and shape of the human meniscus as well as its internal heterogeneous 

structure. 

 

• The fibre reinforced IPN constructs employed in this study were shown to 

mimic key aspects of the bi-phasic biomechanics of the normal meniscus.  

 

• This thesis successfully developed bioinks of alginate, GelMA and solubilized 

meniscus ECM for 3D bioprinting applications in the field of cartilage tissue 

engineering, as demonstrated by their shear thinning properties and 

chondrogenic potential. 

 

• The creation of large, cell-laden and multi-material biological constructs was 

facilitated through the development of z-printing, a novel 3D bioprinting 

technique which successfully addresses several key challenges of 3D printing 

as a manufacturing process. 

7.2.2 Future work 

This thesis developed a series of bioinks based on alginate, GelMA and 

solubilized porcine meniscus ECM that were characterised by rheology, spreading ratio 

analysis and biochemical analysis of the solubilized tissue fractions. Future work could 

see further development and in depth analysis of the created bioinks. Additional tuning 

of the developed bioinks in the future could be achieved, for example, by partially pre-

crosslinking the alginate component of the IPN bioink prior to printing (Freeman & 

Kelly, 2017). Moreover, the solubilized meniscus ECM fractions could be further 
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categorized through proteomic analysis (western blot or mass spectrometry) in order to 

gain insight into the retained growth factors and binding sites (Cunniffe et al., 2019). 

Lastly, future work could employ additional analysis methods of the bioinks like 

filament deflection assay or injectability tests (Barki, Bocquet, & Stevenson, 2017; 

Ribeiro et al., 2018). 

Comparable published meniscus tissue engineered constructs saw tissue 

maturation through in vitro or in vivo studies in long term bioreactor studies. Dynamic 

compressive stimulation of MSCs growing on 3D printed PCL constructs in 

combination with a spatio-temporal growth factor application of CTGF and TGF-β3 

showed gene expression and tissue maturation similar to the inner and outer zones of 

the native meniscus tissue (G Bahcecioglu et al., 2019; Gokhan Bahcecioglu et al., 

2018; C H Lee et al., 2014; Nakagawa et al., 2019a; Puetzer & Bonassar, 2016; Z.-Z. 

Zhang et al., 2017; Zheng-zheng Zhang et al., 2019). The scaled-up meniscus 

construct developed in this thesis, however, was only analysed after short-term culture. 

Future work could therefore be to culture the construct developed in this thesis inside a 

bioreactor under dynamic compression or media agitation and spatio-temporal 

stimulation via CTGF and TGF-β3 in order to study long-term tissue maturation. 

Through such a study, the developed construct could be compared more closely to the 

other recently tissue engineered menisci reported in the literature mentioned above. 

Tissue engineered meniscus constructs are designed with the application in 

mind to replace patient tissue, which has been torn and removed via partial or total 

meniscectomy. Hereby, the implant needs to be sutured to the remainder of the 

meniscus tissue of the patient and over time integrate into the surrounding host tissue. 

Future work could therefore be to conduct pull out tests to assess the ability of the 

construct to resist forces through the sutures after implantation (Szojka et al., 2017). 

Furthermore, an explant study could assess the cells and ECM bridging the gap 

between the construct and the surrounding meniscus tissue as well as the resistance 
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of the construct against being physically separated from its surrounding host tissue 

(Hennerbichler, Moutos, Hennerbichler, Centers, & Carolina, 2007). Future studies like 

these would therefore confirm the design of the scaffold in a more clinically relevant 

setting.  
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