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ABSTRACT 

Meniscus injuries are among the most frequent orthopedic injuries that can require surgical 

intervention. Management of meniscus injuries is often challenging and partially unresolved. In this 

context, tissue engineering strategies are emerging as a reliable solution to repair or regenerate 

diseased/damaged tissues as it involves the use of cells, scaffolds and bioactive agents, alone or in 

combination. Given the critical roles of microstructure on the performance of scaffolds, characterization 

of the micro-structure is indispensable. The acquisition parameters of Micro-computed tomography 

(micro-CT) are user-dependent, and may have significant effects on the obtained results. Patient-

specificity and suturability of the scaffolds are two of the main surgical requirements which are for the 

dimensional fit of the implant, fixation of the implant, and avoidance of the post-operative extrusion of 

the implant.  

In this doctoral work, the scientific and clinical challenges mentioned above were addressed. 

The 3D cellular density of human meniscus was investigated, and to the best of our knowledge, this is 

the first study on 3D quantification of the cells in the human meniscus. These valuable insights on the 

3D cellularity of the meniscus can support the cell-based strategies. Regarding the micro-CT 

characterization of the scaffolds, we have showed that the acquisition parameters could statistically 

significantly affect the quantified micro-structural parameters. This is the only study examining the 

effects of such a wide range of micro-CT acquisition scenarios on the 3D analysis of scaffolds.  

Herein, we propose novel Entrapped in Cage (EiC) scaffolds of 3D-printed polycaprolactone 

(PCL) and porous silk fibroin for meniscus tissue engineering, seeded with human stem cells or human 

meniscocytes, and characterized in vitro and in vivo. To address the suturability of scaffolds, we 

proposed a novel suturable regenerated silk fibroin scaffolds reinforced with 3D-printed PCL mesh. 

Results showed that the suture retention strength increased significantly. The tissue infiltration and 

formation of new blood vessels were assessed by means of performing an in vivo subcutaneous 

implantation. To address, the patient-specificity of meniscal scaffolds, we established a reverse-

engineering method to produce 3D-printed patient-specific meniscal scaffolds using the patients’ knee 

magnetic resonance imaging (MRI) data. This thesis is a step forward on the research dealing with 

meniscus tissue engineering, and brings us a step closer to the development of patient-specific 

meniscal implants and translation of personalized tissue engineering into daily clinical approaches when 

treatment of meniscus lesions is envisioned. 

 

Keywords: Meniscus, Patient-specific implant, Cellularity, 3D-Printing, Scaffold, Micro-CT, Tissue 

engineering
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RESUMO 

As lesões meniscais são um problema ortopédico frequente, podendo requerer intervenção 

cirúrgica. No entanto, frequentemente, este desafio clínico apenas é parcialmente resolvido. Neste 

contexto, as estratégias de engenharia de tecidos (ET) permitem reparar/regenerar tecidos, recorrendo 

ao uso de células, matrizes tridimensionais (3D) porosas e agentes bioativos, isoladamente ou 

combinadas. A microestrutura é um parâmetro fundamental na matriz. Os parâmetros de aquisição de 

microtomografia computadorizada (micro-CT) são dependentes do utilizador, o que pode afetar os 

resultados obtidos. As necessidades e anatomia dos pacientes e a suturabilidade das matrizes são dois 

dos principais requisitos cirúrgicos para o adequado ajuste do implante, fixação, e prevenção da sua 

extrusão. 

Neste trabalho de doutoramento, os desafios científicos e clínicos mencionados são 

endereçados. A densidade celular do menisco foi investigada. Com base no estado da arte, este é o 

primeiro estudo que reporta a quantificação 3D da densidade celular no menisco humano. Esta 

informação pode suportar estratégias avançadas baseadas em terapias celulares. Considerando a 

caracterização das matrizes por micro-CT mostrou-se que os parâmetros afetam a quantificação da 

microestrutura. Este é o único estudo a reportar os efeitos de vários cenários de aquisição de micro-CT 

na análise de matrizes usadas em ET.  

Foi também proposto o desenvolvimento de novas matrizes impressas, “Entrapped in Cage” 

(EiC), obtidas da combinação de policaprolactona (PCL) e fibroína de seda, para abordagens da 

engenharia de tecidos do menisco, cultivadas com células estaminais humanas ou com meniscócitos 

humanos, e caracterizadas in vitro e in vivo. Para melhorar a sua suturabilidade, foram desenvolvidas 

de matrizes de fibroína de seda reforçadas com uma malha impressa de PCL, o que melhorou 

significativamente a força de retenção da sutura. A infiltração de tecido e a formação de novos vasos 

sanguíneos in vivo foram avaliadas subcutaneamente. Para a personalização dos implantes, foi 

desenvolvido um método de produção matrizes por engenharia reversa, recorrendo à impressão 3D e à 

imagiologia de ressonância magnética (IRM) do joelho do paciente. Esta tese constitui assim um 

avanço no desenvolvimento efetivo de implantes/dispositivos médicos personalizados para aplicação 

na regeneração do menisco, contribuindo ultimamente para a tradução mais rápida das abordagens da 

ET para a prática clínica quando o tratamento de lesões do menisco são necessárias. 

 

Palavras-Chave: Menisco, Implante específico do paciente, Celularidade, Impressão 3D, Matriz 

tridimensional porosa, Micro-CT, Engenharia de tecidos 
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CHAPTER 1.  

Basics of the Human Knee Meniscus, and Advanced Regenerative Strategies* 
 

1.1. Abstract 

 The meniscus is a fibro-cartilaginous tissue located between the femoral condyles and the tibial 

plateau in the knee. The presence of the meniscus tissue is vital for the proper function of the knee. 

Meniscal injuries are very frequent cases in the orthopedics, and they have limited self-healing capacity. 

The importance of the basic science of meniscus has been acknowledged for the meniscus 

development of regenerative strategies, and the knowledge is increasing over time. Despite the great 

advances in the treatment of meniscus lesions, the clinical need is still not fulfilled. To overcome the 

challenges of regeneration, tissue engineering-based strategies have been attempted with limited 

success. The process of meniscus tissue regeneration is very complex and has many parameters that 

are evident only to a certain degree. Today, the regenerative strategies have been advancing beyond the 

traditional tissue engineering concept by growing the utilization of the expertise of complementary areas 

that include, but not limited to, bioreactor engineering, bioprinting coupled to reverse engineering, 

biology, nanotechnology, and gene therapy approaches. Herein, the biology, anatomy, and biochemistry 

of meniscus tissue are overviewed, as well as the recent reported advanced strategies involving 

bioreactors, self-assembling process, and somatic gene therapy for meniscus regeneration are 

overviewed.  

 

 
 
 
 
 
 
 
 
 

 

*This chapter is based on the following publications:  

Cengiz IF, Silva-Correia J, Pereira H, Espregueira-Mendes J, Oliveira JM, and Reis RL. "Basics of the 

Meniscus." In Regenerative Strategies for the Treatment of Knee Joint Disabilities, pp. 237-247. 

Springer, Cham, 2017. 

Cengiz IF, Silva-Correia J, Pereira H, Espregueira-Mendes J, Oliveira JM, and Reis RL. "Advanced 

Regenerative Strategies for Human Knee Meniscus." In Regenerative Strategies for the Treatment of 

Knee Joint Disabilities, pp. 271-285. Springer, Cham, 2017. 
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1.2. Introduction 

The meniscus is a vital component of the knee. It is a fibro-cartilaginous tissue present between 

the femoral condyles and the tibial plateau. Each knee has two menisci, the lateral and medial 

meniscus. The meniscus has a C-like shape with a wedge-like cross-section. It is composed of different 

types of meniscal cells [1,2] and the extracellular matrix (ECM) collagen fibers that are mainly the type 

I, proteoglycans, glycoproteins, noncollagenous and water [3,4]. It is a complex tissue with a particular 

cell distribution [5] and specific blood supply that is important for the self-healing potential [4].   

The meniscus serves certain purposes in the knee biomechanics so that the knee can function 

normally [6,7]. Meniscus injuries are the most common knee injury [8] Injuries of meniscus cause pain, 

catching and locking in the knee. It was common to remove meniscus partially or totally in the past 

[9,4]. The removal of the meniscus in the knee brings important consequences such as flattened 

femoral condyle, and narrowed joint space [10]. This can promote early degenerative changes in the 

knee [11,10,12,13]. Meniscal injuries are very frequent cases in the orthopedics. In the clinics, 

treatments for the meniscus injuries depend on the patient condition and the injury [14,4]. Due to the 

limited vascularity, the complete self-healing of the meniscus is difficult [15,16].  

 

1.3. The embryology and development of the meniscus 

The typical crescent shape of the meniscus is achieved by the 8th-10th gestational week [17,18]. 

Gray and Gardner [18] reported their observation on meniscus samples from different gestational 

weeks. By the gestational week 8, few collagen strands can be observed in the meniscus [18]. The 

condensation of the intermediate layer of mesenchymal tissue leads attachments to form towards the 

encircling joint capsule. Cellularity and vascularity get higher throughout the meniscus during the 

development. By the 9th week, numerous cells, and thin strands of collagen were observed [18]. The 

cells located on the surface have a thin and flat shape, and the cells from more deep layers appear 

fusiform. Blood vessels progressively get formed, and got spread almost within the entire meniscus at 

birth [19]. Later with a progressive decrease in the cellularity, the content of collagen increases. The 

collagen fibers are aligned depending on the motion of the joint and weight-bearing pattern within the 

knee [20]. They are mainly organized in a circumferential manner. Gray and Gardner [18] reported their 

observation on meniscus samples from different gestational weeks. In week 10, it was observed that a 

Wrisberg ligament extends from the posterior portion of the lateral meniscus to the medial femoral 

condyle [18]. In week 12, a transverse ligament connected to the anterior parts of menisci and, a 

ligamentous band connects the lateral meniscus to the fibula. The meniscus is similar in week 9 and 



7 
 

12, only the collagen amount is higher in week 12 [18]. By week 13, the cellularity of the meniscus is 

higher, and the collagenous fibers were more noticeable, particularly at the horns. Another Wrisberg 

ligament was seen in week 14. In week 21, the collagenous fibers bundles were more ordered. In week 

23, the bundles were generally parallel to each other. The appearance of the menisci at 34 and 35 

weeks was similar to that of previous weeks [18]. 

 

1.4.  The gross anatomy of the meniscus 

Lateral meniscus and medial meniscus are two smooth, shiny-surfaced whitish colored fibro-

cartilaginous tissues found between the tibial plateau and femoral condyles in each knee joint, the 

largest synovial joint of the human body. The menisci are crescent-shaped where the medial meniscus 

is less circular (Fig. 1.1), and they have a wedge-shaped cross-section with a concave top surface in 

accordance with the convex femoral condyles (Fig. 1.2).   

 

 

Fig. 1.1. Photographs of lateral (left), and medial (right) meniscus harvested from the right knee of a 

77-years old female human donor. Scale bar indicates 1 cm. 
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Fig. 1.2. A sagittal view from the T2-weighted MRI of the left knee of an 18-year old female subject 

showing the wedge-shaped cross-section in black with a top and bottom surfaces in accordance with the 

femoral condyle and the tibial plateau. 

 

The horns of the meniscus are the anchorage points to the tibial plateau. The stability of 

meniscus is ensured by several ligaments. The transverse ligament connects the lateral and medial 

meniscus from their anterior parts. The medial meniscus is attached to the tibia by its horns and 

merged with the knee joint capsule from its outer periphery [21]. The outer periphery of the anterior 

horn of the lateral meniscus enters into the tibial intercondylar eminence, and the posterior horn of the 

lateral meniscus continues and connects to the medial femoral condyle by the menisco-femoral 

ligaments [22,23], i.e., ligaments of Wrisberg, and of Humphrey which respectively run behind and in 

front of posterior cruciate ligaments. Coronary ligaments are found around the menisci and enhance 

the attachment to the tibial plateau. However, it was reported that not all individuals have all of these 

ligaments [24,25]. The medial meniscus is attached to the medial collateral ligament and thus has less 

ability to move. The lateral meniscus has more mobility, and it is not attached to the lateral collateral 

ligament. For this reason, lateral meniscus has relatively less tendency to be injured than the medial 

meniscus [21]. It should also be highlighted that while the menisci are attached to tibia and femur, they 

are still dynamic tissues within the knee to maintain a safe articulation [26,27]. 

 

1.5. The vascularity of the meniscus 

The meniscus tissue has partial blood supply limited to the outer periphery. More than a 

decade ago vascular anatomy of the human knee meniscus was reviewed by Gray et al. [28]. The blood 

vessels and lymphatics are present within the entire meniscus until the age of one. At age two, an 

avascular area is formed [19]. Moreover, the vascularity and lymph supply get limited within the outer 

25-33% of the meniscus with the start of the role in load-bearing by the second decennium. The 

meniscus is not much exposed to biomechanical forces during the first year of the human infant. 

Diffusion from the synovial fluid is not enough, and direct blood supply is needed throughout the 

meniscus for an infant to perform standing and walking activities. With the start of the bipedal walking, 

the stress from the weight of the body and the muscle forces is thought to be the underlying reason of 

avascularization of the inner regions [28,19,29]. On the other hand, the horns that have high 

vascularity and neural innervation, remain vascularized; this might be because they are not under 

weight-bearing forces [28]. 
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The branches of the popliteal artery, i.e., medial and lateral inferior and middle geniculate 

arteries supply the meniscus [30,31]. The vessels are mainly arranged in a circumferential manner with 

radial branches oriented to the central region of the meniscus. The perimeniscal capillary plexus 

extends inside the meniscus across the synovium around the meniscosynovial junction, and supplies up 

to one-quarter of the periphery of the meniscus. The area next to the popliteus tendon is avascular [31]. 

Vascular synovial tissue covers the anterior and posterior horns, and the horns receive rich blood supply 

[30,31]. Endoligamentous blood vessels from the horns extend with a short-range into the bulk of the 

meniscus, and direct nourishment is provided [32].  

Lymphatics accompany the blood vessels throughout the meniscus. The avascular regions are 

nourished through the synovial fluid by diffusion or by mechanical pumping during the motion of the 

joint [20,19]. Moreover, after the age of fifty, the vascularity is present only within the outer 10-33% of 

the meniscus [28,19]. Therefore, while injuries in the vascular region can have the capacity to heal, the 

injuries where the blood supply cannot reach have limited healing capacity [28]. 

 

1.6. The innervation of the meniscus 

The meniscus also has a role in deep sensitivity by being able to send and receive 

proprioceptive signals [33]. In meniscus, the nerve fibers are mostly associated with vascularity [34]. 

Accordingly, the nerve fibers and sensory receptors are found mainly vascular regions and get denser at 

the horn regions [31,35,36]. Like blood vessels, the neural innervation is not seen in the inner third of 

the meniscus [36]. The meniscus is innervated by the recurrent peroneal branch of common peroneal 

nerve [20,37,38]. The circumferential nerve fibers in the vascular region are relatively thicker while the 

fibers that enter radially into the meniscus are thinner. Free nerve endings, i.e., nociceptors, and three 

mechanoreceptors, i.e., Pacinian corpuscles, Ruffini corpuscles, and Golgi tendon organ are present in 

the peripheral two-thirds of the meniscus and horns [28,34]. Pacinian corpuscles give information 

about acceleration and deceleration of the knee. Ruffini corpuscles provide information on the static 

position of the knee, the change in intra-articular pressure, and changes in the parameters of the knee 

motion, i.e., direction, amplitude, and velocity. Golgi tendon organ acts as a protective reflex inhibitor of 

the motor activity of the muscles related to the knee. Nociceptors create impulses that are interpreted 

as pain in the brain [28].  

Mine et al. [34] explained the pain sensation in the course of a fresh meniscal tear. If the tear 

is in the avascular region, the pain is caused by the deterioration of the micromilovia around the tear 

stimulating nociceptors in the synovia and the joint capsule, while in the case of a tear in the vascular 

region, the pain additionally derives from the nerves within the tissue [34]. Substance P-
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immunofluorescent nerves are found in the knee synovial membrane and meniscus [35]. Since they 

have a role in pain transmission, relief of pain after meniscectomy is commonly observed as a 

denervation effect [35]. 

 

1.7. The cells of meniscus 

In what concerns cellularity, different types of cells have been observed in the meniscus, i.e., 

chondrocyte-like, fibroblast-like and intermediate cells [39]. However, there is no consensus regarding 

the classification of meniscus cells and several names such as fibrocytes, fibroblasts, meniscus cells, 

fibrochondrocytes, and chondrocytes are being used [40]. The outer zone cells present an oval, 

fusiform shape, resembling fibroblasts in appearance and behavior. For this reason, they may be 

described as fibroblast-like cells [2]. These cells display long cell extensions and are enclosed within a 

matrix largely composed by type I collagen, with a small percentage of glycoproteins and types III and V 

collagen [41]. In the inner portion of meniscus, cells have a round morphology and thus are commonly 

referred as fibrochondrocytes or chondrocyte-like cells [2]. These cells are embedded in an ECM 

consisting mainly of type II collagen, interlinked with a smaller but significant quantity of type I collagen 

and a higher concentration of glycosaminoglycans (GAGs). The outer zone cells display higher migration 

ability when compared to inner cells, and also seem to exhibit lower adhesion strengths [42]. The third 

type of cell population, with a flattened and fusiform morphology and no cell extensions, has also been 

identified at the superficial region of the meniscus. It has been suggested that these cells might be 

specific progenitor cells [43]. 

The phenotype and distribution of cells within the different segments and zones of the 

meniscus has recently been investigated by Pereira et al. [44] in 44 patients. A gradual decrease of cell 

density from the vascular (outer) to the avascular (inner) zones was observed by histomorphometry 

analysis, in all the segments (i.e., anterior, middle, and posterior) of both lateral and medial menisci. 

Complementarily, it was found a lower cell density in the anterior sections of lateral and medial menisci 

when compared to the middle or posterior sections. In that work, cells with rounded and fusiform-like 

morphology were isolated and characterized by flow cytometry. The phenotypic analysis showed that 

the surface markers CD44, CD73, CD90, and CD105 were positive in more than 97% of cells. CD31 

and CD34 were being expressed in 2.3% ± 0.8% and 3.2% ± 1.0% of cells, whereas the CD45 marker 

for hematopoietic stem cells was present in 0.2% ± 0.1% of cells. Meniscus cells isolated from vascular, 

avascular and mixed zone present cell plasticity and thus can be induced towards chondrogenic, 

adipogenic and osteogenic lineages. Outer cells also can be induced to osteogenesis lineage [45]. 
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1.8. The ultrastructure of the meniscus  

Meniscus composition studies have demonstrated that it possesses high water content (72%), 

being the remaining 28% portion composed by an organic component, namely ECM and asymmetrically 

distributed cells [15]. The ECM that surrounds meniscus cells is largely composed of several types of 

collagen (75% of total organic matter). The other constituents consist of GAGs (17%) and small 

percentages of adhesion glycoproteins (<1%) and elastin (<1%)[15]. Meniscus composition differs with 

age, in injury or under pathological conditions [46]. 

Several types of collagen are present in various amounts in each meniscus segment. Type I 

collagen is the main type of collagen present in the vascular region (80% dry weight), but other variants 

are present in small proportions (<1%), namely type II, III, IV, VI and XVIII. In the avascular zone, 

collagen constitutes up to 70% dry weight, being 60% type II collagen and 40% type I collagen [47]. The 

role of the other fibrillar component of the meniscus, i.e., elastin, is not completely understood, but in 

the adult meniscus, the combination of mature and immature fibers has been observed in very low 

proportions (<0.6%)[3,48]. 

Proteoglycans comprise a core protein decorated with GAGs, being their main function to 

enable water absorption [15]. Chondoitin-6-sulfate (60%), dermatan sulfate (20-30%), chondroitin-4-

sulfate (10-20%) and keratin sulfate (15%) are the main types of GAGs present in normal human 

meniscus [49]. Aggrecan is the most important large proteoglycan found in meniscus tissue, while 

biglycan and decorin are the main small proteoglycans [50]. Also, these molecules present an irregular 

distribution within the tissue, with a higher proportion of proteoglycans in the inner two-thirds as 

compared to the outer one-third. The major adhesion glycoproteins present in human meniscus are 

fibronectin, thrombospondin and type VI collagen and these components serve as anchor sites between 

ECM and cells [51]. 

 

1.9. The functions of the meniscus 

The meniscus has an important role in preserving knee joint stability and load transfer. Each 

knee has lateral and medial menisci that are attached between the tibial and femoral surfaces, thus 

covering two-thirds of the tibia plateau. Kurosawa et al. showed that upon total excision of the 

meniscus, the total contact area is decreased by a third to a half in the fully extended knee [52]. 

Another study demonstrated the possible deleterious effects of meniscectomy in articular cartilage, 

subchondral bone, proximal tibia’s trabecular bone and cortex [53]. 
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The medial meniscus presents reduced mobility as compared to the lateral one, due to its 

unique anatomy (including stronger attachment to the medial collateral ligament). [54]. In a stable 

knee, where central pivot ligaments are functioning, the medial meniscus has reduced involvement on 

anterior tibial displacement constraint. The anterior cruciate ligament impairs anterior knee motion prior 

to significant contact of femoral condyle with the posterior horn of medial meniscus and tibial plateau 

[54]. Significant differences have been recognized between both femorotibial compartments on the 

knee joint. Lateral tibial plateau tends to have a more convex form, differing to a more concave shape 

on the medial compartment [54,55]. Due to this fact, the loss of the lateral meniscus results in a 

significant decrease in femorotibial congruence. Additionally, most of the load transfer on the lateral 

compartment is supported by lateral meniscus (70% as compared to 50% in the medial), whereas in the 

medial compartment, force transmission is disseminated between articular cartilage and respective 

meniscus [56,57]. 

The biomechanical performance of menisci to loads acting on tibiofemoral joints, results from 

their macro-geometry, fine architecture and insertional ligaments [55]. The collagen bundles present in 

the superficial layer mimic those of hyaline articular cartilage, i.e., they are randomly orientated, 

providing lower friction between menisci, femur, and tibia during joint motion [58]. Under the superficial 

layer, the bulk of meniscal tissue consists in two distinct zones of collagen fibers: the inner one-third 

bundles that present a radial pattern, and the outer two-thirds that are circumferentially orientated. 

Therefore, it has been suggested that the inner third function mainly in compression, whereas the outer 

two-thirds may function mostly in tension. Furthermore, the bulk of meniscal tissue also presents some 

radially-orientated collagen fibers that act as “tie fibers”, resisting longitudinal splitting of the 

circumferentially-orientated collagen bundles [59]. 

The viscoelastic behavior of the meniscus can be correlated with its ECM composition [15]. It 

can be described as a rubber-like pattern at high loading frequencies, whereas at lower frequencies 

viscous dissipation occurs [15,44]. This behavior is not so dependent on collagen content, but it is 

mainly related to GAGs and water content, i.e., higher with increasing GAGs and lower with increasing 

water content [60]. Segmental and zonal differences in relation to GAGs content, size, and cellular 

density have been observed in animal meniscal tissue [61]. In a similar way to the asymmetric 

distribution of blood vessels and cells, the mechanical properties also differ within the different menisci 

[60]. Recently, Pereira et al. [44] analyzed the mechanical properties in the different segments of fresh 

human menisci (lateral and medial), at physiological conditions (37C and pH 7.4). Significant 

differences were observed between the medial and lateral menisci. Also, when the analysis was 

performed in combination for both menisci (medial and lateral), significant differences were observed 
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between posterior, middle and anterior segments (posterior segments are stiffer than the middle ones, 

and these are significantly stiffer as compared to the anterior). 

 

1.10. The need for meniscus regeneration 

The knee meniscus has critical roles in the knee function [17,55]. Until some time ago, 

meniscectomy had been performed as a standard treatment for meniscus lesions [9,4]. Recognizing 

the consequences of meniscectomy [62,63] the meniscus started to be preserved as much as it is 

possible. Clinical management of the lesions depends on many parameters about the lesion itself (e.g., 

extension of the lesion, area of lesion) and the condition of the patient [14,4]. Blood supply is critical, 

and it defines the healing potential within the meniscus [4]. The vascularity is limited to the outer 25-

33% of the meniscus [30], and avascular regions have lower cellular density (Fig. 1.3). Therefore, the 

complete healing of meniscus to remain as a clinical challenge [15,16].  

 

 

Fig. 1.3. Microscopy images of hematoxylin and eosin stained histological sections from the vascular 

region (A), and avascular region (B) of human meniscus showing that the cellularity is much lower in 

the avascular region than in the vascular region. The scale bars indicate 100 µm.  

 

To overcome the challenge in the clinics, several tissue engineering and regenerative medicine 

strategies that are aiming to repair or regenerate the meniscus tissue have been developed [64,16]. 

These include the use of cellular scaffolds [65,66], acellular scaffolds [67,68], growth factors [69,70], 

and bioreactors [71,72], alone or in combination. There have been many progresses, but each strategy 

has its own shortcomings [64] and the ideal tissue engineered implant is not yet developed [73,74]. A 
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pioneering strategy has been proposed by Oliveira et al. [75] aiming to emulate the segmental 

vascularization of the tissue engineered meniscus. The combinatorial use of scaffolds and gellan gum 

hydrogels showed promising results in an in ovo model, as possibly the maintenance of cells’ 

phenotype, and control of blood vessels infiltration into the implants. This is a major step-forward since 

excessive vascularization [68] is one of the causes of implant failure.  

Advanced regenerative strategies refer to the strategies that utilize the expertise of many areas 

with the aim of tissue regeneration (Fig. 1.4). These areas include, but not limited to, cell biology, 

molecular biology, biomaterials science, bioreactor engineering, tissue engineering, nanotechnology, 

bioengineering, genetic engineering, drug delivery science, immunology, pharmaceutical sciences, 

medical imaging, information technology, and computational sciences.  

 

 

Fig. 1.4. It is a need to have different areas working together and contributing regenerative strategies to 

advance because of them is a unique piece of the whole. Today, the advanced strategies for meniscus 

regeneration use the expertise of more than one area, and in the future strategies, many areas will be 

directly collaborating. These areas include, but not limited to, cell biology, molecular biology, 

biomaterials science, bioreactor engineering, tissue engineering, nanotechnology, bioengineering, 
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genetic engineering, drug delivery science, immunology, pharmaceutical sciences, medical imaging, 

information technology, and computational science.  

 

A conceptual illustration of complex patient-specific all-in-one multi-science strategy for 

meniscus regeneration is depicted in Fig. 1.5. Briefly, it involves the use of autologous cells that are 

transduced with gene therapy either in a self-assembling process or in a scaffold-based tissue 

engineering approach, where in both cases a bioreactor can be used.  
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Regenerative strategies have been advancing beyond the traditional tissue engineering concept 

to develop better solutions where the native vascular architecture and tissue organization, namely the 

extracellular matrix and cellular distribution are mimicked, and the appropriate shape, size, and the 

biomechanical properties. In this chapter, strategies involving bioreactors, self-assembling process, and 

somatic gene therapy for meniscus regeneration are overviewed. 

 

1.11. Bioreactors for meniscus tissue regeneration 

Meniscus tissue is under mechanical stimulation during its normal function in the body. Thus, 

the inclusion of mechanical stimulation appears to be necessary for proper neotissue formation. 

Bioreactors are specific equipment that can be employed in tissue regeneration strategies to mimic the 

native conditions for proper cell culturing and maintenance of cells phenotype [76-80]. Bioreactors can 

be designed to regulate the conditions in the culture media including mechanical stress conditions, 

supply of oxygen, pH, temperature, nutrients, and osmolality. Several kinds of bioreactors exist, such as 

spinner flasks [81], flow perfusion bioreactors [82], rotating wall vessels [83], and mechanical 

stimulation bioreactor [84]. Besides providing appropriate mechanical stimulation, bioreactors can allow 

uniform cell seeding and provide an improved mass transfer between the cells and the media.  

Operating parameters of a bioreactor should be optimized for achieving the appropriate tissue 

regeneration conditions. With this aim, Neves et al. [82] showed that magnetic resonance imaging and 

spectroscopy could be used as a tool for the optimization of a perfusion bioreactor that was used for 

meniscal cartilage constructs. Fox et al. [85] showed the potential of a rotating bioreactor for the 

cultivation of fibroblast-like synoviocyte-laden synthetic scaffolds with the incorporation of growth factors 

avascular meniscus regeneration. In a study with rabbit knee meniscus fibrochondrocytes [86], it was 

reported that the use of rotating wall bioreactor did not provide a statistically significant increase in cell 

growth and matrix production. Similarly, in another study with perfused rotating wall vessel bioreactor 

[83], GAGs and collagen synthesis were not found to be significantly increased. However, its distribution 

within the construct was affected, and a bi-zonal structure could be obtained. It was reported that such 

a bioreactor system could potentially find application for meniscus generation, that is similar to the 

native tissue to some extent [83].  

Gunja and Athanasiou [87] showed the advantageous effect of hydrostatic pressure on both 

biochemical and biomechanical features of cell-scaffold constructs for meniscus tissue engineering. In 

another study [88], it was proposed the culturing conditions combining transforming growth factor 

(TGF)-β1 exposure and hydrostatic pressure cells maintenance. The authors reported the synergistic 

effects on the improvement of biomechanical and compositional features of the engineered meniscal 
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constructs. The impacts of continuous perfusion and cyclic compression stimulation on collagen 

meniscus implants with human bone marrow stromal cells were investigated by Petri et al. [84]. That 

work has shown the enhancement of cells differentiation upon mechanical stimulation. In addition, cell 

proliferation was also stimulated by continuous perfusion [84].  

Similarly, stirring-induced mixing in spinner flasks increases cell proliferation rate, the synthesis 

of GAG and collagen in generated meniscal cartilage constructs with sheep meniscus fibrochondrocytes 

[81]. Probably this is because the mixing approach enhances the transport of nutrients, growth factors, 

and metabolic wastes. The intensity of stirring does not have the same effect on different matrix 

components. To emulate the native meniscus, and to allow a better integration in the knee repair site, 

the culturing of meniscus tissue-engineered constructs should not be longer than 7 days because the 

level of GAG increases only little after long periods of time, whereas the collagen level almost doubles 

[81]. Ballyns et al. [71] investigated the effects of media mixing either on the mechanical properties and 

ECM synthesis of anatomically-shaped engineered meniscus constructs in a bioreactor. The main effect 

of mixing was reported to be the redistribution of ECM and improved homogeneity in constructs with 

large volume. On the other hand, mixing also caused DNA and ECM loss, and led to faster degradation 

of the scaffolds. With an optimal intensity of mixing, appropriate constructs can be developed [71].  

Puetzer et al. [72] reported that the effect of dynamic compression on the regulation of matrix 

synthesis by meniscal fibrochondrocytes is dependent on the load duration. Furthermore, GAG and 

collagen synthesis are affected differently. Load duration of two weeks was advantageous as four weeks 

for the formation of the matrix, accumulation of collagen, and for the mechanical properties. 

Nevertheless, accumulation of GAG was negatively affected or not affected at all from the load duration. 

Under prolonged static culture conditions subsequent to the two weeks of loading, the maintenance and 

improvement of the functional properties can occur [72].  

In a study [89], the efficiency of centrifugal cell immobilization and dynamic oscillating motion 

were compared as cell seeding techniques using a low number of cells. The cell-scaffold constructs 

were used as implants to obtain cellular bonding between to two pieces of the devitalized meniscus. 

The dynamic oscillating motion provided higher cell load and a more uniform distribution of cells. In the 

dynamic oscillating technique, the cell-scaffold suspension is in a seeding tube, which is located on a 

platform that makes a cyclic horizontal motion, oscillation. It was reported that the best seeding 

conditions were obtained by means of using 35-45 oscillations per minute [89]. Using a bioreactor 

which provides dynamic unconfined compression, McNulty et al. [90] showed that dynamic loading 

promotes the integrative repair in porcine meniscus explants in the presence of interleukin-1 by means 

of blocking the catabolic effects of interleukin-1.  
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In the study of Ballyns and Bonassar [91] investigated the effects of dynamic unconfined 

compression with a particular loading regime for three times a week. After two weeks of culturing, a 

significant increase in matrix accumulation was reported with a compression modulus 60-80% of the 

native tissue. Prolonged dynamic compression caused loss of ECM to the culture, and a decrease in 

mechanical properties and GAGs’ levels [91]. In another study, Martinez et al. [92] used a dynamic 

compression bioreactor to cultivate fibroblast-laden micro-channeled cellulose scaffolds, and reported 

an increased collagen production as well as the alignment of collagen fibers and cells. Liu et al. [93] 

combined perfusion and on-off cyclic compression loading, and reported that this bioreactor system 

could be used for improving the functional properties of the cell-laden meniscal scaffold.  

Chondrogenic stimuli and cyclic tensile loading were together reported to be useful in 

chondrogenesis of bone marrow stromal cells and fibrocartilage matrix development [94]. Further 

optimization of the parameters related to both tensile loading and chondrogenic stimuli would be 

beneficial for fibrocartilage tissue generation [94]. In another study [95], it was shown that static and 

dynamic compression differently regulate the RNA levels of certain matrix proteins in pig meniscus [95].  

The pro-inflammatory gene expression in meniscus fibrochondrocytes can be regulated by 

biomechanical signals. It was reported that dynamic tensile strain suppressed the pro-inflammatory 

gene transcription in rat meniscus fibrochondrocytes [96].  The studies focused on meniscus are 

relatively more recent than that for other musculoskeletal tissues. For this reason, the use of 

bioreactors for meniscus regeneration is still at its infancy. With its own complex structure, meniscus 

possesses specific biomechanical characteristics [44]. The optimal stimulation regime for meniscus is 

to be determined by the contribution of many future studies. 

 

1.12. Self-assembling process for meniscus tissue regeneration 

A tremendous amount of research has been performed in the field of tissue engineering and 

regenerative medicine, and scaffolding approaches are being used in most of these studies. The 

concept of advanced regeneration strategies has been remodeling, and nowadays it involves the self-

assembling process. The self-assembling process is one of the scaffold-free methods that also include 

traditional methods (e.g., pellet culture, aggregate culture); and self-organization methods (e.g., 

bioprinting, and cell-sheet engineering) [97]. Athanasiou et al. [97] defined self-assembly as “a 

scaffoldless technology that produces tissues that demonstrate spontaneous organization without 

external forces”. It is mediated by the minimization of free energy via cell-cell interactions [97], and the 

cells coalesce into a cohesive structure thus serving as each other’s scaffold [98].  
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In a concise way, four sequential phases can be named for tissue formation: (i) seeding cells in a 

non-adherent substrate in high-density, (ii) binding of cell adhesion receptors resulting minimization of 

free energy, (iii) migration of cells and production of extracellular matrix, and (iv) formation of distinct 

regional matrix and maturation of the tissue [97]. Hu and Athanasiou [98] stated that the self-

assembling process, owing to being a scaffold-free method, can eliminate the possible complications 

associated with the use of scaffolds in tissue engineering, including the following: (i) biomaterial-induced 

inflammatory response, (ii) toxicity of the degrading biomaterial, (iii) stress-shielding, (iv) loss of cell 

phenotype, (v) inhibition of cell migration, and (vi) cell-to-cell communication, hindering the remodeling 

of extracellular matrix [98]. Accordingly, the self-assembling process can provide highly desirable 

circumstances such as higher cell viability, biomimetic micro-environment and higher biocompatibility 

[97]. 

In a monolayer primary culture study, it was shown that rabbit meniscus cells could grow and 

form rapidly and uniformly cellular aggregates similar to the cellular nodules with three developmental 

stages [99]. These are: (i) formation of the cellular nodules between day 1 and day 3, (ii) nodular 

growth, highest at day 5, and (iii) nodular regression as of day 8. It was concluded that the 

fibrochondrocytes maintained its capacity to form chondro-like structures in vitro [99]. Hoben et al. 

[100,101] showed the feasibility of fibrocartilage tissue formation with an extracellular matrix to some 

extent similar to the native meniscus, despite the construct contraction, using the self-assembling 

process of a high-density co-culture of fibrochondrocytes and chondrocytes. In the self-assembling 

strategy of Aufderheide and Athanasiou [102], a ring-shaped well was used for a tensile force to be 

provided upon the self-assembly and the contraction of the construct, and also for the guidance of fiber 

orientation within the construct. Another feature of the mold had a slope at the bottom to emulate the 

normal meniscus cross-section. In this study, co-cultures of bovine meniscal fibrochondrocytes and 

articular chondrocytes were combined in different ratios. It was reported that different cell population 

ratio would affect the biomechanical, biochemical and morphology of the self-assembled meniscal 

construct [102].  

MacBarb et al. [103] and Huey and Athanasiou [104] successfully incorporated catabolic enzyme 

chondroitinase-ABC and TGF-β1 with bovine meniscal and articular cartilage cells by means of using the 

self-assembling process. Maturation growth of meniscal neotissue was achieved by which the 

biomechanical properties were enhanced to some extent, and the concentration of collagen and GAGs’ 

were increased [104]. In another study of Huey and Athanasiou [104], the biochemical and 

biomechanical properties of the self-assembled anatomically-shaped meniscus constructs were aimed 

to be further enhanced through mechanical stimulation in addition to the aforementioned biochemical 

stimulation, i.e., chondroitinase-ABC and TGF-β1. A significant increase in biomechanical properties and 
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collagen per net weight were reported upon combining biochemical and mechanical stimulation, i.e., in 

order to mimic the native meniscus loading conditions, both tensile and compression loading [104]. 

That study would be a guide for further studies that aim to develop successfully advanced strategies for 

meniscus regeneration.  

 

1.13. Somatic gene therapy for meniscus tissue regeneration 

Orthopedics is one of the areas that somatic gene therapy has been attempted [105-110]. The 

concept of human gene therapy [111,108,112] is based on the transfer of exogenous genes or its 

complementary deoxyribonucleic acid (cDNA) into target somatic cells directly or by means of using 

viral or non-viral methods. These gene transfer methods could be applied in vivo or ex vivo. In an in vivo 

strategy, the genes are transferred directly into the target cells or tissue of the individual; whereas in ex 

vivo strategies the genes are first transferred into the isolated cells in culture, then the cells are 

modified and re-administered to the individual.  

The interesting concept of gene therapy is the transfer of the genes encoding the relevant growth 

factors to the cells of the tissue to be treated. Like other tissues, the meniscus is made of two main 

components: the cells, and the extracellular matrix that is synthesized by the cells. The functioning of 

the cells and its phenotype is greatly influenced by the biological and physical signals to which they are 

exposed. Growth factors are polypeptides that transmit biological signals by binding to the specific 

receptors that are on the surface or inside the cells [113,114]. These molecules can affect the activity 

of the target cells in a specific way [115,116]. The effects can be diverse, such as inhibition or 

stimulation of differentiation, proliferation, adhesion, migration, and gene expression of the cells, also 

affecting the secretion and activation of other growth factors. The down-regulation of expression of 

lubricin that is a lubricating protein was reported in injured menisci as compared to the intact menisci 

[117]. Different signaling molecules are known to up- or down-regulate the expression of this protein 

[118]. In another study, it was reported that the cytokines interleukin-1 and tumor necrosis factor-α can 

inhibit the intrinsic repair response in porcine meniscus [119]. Accordingly, if the level of these pro-

inflammatory cytokines is decreased, the repair response may be assisted in vivo [119]. For this 

reason, it can be concluded that once the effects of the signaling molecules are well defined, new 

strategies can be envisioned to up- or down-regulate their synthesis within the meniscus, alone or in 

combination with mechanical stimulation. In this way, both degeneration and regeneration process of 

meniscus tissue could be controlled. 

With the use of gene therapy, the growth factors can be synthesized by the cells locally thus 

contributing to the healing/regeneration process of the meniscus. The study of Goto et al. [120] is a 
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leading work on this strategy for meniscus tissue in which the lacZ marker gene that expresses the ß-

galactosidase enzyme was used. In that study, the genetic transduction was achieved in two ways by 

means of using two different vector types, either an adenovirus or a retrovirus. In the case of an 

adenovirus, a suspension of adenovirus having the gene and the blood was prepared, and then a clot 

was placed into the meniscus defect. In another approach, the allogenic meniscal cells carrying the 

gene retrovirally transduced were embedded into collagen gels and then introduced to the meniscus 

defect site. It was shown in vitro and in vivo that the expression of genes could be observed for several 

weeks [120]. Based on this innovative approach, transfer of the genes encoding the relevant growth 

factors can be effectively used to attain meniscus tissue regeneration.  

Delivery of the lacZ gene was also studied by Madry et al. [121]. It was shown that recombinant 

adeno-associated viruses having the gene could be used in vitro and in vivo to achieve efficient direct 

gene transfer to meniscus cells [121]. In another study, recombinant adeno-associated viruses were 

used in a direct gene delivery strategy in human meniscus with a lesion [122]. A human FGF-2 was 

delivered to human meniscal fibrochondrocytes in vitro, and also to the healthy meniscus and to the 

lesions that were created in the human meniscus in situ [122]. The treatment did not increase the 

synthesis of major extracellular matrix components. Still, there was a decrease in the matrix/DNA 

contents. However, there was an enhancement in cell proliferation and a superior expression of the α-

smooth muscle actin. It was concluded that the proposed treatment might bring favorable responses in 

meniscus defects [122]. Hidaka et al. [123] investigated the delivery of hepatocyte growth factor gene 

using an adenovirus vector for its potential of inducing blood vessel formation within engineered 

meniscus. In that study, transduced meniscus cells were seeded onto a poly-glycolic acid scaffold and 

subcutaneously implanted in mice. It was reported that 2.5-fold more blood vessels were formed at 8 

weeks post-transplantation by the transduced meniscus cells as compared to controls [123]. Martinek 

et al. [124] applied a gene transfer method to treat meniscus allograft pre-transplantation in a rabbit 

model. Rabbit meniscus allografts were transduced by retroviral vectors ex vivo. LacZ gene expression 

was detected in deeper layers of the menisci and at the menisco-synovial junction for up to two months 

post-transplantation. Pre-treatment of meniscus allografts provided faster healing and remodeling. The 

authors showed immunocompatibility could also be improved [110]. In another gene delivery strategy, 

Steinert et al. [125] modified the meniscus cells and mesenchymal stem cells using adenoviral vectors 

encoding TGF-β1 cDNA. The genetically modified cells were seeded into collagen type I-

glycosaminoglycan scaffolds and cultured in vitro to evaluate their potential for the healing of tears 

located in the avascular region of the meniscus. It was reported that delivery of TGF-β1 cDNA increased 

cellularity and synthesis of GAG. It also strengthens the staining for proteoglycans and collagen type II, 

and expression of meniscal genes was also enhanced [125].  
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Bonadio [126] described and reviewed a local plasmid gene transfer technology and its potential 

use in the tissue engineering field. It is also known as the gene activated matrix (GAM). It was reported 

that this strategy has been proven that it allows infection of the invading repair cells in situ. In the 

studies with animals, plasmid genes can be delivered to several tissues including bone, tendon, and 

ligament. A feature of this strategy is that the action mechanism of plasmid gene transfer is similar to 

the sequence of normal wound healing events [126]. Since GAM has been employed for several 

musculoskeletal tissues, it may also be possible to use for meniscus regeneration. 

Gene transfer for meniscus tissue can also be achieved by using cells from other tissues as a 

gene delivery vector. In the study of Kasemkijwattane et al. [116], efficient gene transfer was possible 

by direct injection of the isolated myoblasts, which were transduced with adenovirus having the β-

galactosidase expressing the gene, at the meniscus injury. The underlying reasons to prefer myoblasts 

over meniscus cells for gene delivery were stated as the easiness of isolating the cells, higher efficiency 

of transduction, possibility of longer-term gene expression, and the possibility of isolating muscle-derived 

stem cells that may be capable of differentiating into meniscus fibrochondrocytes [116]. Goto et al. 

[127] also showed that human and canine meniscus cells that were transduced with the TGF-β1 gene 

by retroviral vector could express the transgene and respond accordingly by significantly increasing the 

synthesis of the matrix components like collagens, non-collagenous proteins and proteoglycan [127].  

It has been shown that an injectable ex vivo gene therapy strategy can be used to repair full-

thickness avascular meniscal defects in a goat model [128]. Defects treated with the combination of 

calcium alginate gel and autologous bone marrow stromal cells with human insulin-like growth factor-1 

(hIGF-1) gene transfection have also been reported.  This strategy allowed repairing the defect with a 

white neotissue that is to some extent similar to the native meniscus tissue [128]. That work supported 

the idea that gene therapy can be an advanced and efficient strategy for meniscus regeneration. 

Despite the great advances in gene therapy, many issues thus remain to be solved, and in this way 

tissue engineering strategies could be combined with gene delivery strategies to achieve higher 

regenerative effects. 

 

1.14. Conclusions and final remarks 

The meniscus is crucial for the normal function of the knee. It is a tissue with high complexness 

and restricted capability for self-healing. The gold standard of meniscus regeneration still remains to be 

achieved. Most of the factors that affect the tissue regeneration are also unknown, and probably they 

will be discovered gradually with deeper studies in a near the future. The knowledge on the biology, 

anatomy, and biochemistry of meniscus is expanding and is of great importance for developing 
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improved meniscus regeneration strategies. One of the future trends in advanced tissue regeneration 

strategies will be focused on the development of patient-specific strategies. Patient-specific does not 

only mean the use of autologous cells (genetic engineered or not; and differentiated or undifferentiated), 

but also obtaining anatomically correct size and shape neo-tissue. With the use of medical imaging and 

computer-aided design, anatomically correct implants can be generated. The bioreactors have been in 

the area of interest to achieve appropriate cell culture, and to preserve of cells phenotype. Even though, 

strong research efforts are targeting the development of appropriate scaffolds and hydrogels, and 

selection of best biomaterials, self-assembling process is an alternative to the traditional processing 

methodologies currently being used in tissue engineering.  

Gene therapy has been moving forward from the conceptual idea to the clinics. Although there 

are limitations, challenges, and pending issues, there are over two thousand gene therapy clinical trials 

for all indications globally (August 2014, http://www.wiley.com//legacy/wileychi/genmed/clinical/). 

Among those, cancer diseases have been addressed in more than half of the studies. However, there 

are only a few orthopedic gene therapy clinical trials. Nevertheless, once the challenges are overcome, 

and the process is optimized, gene therapy may enhance the clinical management of tens of millions of 

orthopedic patients. Transfer of genes encoding the relevant growth factors into cells and optimization 

of culture conditions by means of using bioreactors may bring great clinical achievements in meniscus 

regeneration.  

The extremely complex and multi-parametric process of meniscus tissue regeneration is highly 

challenging with many unknowns. Deeper knowledge on the biology and biomechanics of native human 

meniscus including its anchoring to bone tissue is required. Also, a broadened understanding of the 

intricate synergetic effects of the biological and physical signals would comprise one of the other 

challenges to be addressed in the scientific roadmap for “saving” the meniscus. 
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CHAPTER 2.  

Biologic Treatments for Meniscal Repair* 
 

2.1. Abstract 

 The menisci are vital components of a healthy knee. Meniscal injuries are frequent, and their 

complete healing is a clinical challenge. Biologics have been studied extensively to investigate their roles 

and effects to augment tissue healing. This work aims to describe the clinical application technique of 

autologous bone marrow-derived fibrin clot for meniscal repair, and overviews the use of platelet-rich 

plasma for meniscal regeneration. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

*This chapter is based on the following publication:  

Cengiz IF, Oliveira JM, Ochi M, Nakamae A, Adachi N, and Reis RL. ““Biologic” Treatment for Meniscal 

Repair.” In Injuries and Health Problems in Football, pp. 679-686. Springer, Berlin, Heidelberg, 2017.  
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2.2. Introduction 

The meniscus of the knee is involved in load distribution, joint stability, lubrication, and nutrition 

of the articular cartilage. A meniscus tear or meniscectomy is thought to decrease shock absorption and 

joint stability. It has been reported that meniscus injuries requiring resection increase the risk of 

cartilage loss, and about 50% of patients develop osteoarthritis 10 to 20 years after their meniscectomy 

[1]. Therefore, meniscal repair has recently strongly recommended for preventing further articular 

cartilage damage. Meniscal healing is greatly influenced by the peripheral vasculature of the meniscus. 

Meniscal tears in the avascular zone have very limited potential to heal because of a poor blood supply. 

Hence, despite recent progress in meniscal repair technique, indications for meniscal tear repair in the 

avascular area are still limited. 

There have been many procedures for enhancing the meniscal healing process of the torn 

meniscus in the avascular area, such as synovial abrasion [2], marrow stimulation [3], synovial 

autograft [4,5], and multiple trephinations to induce a “vascular access channel” [6]. Biologics are 

biologically active natural components, which can promote tissue healing, including but not limited, to, 

fibrin clot, platelet-rich plasma (PRP), growth factors (GFs), cytokines, stem cells, and exosomes. Herein 

we describe the clinical application technique of autologous bone marrow-derived fibrin clot for meniscal 

repair. In addition, it is also addressed the progress in the tissue repair using PRP to provide further 

perspective for meniscal regeneration. 

 

2.3. Autologous bone marrow-derived fibrin clot: application technique 

Application of an exogenous fibrin clot made from peripheral blood is one method to augment 

repair and promote meniscal healing [7-10]. The fibrin clot made from peripheral blood can supply GFs 

that promote cellular infiltration and healing, and can act as a scaffold to promote healing of 

degenerative meniscal tears. After the defect is filled with the fibrin clot, the sutures for meniscal repair 

are tightened in a “sandwich fashion”. We use an autologous fibrin clot derived from bone marrow 

instead of a fibrin clot made from peripheral blood because the former contains more GFs than the 

latter.  

 

2.3.1. Technical note 

Before preparing the autologous fibrin clot derived from bone marrow, arthroscopy was 

performed to observe the condition of the meniscus. The torn margin of the meniscus and adjacent 

synovium were abraded with a diamond rasp to improve the vascular supply to the torn meniscus. The 
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meniscal repair was performed using the inside-out technique, outside-in technique, or all-inside 

technique, depending on the condition and position of the meniscal lesion. To prepare the fibrin clot, 

bone marrow aspirates (10–20 mL) were collected from the proximal tibia using an 18G needle during 

surgery. The bone marrow aspirates were placed into a sterile glass beaker and then stirred with a 

sterile glass rod in a slow, repetitive fashion. The fibrin clot began to precipitate on the surface of the 

stick after 4–5 minutes. The fibrin clot was then placed onto a sterile gauze. A plastic cannula was 

introduced via the arthroscopic portal entry, and the prepared clot was inserted into the joint via the 

cannula with a grasper or a rongeur (Fig. 2.1). Finally, the fibrin clot was placed into the meniscus 

defect using a probe, after which it was secured by fastening the previously made sutures (Fig. 2.2).  

 

 

Fig. 2.1. A fibrin clot derived from bone marrow was inserted into the joint with a grasper. 

 

Fig. 2.2. The fibrin clot was placed into the defect in the meniscus and secured by fastening the sutures 

in a sandwich fashion. 
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2.3.2. Fibrin clot for tissue repair 

The tissue engineering approach has been shown to have great potential for tissue regeneration 

and tissue repair. An autologous fibrin clot derived from peripheral blood has been used to accelerate 

meniscal healing for more than 20 years. In 1988, Arnoczky et al. [7] reported that a fibrin clot derived 

from peripheral blood improved meniscal healing in dog experiments. The fibrin clot is reported to be 

effective for tissue regeneration because of its biological characteristics [7-10]. It is known that the fibrin 

clot contains a variety of bioactive factors including several GFs, and can act as a scaffold to fill the 

defect. Also, the fibrin molecules of the fibrin clot serve both as storage and a release system for these 

bioactive factors. The major advantage of using a fibrin clot is the lack of allogeneic or xenogenic 

factors. Moreover, the plasticity of the prepared fibrin clot allows adaptation to various tissue 

topographies during implantation. The fibrin clot can be made easily in the operating theater at low 

cost. 

For patients with meniscal tears in the avascular zone, we use an autologous fibrin clot derived 

from bone marrow instead of a fibrin clot made from peripheral blood. This is because we have 

confirmed that a bone marrow-derived fibrin clot contains more GFs such as vascular endothelial GF 

(VEGF), hepatocyte GF (HGF), and basic fibroblast GF (bFGF) than a peripheral blood-derived fibrin clot, 

and a bone marrow-derived fibrin clot has also been proven to have more potential for fibroblast 

proliferation than a peripheral blood-derived fibrin clot. This indicates the efficacy of bone marrow-

derived fibrin clot for tissue regeneration and clinical use (unpublished data). Our own unpublished 

preliminary results using bone marrow-derived fibrin clot for meniscal repair have shown good clinical 

results at an average of 1 year postoperatively. Although further studies with longer-term follow-up are 

necessary to support a definitive conclusion, we believe that using bone marrow-derived fibrin clot for 

meniscal repair is a reasonable and promising treatment option for patients with meniscal tears in the 

avascular zone. 

 

2.4. Platelet-rich plasma (PRP) 

GFs are polypeptides that have specific effects on the activity of the target cell by binding to the 

specific receptors of the cell. The possible effects include a change in cell’s gene expression, 

proliferation, differentiation, migration, adhesion. These are all critical functions of cells and employing 

GFs as biologics can provide positive outcomes. Platelets are small bodies, cytoplasmic fragments of 

megakaryocytes, without a nucleus that are found in the peripheral blood. PRP is an autologous plasma 

with a platelet concentration of 106 platelets per μL which is much higher the baseline that is around 
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2x105 platelets per μL in a volume [11-13]. Platelets have vital roles in the wound healing with various 

proteins in the α-granules [11,14,15]. PRP has been extensively studied for their potential therapeutic 

effect [16-19].  

PRP is a critical source of native cytokines and GFs, as well as it contains other bioactive 

molecules including but not limited to adhesive proteins (fibrin, fibronectin, and vitronectin), clotting 

factors, fibrinolytic factors, proteases and antiproteases [20]. PDGF, TGF-β, FGF, IGF, VEGF, and EGF 

are among the GFs present in PRP [20]. Thus, the use of PRP can provide increased potential to 

augment tissue healing [12,13,11]. PRP is intrinsically safe due to its autologous source, and cannot 

cause mutation since PRP-derived GFs bind to the external surface of the cell membrane, and do not 

enter the cell or cell nucleus [13]. PRP is prepared from anticoagulated blood [21], and activated by 

clotting. Calcium chloride, thrombin, fibrin, and collagen type I are among the platelet activating agents 

[22]. Platelets secrete most of the stored GFs in the first 10 minutes. Almost all of the stored GFs are 

secreted in the first hour. Then, the platelets produce more GFs for around one week [12,13].  

Since PRP is an autologous biologic, it is donor-depended, and there are differences due to 

different donors [23]. Moreover, different commercially available systems (e.g., from Biomet, Arthrex, 

Arteriocyte, Harvest Technologies, Medtronic, MTF Sports Medicine) provide PRPs that are different in 

the number of platelet and blood cells [24,11,25,22]. In a study [26], it was demonstrated that three 

different commercial systems provide different platelet, GF, white blood cell and red blood cell 

concentrations, and platelet capture efficiency. These are an important source of variation in the 

application outcome. Fig. 2.3 illustrates the important factors affecting the outcomes of PRP application 

including: donor-based differences, timing, and volume of PRP, platelet concentration, delivery strategy, 

and preparation method. 

 

 

Fig. 2.3. The outcome of PRP applications is related to several factors including donor-based 

differences, timing, and volume of PRP, platelet concentration, delivery strategy, and 

preparation method. 
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The evaluation of the clinical biologic treatments can be done both with subjective outcomes 

and objective outcomes [27]. The clinical outcomes are subjective including: International Knee 

Documentation Committee score, Tegner Lysholm Knee Scale score, survey tools, visual analog scale, 

Victorian Institute of Sports Assessment, Western Ontario and McMaster Universities osteoarthritis 

outcomes score, while the objective assessment can be done by histology, second-look arthroscopy, 

medical imaging modalities, e.g., magnetic resonance imaging, ultrasound, and with the use of specific 

biomarkers for each GF or cytokine [27]. 

Effects of PRP release from collagen matrix on human meniscus cells in vitro were found to be 

that PRP was beneficial compared to peripheral blood to increase the growth and up-regulate gene 

expression of collagen type I, elastin and aggrecan [25]. The study suggested that PRP may provide a 

small benefit for minor meniscal defects if PRP can be accumulated. Another study showed in vitro that 

PRP inhibits the expression of proinflammatory and proteolytic molecules meniscocytes and articular 

chondrocytes that are the procatabolic effects of fibronectin fragments [28]. 

In a study with rabbit meniscocytes [29], the presence of PRP in the cell culture medium can 

promote cell proliferation and extracellular matrix synthesis. The mRNA expression of biglycan and 

decorin were upregulated while the expression of collagen type I remained the same when compared to 

that of with the meniscocytes cultured in medium with platelet-poor plasma or 1% fetal bovine serum. In 

the same study, in vivo effects of PRP were also investigated in a rabbit model. Full-thickness defects in 

the avascular region of meniscus showed histologically better repair at week 12 when the defects were 

filled with PRP incorporated in a hydrogel as compared to treatments with platelet-poor plasma 

incorporated in a hydrogel or hydrogel alone [29]. In a rabbit model for meniscus repair, it was reported 

that FGF-2 within a gelatin hydrogel significant increased the cell proliferation and enhanced meniscal 

repair [30]. However, in another rabbit model study, PRP and BMP7, alone or together did not 

significantly promote meniscus regeneration in avascular defects in vivo [31]. In a recent rabbit model 

study [32], horizontal medial meniscus tears were treated with a single injection of leukocyte-rich PRP 

and evaluated histologically up to 6 weeks. However, no significant differences were found between the 

PRP treated group and the control group. 

In a recent arthroscopic meniscus repair study [33], the differences between outcomes of the 

meniscus repair with and without PRP were reported to be indistinguishable in terms of functional 

outcome measures as well as the reoperation ratio and the proportion of patients who returned to their 

regular activities: sports and work. It was discussed that the study being underpowered and performed 

with a small sample size, a difference between groups with and without PRP augmentation might not be 

detected [33]. The effects of PRP on the meniscal healing were studied in a case-control clinical study 

with young patients [34]. The injection of 5 mL of PRP directly into the lesion with horizontal cleavage 
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meniscal tears following the standard open meniscal repair procedure was carried out. Clinical 

outcomes were reported at midterm follow-up to be only slightly improved by the in situ PRP injection 

[34]. In another study, one patient with a meniscal tear and knee pain was treated with percutaneous 

injections of a mixture of adipose tissue-derived stem cells, PRP and hyaluronic acid and calcium 

chloride [35]. Even though there was no clinical improvement; the patient reported a significant 

decrease in pain only after injections. 

PRP has been evaluated in vitro, in vivo, and clinically for other parts of the body other than 

meniscus, including but not limited to cartilage [36-38], rotator cuff [39-42], intervertebral disc [43-46], 

osteochondral tissue [47,36,48], muscle [49-51], ligament [52-54], tendon [55-57]. The reported 

outcomes are very different and sometimes contradictory. The effect of a combination of PRP and 

hyaluronic acid in osteoarthritis therapy was tested both in vitro and in vivo [58]. It was shown that 

osteoarthritis-related chemokines and cytokines could be suppressed, cartilage regeneration can be 

promoted, and an anti-inflammatory effect can be obtained [58]. PRP improved the patellar tendon 

harvest site healing in a randomized controlled trial [59]. A systematic review in 2012 [60] concluded 

that for the arthroscopic rotator cuff repair, PRP does not affect the re-tear rates or shoulder-specific 

outcomes. However, a systematic review in 2013 [61] analyzed the in vitro, preclinical and clinical 

studies regarding the intra-articular injections of PRP. It was reported that PRP injection showed an 

overall benefit in preclinical studies for the healing of joint tissues, and among the high-quality clinical 

studies (only a few), PRP treatments showed only a benefit limited over time. 

In the systematic review and meta-analysis regarding the clinical benefit of PRP in orthopedics 

reported by Sheth et al. [62] revealed that the use of PRP is not significantly beneficial until 24 months 

across the randomized trials or prospective cohort studies. A small trend supporting the use of PRP 

exist but with wide confidence intervals. It was also reported that the literature lacks the standardization 

of study protocols, PRP preparations, and outcome measures [63,62]. Nourissat et al. [64] also 

reported that there is no evidence based medicine data that supports the use of PRP in arthroscopic 

surgery. 

In an in vivo study with rabbits [65], circular defects were created with a punch in the avascular 

regions of menisci. The defects were treated with hyaluronic acid-collagen matrix either empty or with 

PRP or with mesenchymal stem cells. It was reported that cell-free treatments did not result in tissue 

healing. In a later study [66], the performance of mesenchymal stem cell-loaded scaffolds were tested 

in a longitudinal meniscal tear model. It was reported that for a successful avascular zone healing, stem 

cell differentiation is a must; however, with the conditions in the study, the repair tissue was meniscus-

like with a certain level of biomechanical strength. However, in the same study, treatments with PRP 

alone in the matrix did not provide any significant benefit [66]. It should be noted that PRP was not 
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incorporated with cells in both studies [65,66]. It would be interesting to see how PRP would affect the 

cells for the tissue healing. An in vivo study with mice [67] showed that PRP pretreatment of human 

articular chondrocyte-seeded scaffolds provides more cell attachment compared to ones without PRP 

pretreatment. It was concluded that PRP pretreatment might enhance the surface properties for cells 

attachment, and it can be used for meniscus tissue engineering [67]. Another use of PRP is to replace 

the fetal bovine serum in cell culture [68]. It was demonstrated in an in vitro study that 10% or 20% PRP 

can be used instead of 10% FBS supplementation to the standard cell culture medium to culture human 

meniscocytes with same proliferation and gene expression level [68]. This makes it possible to avoid 

the clinical concerns regarding the use of fetal bovine serum in the cell culture medium.  

 

2.5. Final Remarks 

Fibrin clot derived from bone marrow or peripheral blood, as well as PRP,  can augment tissue 

healing. Fibrin clot and PRP contains a range of bioactive components including GFs. Fibrin clot does 

not have allogeneic or xenogenic factors, and its physical form fits to various tissue topographies during 

implantation. The clinical benefit of PRP is not yet agreed by all in the literature, and there are opposing 

views on the outcomes of PRP treatments, this might be due to the absence of standardization of the 

evaluation of the outcomes of the biological treatment studies, as well as the study designs. Due to the 

lifespan of platelets and half-life of released GFs, the presence of GFs may not be sustained and 

controlled with a single PRP injection. Thus, PRP injections can be repeated on a regular basis, or their 

release can be controlled within a matrix/hydrogel. Besides, it is also required for a better 

understanding to quantify the amount of GFs released, and also the duration of their biological activity. 

It should also be noted that GFs interact with cells and modulate cells’ function. For this reason, it can 

be more beneficial if native and/or recruited cells need to be at the site where PRP is applied to interact 

with the released proteins from platelets. Additionally, for the proper evaluation of the PRP treatment, 

the study must be very well designed with all the necessary sample groups, which was not present in 

some studies in the literature. 

It should also be noted that the secretion of GFs is an important step. The GFs in the α-

granules of platelets are not complete unless they are soluble. During the GF secretion through the cell 

membrane, the GFs get completed by the inclusion of histone and carbohydrate side chains. Thus, no 

GFs will be secreted from platelets if platelets are damaged or died during the PRP preparation; and in 

such case, the outcome of using PRP will not be encouraging. 
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CHAPTER 3.  

Treatments of Meniscus Lesions of the Knee: Current Concepts and Future 

Perspectives* 
 

3.1. Abstract 

 The present preference in the clinical management of meniscus lesions is to preserve it by 

repairing whenever possible or substituting the tissue. Still, meniscectomy continues to be one of the 

most frequent orthopedic procedures regardless of the fact that it may lead to a series of early 

degenerative events in the knee. Surgical and technological advances enabled to extend the indications 

for meniscus repair. The outcome of meniscus repair is influenced by several factors. Classification of 

meniscus lesions remains a challenge while there have been some attempts in building consensus 

around it. Substitution of meniscus tissue has been performed to avoid or minimize the possible 

degenerative effects occurring in the absence of meniscus. Meniscus allograft transplantation has 

demonstrated its use as a replacement strategy of large lesions. In partial lesions, the use of acellular 

scaffolds has provided an improved clinical outcome when the insertional horns and the peripheral rim 

are preserved. However, the current scaffolds have shown some limitations, and the neotissue is 

different from the native meniscus. Tissue engineers thus envision going beyond the partial meniscus 

regeneration. Nowadays, it is aimed to develop a new generation of meniscal implants for total 

meniscus regeneration, which does not only meet the biomechanical requirements but also the 

biological requirements both in short- and long-term. Moreover, these might be patient/injury-specific 

regarding the size and shape as well as being cultivated with autologous cells and biologically 

enhanced. Herein, the clinical management of meniscus lesions and advanced tissue engineering 

strategies are reviewed. 

 
 
 
 
 
 
 
 
 

 

*This chapter is based on the following publication:  

Cengiz IF, Pereira H, Espregueira-Mendes J, Oliveira JM, and Reis RL. "Treatments of Meniscus Lesions 

of the kKnee: Current Concepts and Future Perspectives." Regenerative Engineering and Translational 

Medicine 3, no. 1:32-50, 2017 
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3.2. Introduction 

 Today, in addition to the clinical studies, musculoskeletal lesions and in particular meniscus 

injuries have been studied pre-clinically in many scientific domains including but not limited to the 

application of different tissue engineering strategies and biologics, and gene therapy. The menisci are 

fundamental elements of a healthy knee [1,2]. They are fibro-cartilaginous tissues functioning between 

the tibial plateau the femoral condyle with their C-like shape with a wedge-like cross-section [3,4]. 

Menisci have a specific extracellular matrix [5,6] and multiple cell types [7,8]. These are complex 

tissues with particular biomechanics [9] and cell distribution [10]. Thus, the menisci are heterogeneous 

with segmental and regional variations according to its ultrastructure, biology, and function [10,3,9]. 

Besides, only a certain portion of the tissue receives blood supply. In adults, the peripheral vessels 

penetrate around 10% to 25% of the width of the lateral meniscus and 10% to 30% of the width of the 

medial meniscus [11]. This greatly determines the self-healing ability [12,13]. 

 Meniscus injuries are the most frequent injuries in the knee [14]. The lesions of the meniscus 

can have different types and patterns [15,16] (Fig. 3.1), which are linked to different prognosis and 

treatment [12]. The removal of the meniscus from the knee brings significant consequences and can 

lead to early degenerations in the knee [17-20]. In the clinics, treatments for the meniscus injuries 

depend on the patient condition and the injury [21,6]. The algorithm for treatment of meniscus lesions 

has significantly changed in the last decade [22,23]. Given the extended understanding of the meniscus 

[3,24,25] and the consequences of meniscectomy [26], clinical management dramatically changed 

towards favoring repair or substitution [27,22]. However, even today, meniscectomy is one of the most 

frequently orthopedic procedures performed worldwide [28]. When compared to partial meniscectomy, 

meniscus repair has generally improved the clinical outcome and/or lowered the risk for subsequent 

osteoarthritis [24]. Therefore, the meniscus tissue shall be preserved whenever possible. Nevertheless, 

suturing the meniscus has indications and limitations. 
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Fig. 3.1. Illustration of normal meniscus (A), and common types of meniscus tears: radial tear (B), 

longitudinal tear (C), horizontal flap (D), vertical flap (E), bucket-handle tear (F), oblique/parrot-beak 

lesion (G), complex degenerative (H), horizontal tear (I), and root tears (J). 

 

 The difference between the medial and the lateral meniscus on knee kinematics should also be 

considered. The lateral meniscus is responsible for most of the load transfer within the lateral 

compartment [29]. However, in the medial compartment, the load transmission is more equally 

disseminated amongst the cartilage surfaces and the correspondent meniscus [30].  The lateral 

meniscus holds up to 70% of the load transmission in the lateral compartment while the medial 

meniscus is responsible for 50% within its respective compartment [31]. The lateral meniscus is more 

mobile, while the more static medial meniscus is known to play an additional secondary role as joint 

stabilizer contributing to resist the anterior tibial displacement, agonist with anterior cruciate ligament 

(ACL) [29]. 

The basic science knowledge related to the menisci is of the highest importance once it has 

provided an improved understanding of healing mechanisms and will surely keep influencing the 
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indications and outcome for tissue repair and substitution [3,32]  Tissue engineering and regenerative 

medicine (TERM) promises to change the clinical practice in a broad perspective; and dealing with 

meniscus lesions is not an exception [33-35]. 

In 2014, Beaufils et al. [36] published an important chapter on “How to Share Guidelines in 

Daily Practice on Meniscus Repair, Degenerate Meniscus lesion, and Meniscectomy” in the European 

Society of Sports Traumatology, Knee Surgery and Arthroscopy (ESSKA) Instructional Course Lecture 

Book within the scope of 16th ESSKA Congress in 2014 which discussed how guidelines, 

recommendations, may promote meniscus preservation. In 2015, the International Meniscus 

Reconstruction Experts Forum consensus statement on the MAT practice was published [37] where a 

more standardized approach to indications, surgical methods, and postoperative care was outlined as 

recommendations to achieve a better patient outcome. Moreover, the ESSKA board initiated in 2014 

the “ESSKA meniscus consensus initiative” under the leadership of Philippe Beaufils and Roland 

Becker. This initiative aims the build a European consensus on the meniscus lesion treatments. The 

report of this project was published recently in 2016 [38] and can be found online in the ESSKA’s 

website: http://www.esska.org/. In the report, an algorithm for the treatment of degenerative meniscus 

lesions, and a description of non-operative treatment for degenerative meniscus lesions are provided; 

moreover, answers for the following critical questions were also provided: 

 What is a degenerative meniscus lesion? 

 Which MRI criteria characterize a degenerative meniscus lesion? 

 What is the prevalence of degenerative meniscus lesions? 

 Do degenerative meniscus lesions cause knee symptoms? 

 What are the consequences by a degenerative meniscus lesion in the knee? 

 Are degenerative meniscus lesions are a cause or consequence of knee osteoarthritis? 

 What is the role of knee radiographs in the assessment of middle-aged or older patients 

with a painful knee? 

 What is the role of MRI in the assessment of middle-aged or older patients with a 

painful knee? 

 How should we make the diagnosis of knee osteoarthritis on a daily practical basis? 

 Does an unstable degenerative meniscus lesion cause knee symptoms? 

 Are functional outcomes of arthroscopic partial meniscectomy and non-operative 

treatment different, based on osteoarthritic status? 

 What is the patient population defined by the randomized controlled trial studies? 

 What does non-operative treatment mean? 

 What is the rate of conversion to surgery in those patients undergoing non-operative 
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treatment? 

 Is the concept of an unstable meniscus useful for indicating meniscectomy (such as 

locking, clicking)? 

 What outcomes can be expected after arthroscopic partial meniscectomy?  

 What is the rate of surgical complications after meniscus resection? 

 What is the risk of osteoarthritis after meniscus resection? 

 Is there a place for arthroscopic lavage (or lavage-debridement: arthroscopic procedure 

including degenerative (meniscal/chondral) and/or synovial tissue debridement?) for 

osteoarthritic knees?  

 When should arthroscopic partial meniscectomy be proposed? 

 

3.3. Classification of meniscus lesions 

3.3.1. Degenerative versus traumatic lesions 

 The menisci function under compressive, radial tensile and shear stresses [39-41]. These 

stresses may influence the meniscus and also the knee joint injuries. Patient's age is a relevant 

pathophysiological factor of meniscus lesions, even if lesions can occur in all age groups [28,42,36]. 

The characteristics of meniscus tissue vary according to age, tear pattern, and pathological conditions 

[43]. These include the water content, cells, extracellular matrix, collagen and adhesion glycoproteins 

[43]. When dealing with the clinical management of meniscus lesions, it is critical for the treatment or 

prognosis, to distinct if the surgeon is dealing with a traumatic or degenerative tear [36]. However, such 

a distinction is not always easy.  

 A traumatic meniscus tear is typically associated with an acute event capable of creating 

enough capacity to rupture the meniscus tissue [44]. The patterns more frequently connected to 

traumatic tears are: longitudinal, bucket-handle and radial tears [45]. However, most often, flap tears 

are also considered as traumatic. The types of meniscus tears are depicted in Fig. 3.1. High-energy 

trauma leading to fractures around the knee can also be implicated in meniscus tears [46]. Conversely, 

degenerative meniscus lesions (Fig 3.2A) have a considerably different nature. Some characteristic 

changes of a degenerative meniscus include cavitations, softened tissue, fibrillation or complex tear 

patterns (Fig. 3.2B), amongst other degenerative changes [47]. The most representative types of such 

lesions are horizontal tears [48-50]. Even amongst younger populations they often have a degenerative 

nature [48-50].  
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Fig. 3.2. Typical fibrillation of a degenerative meniscal lesion (A), complex tear combining flap and 

horizontal tear (B), MRI lateral view of longitudinal medial meniscus tear (red arrow) (C), and final look 

after meniscectomy reducing the volume of meniscal tissue (D). 

 

Nowadays, the root tears are also attracting more attention [51]. Posterior root tears, medial 

meniscus root tears are more often degenerative while the lateral ones are more usually traumatic, 

frequently combined with acute ACL rupture [52-54]. The typical clinical presentation of an acute 

meniscus tear usually includes sudden onset of pain and/or swelling of the joint. Mechanical symptoms 

are typically associated with unstable tears [55]. Mechanical symptoms include clicking, catching, or 

locking of the knee joint [55]. Supposedly, innocuous activities such as walking or squatting have also 

been linked to injuries of the menisci [56].  

Another important issue to be considered is that a magnetic resonance imaging (MRI) indicating 

a meniscus injury does not necessarily mean that it requires direct treatment. A meniscus lesion is a 

common incidental finding on MRI in both symptomatic and asymptomatic knees [57], especially in 

older people. Age, clinical and radiographic findings of osteoarthritis [58,59], repetition of micro-trauma 
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can play a role in the degeneration of the menisci, as well as the knee joint [60]. In all such situations, 

a diminished vascularization can be expected, and this might lead to further tissue degeneration 

[12,36].  

 The global assessment of the knee joint is always required. It is highly debatable if the isolated 

treatment of any meniscus tear can be successful in the treatment of symptoms caused by global joint 

osteoarthritis [36]. However, it is well-known that the absence of meniscus tissue will accelerate the 

development of knee osteoarthritis [61]. Nevertheless, it must be furthered recognized that in some 

specific conditions, a degenerative meniscus lesion, asymptomatic for a long period, might suddenly 

become symptomatic after an acute traumatic event [36]. 

 

3.3.2.  Assessment and classification of meniscus lesions 

 When the presence of a meniscus tear is doubted, the patient’s history and clinical examination 

are needed. For the diagnosis of a meniscus lesion, many different clinical tests exist [62]. However, 

these have a diagnostic accuracy only low to moderate. Standing x-ray protocol evaluation including 

frontal plane, lateral, skyline patella, and schuss view is helpful to study the lower limb alignment and 

for overall joint assessment. MRI has high accuracy regarding the preoperative evaluation of meniscus 

lesions (Fig. 3.2C) [63-65], especially when performed by a radiologist dedicated to musculoskeletal 

pathology [66,67]. 

 When two or more types of tears occurring in any plane are combined within the same 

meniscus, this is usually considered a “complex tear” [36]. Several classification methods have been 

proposed in order to assist in prognosis, treatment, and assessment of results from treatment [47]. 

Vascularity is frequently considered in classifications systems due to its role in tissue healing. One of 

the most commonly used classification systems is from Cooper et al. [68] in which the meniscus is 

divided into circumferential zones: zone 0 corresponds to the meniscal-synovial junction, zone 1 

corresponds to the outer third of the meniscus, zone 2 includes the middle third, and zone 3 is the 

central third of the meniscus. The International Society of Arthroscopy, Knee Surgery and Orthopaedic 

Sports Medicine (ISAKOS) committee has recently made a study on the meniscal tear classification 

combining the best available clinical and basic science knowledge [47]. For the radial classification, the 

committee recommended the classification in which the meniscus is divided into 3 anterior, middle, 

and posterior with the observed agreement of 68%; even though there was 87% of observed agreement 

on the division of meniscus into anterior and posterior halves. Regarding the vascularity, the Committee 

adopted a modified version of the previously mentioned Cooper classification system that was based on 

the evidence of vascularity extending up to 3 mm into the meniscus. However, there was only 54% of 

observed agreement for estimation of the rim width. As it was hypothesized, that study showed that 
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there is a sufficient interobserver reliability on meniscal tear classification (in terms of the tear depth, 

location, tear pattern, length, quality of the tissue, and percentage of the meniscus excised), and the 

data of international clinical trials which aim to assess the outcomes of treatment for meniscal tears can 

be pooled. In addition to the contribution of that study to clinical management, it also aims to improve 

data gathering from clinical trials designed to evaluate the outcomes of different strategies [47] which 

has great importance too.  

 

3.4. Treatments of meniscus lesions 

3.4.1. Meniscectomy 

 Recent results favor meniscus repair over partial (Fig. 3.2D) or total meniscectomy concerning 

either clinical outcome and/or risk for subsequent osteoarthritis [36,24]. Nevertheless, meniscectomy 

is still one of the most frequent causes of orthopedic surgery today [28]. The terms “partial”, “subtotal” 

or “total” meniscectomy are used and aim to reflect the amount of tissue that is removed it is surgically 

removed. Though, the borders of each of these terms are not yet clearly identified [26].  

 Partial meniscectomy has shown a higher risk of radiographic changes towards osteoarthritis 

compared to repair [24]. Concerning meniscectomy for traumatic tears, once more, a worse outcome 

has been described for the risk for osteoarthritis [15]. When a meniscectomy is required in case of an 

irreparable tear, it is known that preserving the biggest possible amount of tissue, particularly the 

peripheral, lowers the adverse effects in load transmission and contact area reduction [69-71].  

 There is a significant difference considering prognosis and outcome when managing a 

meniscus tear by meniscectomy on a stable compared to an unstable knee [26]. Worse results can be 

expected when performing isolated meniscectomies on unstable knees (ACL-deficient) [26]. Under such 

conditions, particularly for the medial meniscus, ACL repair should be addressed at the same time once 

the risk for subsequent meniscectomies is higher if the ACL is not effectively repaired [72,73]. This risk 

is lower for stable lateral meniscus tears [64]. If the ACL repair is delayed more than 12 months after 

the ACL injury when compared to less than 12 months, a 3.5 overall Odds Ratio (a measure of 

association) for risk of subsequent medial meniscus tears has been established [74]. The timing of ACL 

repair has a lower influence on the risk of subsequent lateral meniscus tears [74]. Meniscectomy also 

has been considered to worsen the outcome of ACL repair [75,76]. Such findings might be understood 

under the different kinematic roles of both menisci in the knee joint [20,29]. 

 The greater role of the lateral meniscus in load transmission most likely contributes to the 

increased risk for rapid chondrolysis after lateral meniscectomy when compared to medial 

meniscectomy [77,78]. A worse outcome should be anticipated for lateral meniscectomy when 

compared to the medial [26]. Despite the previous considerations, some controversy remains once 
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arthroscopic partial meniscectomy has been linked to some satisfactory outcome with faster return to 

activity compared to meniscus repair [79,15]. In brief, meniscectomy remains as a valid option, while 

sometimes is still the “only” option. However, a higher risk of complications, possibly a lower rate of 

return to the same level of activity especially after a lateral meniscectomy, and an increased risk of 

subsequent osteoarthritis must be carefully considered. 

 

3.4.2. Meniscus repair 

The techniques for meniscal suture/repair have been advancing given the developments in 

medical devices and surgical techniques, complemented with improved biological and anatomical 

knowledge. Several repair techniques are available (Fig. 3. 3), and can be selected according to the 

lesion pattern, surgeon’s experience and availability of resources. The techniques for meniscus repair 

comprise: all-inside [80,81], inside-out [82,83] or outside-in [84,85] approaches, which can be 

executed either alone or combined.  

 

 

Fig. 3.3. Meniscus repair techniques and most common indications. 

 

“All-inside” indicates that the devices for suture/repair are kept inside the joint at all time 

during the procedure (Fig. 3. 4). Several biodegradable meniscus repair devices composed of the rigid 

poly-L-lactic-acid (PLLA) have been described for all-inside application [86]. These include arrows (Fig. 

3. 5A), screws [86], darts, and staples. However, there are some concerns related to degradability [86]. 

Despite some reported favorable outcome [87,88], these devices are related to higher failure rates 

[89,90] and a higher number of complications including synovitis, inflammatory reaction, cyst 

formation, device failure/migration, and chondral damage [90]. The use of rigid meniscus repair 

devices such as polylactic acid or its derivatives has been linked with the loosening of fragments/bodies 
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inside or outside the joint [91]. Such complications might be related to the structure and erratic 

degradation rates of such polymers [91]. Given the considerable prevalence of complications, these 

rigid devices have progressively lost their attractiveness. 

 

 

Fig. 3.4. Longitudinal meniscus tear (red arrow) (A), all-inside device delivering sutures (yellow arrows) 

which are passed through the meniscus (B and C), and final look after tensioning the suture making the 

previous gap disappear (blue arrow) (D). 

 

The most frequently used all-inside techniques require suture combined with small anchors, 

which serve as holds, and a prettied slip knot [80]. They enable variable compression and retensioning 

of the suture. A depth-limiting sleeve on the inserter is commonly used to avoid excessive penetrations 

of the needle which has an inherent risk of iatrogenic complications (e.g., perforation of neurovascular 

structures) [92]. “Inside-out” indicates that the sutures, usually linked to needles or suture passers 

come from the inner joint and perforate the meniscus towards the outside capsule where knots are tied 

(Fig. 3. 5B). In “outside-in” (Fig. 3. 5C), the sutures are introduced percutaneously into the joint, 

perforated the meniscus, and finally, the sutures are brought again outside over the capsule beneath 

the subcutaneous tissue. 
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Fig. 3.5. Polylactic acid arrow (red arrows) for meniscal repair (on the left side of A), a model 

representing clinical application showing the arrow trespasses the meniscus (on the right side of A), a 

model representing inside out delivery of needles with attached sutures (red arrows) through the 

meniscus (B), outside-in technique by using needles (yellow arrow) which pass the meniscus from the 

outside to the inside of the joint, these needles will serve as suture passers (red arrow) (C), and 

granuloma after outside-in medial meniscus repair with a non-degradable suture (red arrow) (D). 

 

Vertical sutures are perpendicular to the circumferential fibers of the meniscus, and have higher 

pull-out resistance [93]. Horizontal sutures are parallel to those circumferential fibers. Regardless of the 

technique, vertical or horizontal mattress sutures can be achieved. Several technical attempts have 

been proposed in order to enhance the healing: sutures combined with grasping, trephination or 

augmentation with fibrin clot [94]. The meniscal sutures are not exclusive of acute tears. Selected 

degenerative injuries including some horizontal cleavage tears are suitable for a successful repair [95]. 

Similarly, some degenerative meniscus root tears have also been repaired consequently preserving the 

meniscal functions with all its inherent advantages [96]. 
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The types of tears that are suitable for suture include: horizontal lesions which are usually 

degenerative even in younger patients [48], vertical or longitudinal tears, bucket-handle and some radial 

tears of the vascular region which are considered in the traumatic group [45]. The key to a successful 

outcome depends on the type and the location of the lesion, and certainly to the experience of the 

surgeon. Flap tears are frequently traumatic, are mostly considered irreparable. This type of lesions can 

also be found in irreparable complex degenerative lesions. The root tears can be repaired by trans-

osseous tunnels [52] and all-inside techniques [97] if the remaining tissue is suitable for repair.  

Generally, the healing ratio after meniscus repair is considered to be: complete healing in 60% 

of cases, 25% of partial healing and 15% of failure [71]. Moreover, partially or incompletely healed 

menisci are often asymptomatic [98,99]. After an arthroscopic meniscus repair, the failure rate ranges 

from 5% to 43.5%. However, in general, a failure rate around 15% is accepted by most authors [98]. 

Surgical repair of the posterior horn of either medial or lateral menisci is associated with some risk of 

iatrogenic damage to local neurovascular structures [100]. So, like any other surgery, complications are 

possible; and the experience of the surgeon is of major relevance. Regarding the all-inside devices 

[101], a low rate of complications can be possible. However, these might comprise: loosening of the 

implant inside the joint, intra-articular deployment, suture failure, accidental cutting during tensioning or 

bending of the device itself during its depletion. It is also possible to observe some superficial 

granulomas around sutures and/or rigid implants (Fig. 3. 5D). Multiple factors must be considered for a 

meniscus lesion repair [15]. These include: age, activity level, tear pattern, chronicity of the tears, 

combined injuries such as ACL injury, and the healing potential - vascularization. Meniscus repair in 

younger people provides better outcome comparing to older people [102].  

 The indications for potentially repairable meniscus lesions have extended including some tears 

which were previously considered as irreparable (Fig. 3. 6). Another point is that the attempt of 

meniscus repair, even if it fails, does not seem to worsen the outcome of a subsequent meniscectomy 

[98]. It has also been demonstrated that the amount of tissue removed after a failed meniscal repair is 

not more than the one from the meniscectomy that would have been performed if meniscectomy had 

been the choice in the first surgery [98]. This fact also contributes to the increased tendency towards 

preservation and repair opposing to meniscectomy. 
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Fig. 3.6. Injury types of meniscus and general repair potential. 

 

3.4.3. Substitution with allografts 

Meniscus allograft transplantation (MAT) has clearly proven to be a valid and reliable treatment 

when considering the consequences of severe meniscal loss [103-105]. The first description of such 

procedure happened in the 1970s as part of an osteochondral allograft resurfacing procedure in 

patients with posttraumatic osteoarthritis secondary to tibial plateau fractures [106,107]. On the other 

hand, the first free MAT was performed in 1984 [108]. That was the beginning of a long journey, and 

since then it has been advocated for the treatment of patients with a symptomatic knee following a 

meniscectomy [109]. With time, it has undertaken some improvements, and a growing interest in 

recent years [104,103]. 

There are several options for MAT procedures including graft management (fresh, fresh-frozen, 

cryopreserved, or freeze-dried) and fixation using bone blocks or only soft tissue without any clinical 

consensus regarding the best option. Concerning the fixation, multiple studies have shown comparable 

graft survival and outcomes between the two different fixation techniques [109,104].  

Two areas of intense research can be considered: the meniscus tissue itself, and its anchorage 

to the bone. The medial and lateral menisci have different morphologic characteristics which influence 

technical options. The medial meniscus root attachments are more separated than those of the lateral 

meniscus which are closer. For this reason, a medial MAT usually requires two bone tunnels in the tibia 

either the graft includes or not bone blocks; while for lateral MAT, it is more difficult to perform such 

tunnels due to a technical difficulty with the risk of coalescence. A bone slot/block technique (Figs. 3.7 

A-B) can be considered because it can allow preserving the native tibial root attachments of the graft 

[109]. 
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The ideal candidate patients for MAT are young patients with a history of prior meniscectomy in 

a stable knee with neutral alignment and no severe chondral damage. Obesity and smoking are 

considered risk factors [109]. For appropriately selected patients, MAT has proven its efficacy in 

improving function and reduction of pain [104]. However, there are still some concerns to address 

regarding the graft longevity, prevention of osteoarthritis and return to high demand activities [109].  

 

3.4.4. Substitution with commercial scaffolds 

The indications for MAT and partial meniscus substitution with scaffolds are different. Scaffold 

implantation requires that the meniscus roots and peripheral rim remain preserved while such 

requirements are not necessary for MAT [109]. On the other hand, partial meniscus substitution using 

mainly acellular scaffolds has been used with encouraging short-term clinical results for chronic partial 

meniscus lesions [110-112]. The restrictions to obtain suitable meniscus allografts in several countries, 

some concerns related to the transmission of infectious diseases, and the advances in TERM have led 

to growing interest in the search for alternative options for meniscus substitution with scaffolds. 

The concept of meniscal scaffolds was introduced in the 1990s [113]. Today, two scaffolds 

have been commercialized and used in Europe for clinical application [110]. One of them is the 

collagen meniscus implant or “CMI” (Ivy Sports Medicine, Lochhamer, Germany) which is based on 

type I bovine collagen matrix [113]. The other one is polycaprolactone-polyurethane scaffold and known 

as “Actifit” (Orteq Bioengineering, London, UK) (Fig. 3. 7C) [114,115]. Meniscus substitution by both 

implants has proven to be safe, without any apparent adverse effects [116,117]. Moreover, both 

available implants have provided a positive clinical outcome in the treatment of partial medial and 

lateral meniscus lesions in terms of pain reduction and knee function. These short-term results refer to 

both the polyurethane-based at two years with the Actifit [112,118,119,114] and at up to 10 years 

follow-up with the CMI [120,111,121]. The final tissue obtained has been recognized as different from 

the native meniscus in terms of mechanical properties extracellular matrix composition and organization 

[110]. Also, subsequent extrusion of the scaffold (extension beyond the tibial margin) is another 

concern [119]. Moreover, chondroprotection of the scaffold is a very critical need because the rationale 

of performing a substitution includes the avoidance of the consequences of meniscectomy. To 

overcome the limitations with both allografts and commercially available acellular scaffolds, there is a 

great expectation from TERM for the development of superior strategies. 

 



67 
 

 

Fig. 3.7. Lateral meniscus allograft using bone slot technique (A), arthroscopic second look five years 

after implantation (B), and the commercial polycaprolactone-polyurethane scaffold implanted in the 

medial compartment of a patient (C). 

 

3.5. Tissue engineering and regenerative medicine (TERM) 

TERM promises to develop solutions for tissue regeneration typically by employing cells, 

scaffolding biomaterials, and signaling factors, either alone or in combination [122,33]. An illustration of 

meniscus tissue engineering road map is depicted in Fig. 3. 8. The major component of meniscus 

tissue engineering is the scaffold, i.e., when considering acellular strategies. The scaffold initially acts as 

a substitute for the missing native tissue, and hosts, and interacts with the cells that either seeded in 

vitro, and/or migrated into the scaffold in situ. Preferably, the autologous cells are isolated from the 

patient’s biopsy that will receive the tissue engineered implant, and expanded in vitro to reach the 

needed number. Mesenchymal stem cells have been used regenerative strategies for meniscus 

[123,124] owing to their plasticity and multipotency and their function in tissue regeneration. The 

regeneration process can be improved by the use of autologous biologics. 
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Fig. 3.8. A conceptual illustration of the key steps involved in meniscus tissue engineering. Autologous 

cells are isolated from the patient’s biopsy that will receive the tissue engineered implant, and 

expanded in vitro to reach the needed number. The tissue regeneration can be enhanced by the use of 

biologics that are prepared from the same patient. The scaffold is manufactured in a patient-specific 

fashion with the use in silico 3D model of the tissue. Once the cells and the biologics are introduced 

into the scaffold, and the implant cultured preferably in a bioreactor, a new matrix will start to be 

formed inside the scaffold, and this construct, implant, is implanted into the patient. One of the critical 

steps, which is not yet proven to be achieved, is the development of the ideal biomaterial for meniscus 

tissue engineering. The development of biomaterials requires a long procedure that involves the 

optimization through the feedbacks received from both in vitro and in vivo experiments. 

 

The meniscus serves primarily as a biomechanical component of the knee. The size and shape of 

the scaffold are critical for the scaffold to function properly. With the use of medical imaging, the 

scaffold is manufactured in a patient-specific fashion (Fig. 3. 9) from in silico 3D model of the tissue 
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[125]. Once the cells and the biologics are introduced into the scaffold, and the implant cultured 

preferably in a bioreactor, the extracellular matrix will start to be synthesized inside the scaffold. Finally, 

the implant can be implanted into the patient.  

 

 

Fig. 3.9. 3D printed patient-specific scaffolds from polycaprolactone with different internal architectures 

using the 3D meniscus model that was obtained from the patent’s high-quality MRI volumetric image 

dataset. The scale bar indicates 1 cm. 

 

One of the critical steps (or perhaps the most critical step) which is not yet proven to be 

achieved, is the development of the ideal scaffold for meniscus tissue engineering. Many polymers have 

been studied as meniscal scaffold including but not limited to: collagen [126-129], poly(lactic acid) 

based [130-132], poly(glycolic acid) [133,132], Poly (lactic-co-glycolic acid) [134,135], 

polycaprolactone [136,137], hyaluronic acid/polycaprolactone [138-140], hyaluronic acid/gelatin  

[141,123,124], poly(glycolic acid)/hyaluronic acid [142], silk based [143-145], gelatin/chitosan [146], 

vicryl [147], poly-(3-hydroxybutyrate-co-3-hydroxyvalerate [148], polyethylene terephthalate [149], 

bacterial cellulose  [150,151]. Nevertheless, it is not possible to draw clear conclusions to define the 

best scaffold in contrast to the number of publications on this topic.  

By default, no biomaterial is superior in overall than another one, and a certain biomaterial can 

be processed into a very wide range of different scaffolds by changing the parameters, or simply by 

using different manufacturing techniques including but not limited to: 3D printing technologies [125], 

freeze-drying [145], porogen leaching [145], electrospinning [152], and supercritical fluid foaming 

[153]. Thus, the number of scaffold options is not limited, although only two have successfully reached 

the clinics. Generally, synthetic polymers may present attractive features such as reproducibility, 
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mechanical strength, controllable biodegradation, relative easiness for 3D printing. However, they may 

have relevant disadvantages regarding low bioactivity, hydrophobicity, and the possibility of 

inflammation or immune response [154]. On the other hand, natural polymers may come with the 

advantage of superior bioactivity and 3D environment for cell adhesion and proliferation, while they may 

have their own disadvantages such as inferior mechanical properties, batch to batch variation, relatively 

less controllable degradation, relatively uneasiness of 3D printing. Silk-based biomaterials have great 

potential for TERM applications [155,156,145]. Silks have promising biomechanical features good 

biocompatibility and controlled rate of degradation [157,145]. Several hydrogels [133,158,159] and 

decellularized meniscal scaffolds have also been investigated [160]. A pioneering strategy has been 

proposed in which the objective is to match the segmental vascularization of the meniscal scaffold 

[161]. The combinatorial use of distinct biomaterials showed promising results using a chick embryo 

model, as possibly the maintenance of phenotype of cells, and manage the blood vessels infiltration into 

the scaffold. Given the fact that meniscus has partial blood supply limited to the outer periphery, this 

can be considered as a notable step forward to control neovascularization in meniscal scaffolds.  

Nanobiomaterials have been studied for tissue engineering applications [162,163] can be 

fabricated with several methods into various structures including nanofibres [164,165], nanoparticles 

[166], nanotubes [167] and nanofilms [168]. Nanotechnology can also be used to modify surfaces of 

biomaterials [169]. Nanobiomaterial production methods include electrospinning, self-assembly 

processes, phase separation, and various lithography-based methods. Having the biomaterial in 

nanoscale provides a highly increased surface area, surface roughness, and surface area to volume 

ratio yielding to an enhancement physiochemical properties including surface topography, wettability, 

and energy. Thus, the use of nanotechnology is an important tool to mimic the surface characteristics 

of natural tissues and to guide tissue regeneration [170]. 

Total meniscus substitution other than with an allograft is a bigger challenge compared to partial 

substitution. Besides, as mentioned above, degradable polymers have also been investigated; however, 

there is no biodegradable scaffold for total meniscus substitution in the market. In addition to the 

challenges with scaffolds for partial substitution, there are two more major challenges for the scaffolds 

for total substitution: (i) correct size and shape, and (ii) the attachments of the scaffold to the tibia. For 

the first challenge, Cengiz et al. [125] demonstrated how to make patient-specific meniscal implants 

from medical images. That study opens the door to the production of anatomically correct meniscal 

implants in two ways: (i) direct 3D production of the patient-specific implant through 3D printing, (ii) 

production of a patient-specific mold to be used for conventional production methods of biomaterials. 

Thus, as soon as the scaffolding biomaterial is developed, it can be produced in a patient-specific 

fashion. For the second challenge, the design of attachments of the non-degradable prosthesis can 
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contribute to finding a solution, for example, a non-degradable prosthesis made from polycarbonate-

urethane which can be considered by the surgeon to be used for total meniscus substitution in selected 

cases if an allograft is not available [171,172]. In the sheep model study of Lee et al. [173], 

anatomically correct polycaprolactone scaffolds were 3D printed into anatomically correct scaffolds that 

were loaded with microspheres for the sequential release of connective tissue growth factor and 

transforming growth factor-β3 in a spatially and temporally controlled way. The release of growth factors 

provided instructive clues to induce endogenous cells to differentiate any produce zone-specific collagen 

type I and II to obtain a  neotissue matrix and inhomogeneous mechanical properties that are similar to 

the native tissue [173]. This study has a clear significance regarding the manufacture of anatomically 

correct 3D printed meniscus scaffolds, and the strategy of regenerating an inhomogeneous tissue which 

is the case of the meniscus. 

The development of biomaterials and their experimentation requires a long procedure that 

involves the optimization through the feedbacks received from both in vitro and in vivo experiments. The 

not-yet-overcome challenges include the biomechanical and compositional dissimilarity of the new 

tissue to the native meniscus. As long as the scaffold meets the certain requirements of being a 

meniscus scaffold (such as suturability, biomechanical and biological features), any scaffolding 

biomaterial has a degree of potential, and should be studied extensively in vitro, and in vivo. The 

researchers should consider the features is needed from a scaffold for meniscus regeneration, and 

should answer these questions positively: 

 Is the scaffold correct in size and shape, or can be tailored at the time of surgery by the 

surgeon? (If not, then the implant will fail). 

 Is the scaffold suturable? (If the scaffold does not hold the suture, then there is a very 

important problem) (This is one of the issues can be found in scaffolds in the 

literature). 

 Does the scaffold bear forces like compression, tension, and shear; and recover its 

shape after mechanical unloading? (If not, then the implant will fail). 

 Does the scaffold have high porosity with interconnected pores that have a certain size 

range for cells to attach, proliferate and migrate?  

 Is the scaffold attractive to cells in terms of biology? (This is one of the issues regarding 

the synthetic polymer-based implants) 

 Is the degradation of the scaffold matched with neotissue formation? (This is one of the 

issues regarding the collagen-based implants). 
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 Moreover, of course, does the scaffold meet the default requirements from biomaterials 

including the safety, biocompatibility, non-toxicity, allowance for cell adhesion and 

proliferation? 

 

The vast majority of the TERM research has been focused on scaffolds; however, recently 

scaffold-free strategies have been demonstrated. The self-assembly definition of Athanasiou et al. [174] 

is “a scaffoldless technology that produces tissues that demonstrate spontaneous organization without 

external forces”. Minimization of free energy via cell-cell interactions facilitates the self-assembly [174], 

where the cells act as a scaffold of each other and coalesce into a cohesive structure [175]. By its 

nature of being-scaffold-free, the self-assembly process has advantages over scaffolds by avoiding 

[175]: biomaterial-induced inflammatory response, biomaterial degradation related toxicity, stress-

shielding, inhibition of cell migration, and issues with cell-to-cell communication that may limit the 

matrix remodeling of extracellular matrix. Self-assembly includes 4 major events [174]:  

 high-density seeding of the cells into a non-adherent substrate 

 minimization of free energy through binding of cell adhesion receptors 

 cell migration and extracellular matrix synthesis 

 distinct regional matrix formation of and tissue maturation 

 

Formation of chondro-like cellular aggregates with rabbit meniscus cells was shown in vitro 

through the formation of the cellular nodules between day 1 and day 3, nodular growth, highest at day 

5, and nodular regression as of day 8 [176]. A ring-shaped well can be used for a tensile force to be 

provided upon the self-assembly and the contraction of the construct which can the guide the fiber 

orientation too [177]. Catabolic enzymes and growth factors can be incorporated with the self-

assembling process to achieve more maturated neotissue [178,179]. 

Bioreactors are equipments that can regulate the conditions in vitro including mechanical 

stimulation, as well as the oxygen, pH, temperature, and nutrients supply to enhance the mass transfer 

between the media and the cultured cells [180-184]. Bioreactors are used for dynamic culturing instead 

of conventional static culturing. Moreover, they can provide a more uniform cell seeding. Given the 

meniscus being under mechanical stimulation during its normal function, the introduction of 

mechanical and pressure stimulations appear to be more relevant than traditional static cell culture. A 

meniscus-specific bioreactor can provide a suitable stimulating environment for meniscus regeneration 

[185,186]. A variety of bioreactors have been employed, including mechanical stimulation bioreactor 

[131,187], rotating wall vessels [188], spinner flasks [149], and flow perfusion bioreactors [189]. 
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Hydrostatic pressure has shown to be beneficial on both biomechanical and biochemical features 

of cellular scaffolds [190]. A dynamic compression bioreactor provided an increased collagen type I 

synthesis, and orientation of cells and collagen fibers [151]. After two weeks of culturing under a 

specific dynamic unconfined pattern for three times a week, a significant increase in matrix 

accumulation was observed [191]. However, at longer culturing periods, loss of matrix and mechanical 

properties occurred [191]. The effect of stimulation duration is also reported for spinner flasks; it was 

recommended up to a week because the level of glycosaminoglycans increases only a little after later 

time points, while the total level of collagens almost doubles [149]. Dynamic compression was 

beneficial for two weeks while four weeks did not bring any additional benefit [186]. Stimulations can 

also be combined, such as continuous perfusion and cyclic compression stimulation [187], or perfusion 

and on-off cyclic compression loading to enhance the functional properties of cellular scaffolds [192]. It 

was also shown that the pro-inflammatory gene expression in meniscus fibrochondrocytes could be 

regulated by biomechanical signals. Dynamic tensile forces can down-regulate the pro-inflammatory 

responses by suppressing the interleukin-1β induced inducible nitric oxide synthase gene expression, 

and synthesis of the pro-inflammatory mediators such as tumor necrosis factor-α, and matrix 

metalloproteinase-13 [193]. Besides, static and dynamic compression can affect the RNA levels of 

matrix proteins differently [194]. In some cases, the use of bioreactors was reported that they do not 

provide superior meniscus tissue formation as compared to traditional 2D static culturing methods. For 

example, the use of rotating wall bioreactor did not significantly improve cell growth and matrix 

production [133,188]. This disagreement may be related to the difference of the study designs (e.g., 

used scaffolds, cells, growth factors, assay time points). The optimal stimulation regime for meniscus is 

to be determined by the contribution of many future studies.  

Animal experimentation has been performed to bridge the gap between in vitro and human use. 

In vivo experiments have two main consecutive objectives: (i) evaluation of safety and biocompatibility of 

biomaterials and inflammatory response, (ii) evaluation of the scaffolds’ performance for meniscus 

regeneration. For the first objective, usually a mouse model is used, and the biomaterial is implanted 

subcutaneously. Once the biomaterial is evaluated as safe, then the in vivo meniscus regeneration 

performance of the scaffold is evaluated with orthotopic models using relevant animal models. Table 1 

shows the recent preclinical works of meniscus tissue engineering. The animal models are used in 

meniscus tissue engineering include rabbit, dog, sheep, goat, pig, and horse [195,196,110]. 

Nevertheless, the cell morphology, and the extracellular matrix are different in animals and human 

[195].  Each model has its advantage and disadvantage in the validation of the performance of a 

scaffold [195]. This is linked with the difference between animals and human in kinematics and knee 

loading pattern, and the menisci are different regarding geometry, biomechanics, biocomposition, and 
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cells. Moreover, surgical operations depend on the animal model, and easiness of handling and costs 

change.  In general, the menisci in the larger animal models are relatively more similar to human 

menisci regarding size. However, the use of a rat model has been also reported [197]. Nevertheless, it 

critically important to have a clinically relevant defect model as well as the chosen animal. The defect 

models of meniscectomy or tears are relevant. Although, some authors used punch defects [124,198]. 

Before conducting an animal experimentation, several questions should be considered: 

 Do in vitro, and physicochemical results support further in vivo experiment? 

 Is the biomaterial first shown to be safe using a small animal model? 

 Is a relevant animal chosen for the scaffold and cells to be used? 

 Is a relevant defect model chosen? 

 Are the follow-up time points relevant? 

 

Table 3.1.  Scaffolding biomaterials used in the recent preclinical meniscus tissue engineering studies, 

and the outcomes.  

Biomaterial Cells 
Animal 

model 

Follow-up 

until 
Reported outcome Ref. 

Collagen 

Autologous 

mesenchymal 

stem cells 

Horse 
12 

months 

Treated defects were 

regenerated with 

fibrocartilaginous tissue 

formation; untreated lesions 

were partially repaired or not 

repaired. 

[126] 

Collagen/ 

hyaluronic acid 

scaffolds 

reinforced with 

poly(l-lactic acid) 

- Sheep 8 months 

Rupture or progressive shape 

change of the scaffolds with 

severe narrowing. Inferior 

neotissue. 

[199] 

Polycaprolactone 

Rabbit 

mesenchymal 

stem cells 

Rabbit 3 months Meniscus-like tissue formation [137] 

Silk fibroin - Sheep 6 months 

Loss of the scaffold in some 

cases. Similar cartilage 

degeneration as the control. 

[143] 
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No observed inflammation. 

Similar compressive 

properties as the native 

tissue. 

Collagen 

membrane 

Injected 

autologous 

chondrocytes 

Goat 6 months 

The membrane application, 

with and without the cells 

provided better results than 

the suture. Only a transient 

healing process with the use 

of collagen membrane without 

cells, and not sustained after 

6 months. However, the 

inclusion of cells allowed a 

sustained tear healing after 6 

months. 

[200] 

Polylactic acid/ 

polyglycolic acid 

Human 

cartilage-

derived 

morphogeneti

c protein-2 

gene 

expressing 

dog 

myoblasts 

Dog 3 months 

Matrix production observed 

only with the scaffolds with 

the transfected cells 

[201] 

Collagen - Dog 
17 

months 

Some cases had 

inflammation, but no 

infection. Formation of 

meniscus-like tissue infiltrated 

into the scaffold that 

incorporated into the native 

tissue. After 1 year, the 

histopathologic changes 

observed that is benign 

[202] 
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gradual assimilation of the 

scaffold into the native tissue 

with disintegration and 

gradual disappearance. 

Poly (L-co-D,L-

lactic acid)/poly 

(caprolactone-

triol) 

Fibrochondro

cytes from 

rabbit 

menisci 

Rabbit 6 months 

The scaffold adapted to the 

surrounding tissue without 

causing chronic inflammation, 

infection, and rejection. 

Neoformation of 

fibrocartilaginous tissue was 

achieved, while articular 

cartilage mainly preserved. 

However, no significant 

difference between cellular 

and acellular scaffolds was 

observed.  

[203] 

Hyaluronic 

acid/collagen 

derived 

Autologous 

mesenchymal 

stem cells 

Rabbit 3 months 

The scaffolds seeded with 

stem cells and precultured in 

chondrogenic 

medium for 2 weeks before 

the implantation provides 

meniscus-like tissue 

formation. 

[123] 

Hyaluronic 

acid/polycaprola

ctone 

Autologous 

chondrocytes 
Sheep 

12 

months 

Cellular scaffolds provided 

increased fibrocartilaginous 

tissue formation, and higher 

tissue regeneration capacity. 

Excellent integration with 

surrounding tissues, 

connective tissue formation, 

and new vessel ingrowth. 

[140] 

Poly (lactic-co-

glycolic acid) 

Autologous 

myoblasts 
Dog 3 months 

The repair tissue was 

integrated with the 
[134] 
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cultured in a 

chondrogenic 

medium 

surrounding tissue and mostly 

filled the defect, although it 

was fibrous and or in some 

cases scar-like tissue. Thus, 

the tissue quality of the 

normal meniscus was not 

achieved.  

 

Biologics are biologically active natural components that can enhance the tissue healing including 

growth factors [204,205] and platelet-rich plasma (PRP). PRP is one of the attractive the blood-derived 

biologics by being a great source of growth factors (including platelet-derived growth factor, endothelial 

growth factor, and transforming growth factor) and both anti- and pro-inflammatory cytokines (including 

interleukin -4,-8,-13,-17, tumor necrosis factor-α, and interferon-α) that can influence the tissue healing 

[206-210]. Given the big differences in the study designs (including the preparation of PRP, and 

inclusion/type of cells and scaffolds) as well as the absence of standardization of the evaluation of the 

outcomes of the biological treatment studies, there are opposing views on the outcomes of PRP 

treatments [33].  Moreover, the injection of PRP into the tissue is different from the use of PRP in a 

tissue engineering strategy where PRP and cells are introduced into a scaffold, and cultivated in vitro.  

The idea of gene therapy [211-213] is based on the transfer of exogenous genes or its 

complementary deoxyribonucleic acid into target somatic cells directly or using viral or non-viral 

methods. The study of Goto et al. [214] is a leading work on this strategy for meniscus while there are 

more recent studies [215-218]. In that study [214], the genetic transduction of a bacterial marker gene 

was done using either a retrovirus or an adenovirus as the vector. When retrovirus was used, the 

retrovirally transduced meniscus cells that were embedded into collagen gels were introduced to the 

meniscus defect. When adenovirus was used, a suspension of blood and adenovirus prepared, and then 

a clot was introduced to the defect. They showed that the expression of genes could be observed for a 

minimum 20 weeks in vitro,  and minimum 3 and 6 weeks in rabbit and dog models, respectively 

[214]. Accordingly, new advanced treatments can be developed through the transfer of genes to 

regulate the synthesis of growth factors, and both meniscus regeneration and degeneration might be 

managed [33].  
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3.6. Conclusions 

There has been a progressive increase in indications for meniscus repair opposing to 

meniscectomy thanks to the understanding of the meniscus functions and the consequences of the 

absence of meniscus in the knee joint. Nevertheless, meniscectomy has been providing a satisfactory 

outcome for the treatment of irreparable meniscus lesions, while meniscus repair has proven to be 

satisfactory in appropriately selected cases. Still, meniscectomy keeps being a very frequent procedure. 

Technological and surgical developments provided an increase in the indications for meniscus repair. 

Some injuries that were previously considered as irreparable such as horizontal cleavage tears, radial 

tears, root tears, are today considered as potentially reparable. When repair is not possible, meniscus 

substitution by allografts or acellular scaffolds provides favorable clinical outcome when correct 

indications are considered. Preoperative planning is required for more efficient classification, 

subsequent prognosis, and treatment. Moreover, the surgeons should be trained for several repair 

options.  

The future of meniscus substitution is strongly supported by the clinical need. TERM promises 

the development of new scaffolding biomaterials together with other technologic advances, biological 

and genetic enhancements. Nevertheless, the ideal meniscal implant has not been yet developed. The 

main outstanding challenges in meniscus regeneration that are greatly linked include: 

 An implant that successfully functions as a healthy meniscus because the ultimate 

rationale of substitution includes the chondroprotection and prevention of osteoarthritis, 

i.e., the avoidance of the consequences of meniscectomy. 

 A clear success in the concurrent satisfaction of the biological, biomechanical, and 

surgical requirements including suturability of the implant. 

  A clear success in obtaining a fully mature tissue that is similar to the healthy meniscus 

in terms of extracellular matrix composition and organization, thus, also function in the 

knee joint. 

 A clear success on the development of (i) non-uniform implants because menisci are not 

uniform biologically and biomechanically, and (ii) distinct implants for medial and lateral 

meniscus since they are not the same regarding the biomechanics and biology. 

 

The biological and biomechanical requirements are linked with implant’s patient-specificity regarding 

the cells, biologics, and implant geometry. To achieve such a success, active participation of meniscus 

surgeons is of the essence in the process of the scaffold and drug delivery systems (e.g., nanoparticles) 

development, in vitro experiments, and preclinical in vivo trials. 
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CHAPTER 4.  

    Patient-Specific Approaches in Meniscus Tissue Engineering* 
 

4.1. Abstract 

 The current strategies for the total or partial meniscus replacement with allograft 

transplantation or scaffold implantation need to be improved to overcome the limitations in the clinics. 

In addition to the required biological and biomechanical performance of the implants, the size and the 

shape of the implant are critical for the success of the treatment. The commercial implants are re-sized 

by cutting at the time of surgery according to the patient’s need; however, not completely in a 3D 

manner. The meniscal implants should advance beyond the traditional biomaterial concept by being 

patient-specific not only in terms of size and shape but regarding the cells and biologics derived from 

the patient. Herein, we overview the recent reports related to manufacturing of patient-specific meniscal 

implants. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

*This chapter is based on the following publication:  

Cengiz IF, Pereira H, Pitikakis M, Espregueira-Mendes J, Oliveira JM, and Reis RL. "Building the Basis 

for Patient-Specific Meniscal Scaffolds." In Bio-orthopaedics, pp. 411-418. Springer, Berlin, Heidelberg, 

2017. 
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4.2. Introduction 

 Today, it can be correctly said that the meniscus has received the attention, finally. When 

“meniscus” is used a search keyword in scientific publication search engines, a tremendous difference 

is evident in the number of published works between the last two 10 year periods: 1996-2006 and 

2006-2016. Meniscus has been the subject of many studies from a wide range of research areas 

including but not limited to biology, biomechanics, genetic engineering, biotechnology, tissue 

engineering, and certainly clinical studies. The enhanced understanding of the meniscus has been 

having an impact on either clinical practice [1,2], preclinical experimentation, and biomaterials 

processing methods [3-5]. However, many aspects have not yet been deeply understood or unveil. The 

ideal meniscal implant is not yet developed; however, it will come with biological features such as 

cellularity [6] along its biomechanical features [7]. Without the biological features [8,9], a neotissue with 

similar characteristics as the healthy native meniscus cannot be expected. The ideal implant should be 

patient-specific to function in an integrated way in the knee [10]. Herein, a solution for this clinical need 

has been addressed by showing an advanced methodology in order to translate medical imaging data to 

produce patient-specific meniscal implants. 

 

4.3. Patient-specific meniscal scaffolds 

Regenerative strategies have reached to a point further than the traditional tissue engineering 

with the aim to develop neotissue where the native cellularity, vascularity, and extracellular matrix 

composition are sought to be achieved. The ultimate promise of tissue engineering is the regeneration 

of tissues by using cells, scaffolds, and signaling factors [11,6]. The cells are preferably derived from 

the same patient, and expanded in vitro and printed [12] or seeded onto the scaffold that is a 3D 

porous biomaterial where cells can attach, proliferate and differentiate. Following the in vitro cultivation 

of the cellular scaffold, the construct is implanted into the patient. As the concept, the scaffold degrades 

gradually over time after implantation while the cells synthesize the extracellular matrix. The major 

challenges are in the compositional and biomechanical dissimilarity of the neotissue to the native 

meniscus. The menisci serve biomechanically; thus, the scaffold size and shape are critically important. 

Accordingly, there is a need for being patient-specific. Instead of the traditional scaffold fabrication 

methods [13-15], using the rapid prototyping methods [16-19] is superior for the production of a 

scaffold that meets the anatomical and biofunctional needs. 

A road map illustration of the step-by-step patient-specific meniscal implant development 

strategy for meniscus regeneration is depicted in Fig. 4.1. It involves the manufacture the patient-

specific scaffold that could be combined with patient’s own cells and blood-derived biologics. It should 

be emphasized that patient-specific does not necessarily mean only that the scaffold has patient-specific 
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size and shape, but also may include the incorporation of autologous cells either as meniscocytes or 

stem cells, and biologics. Platelet-rich plasma (PRP) is among the blood-derived biologics as an 

important example because PRP is an important source of native growth factors and cytokines, which 

can promote the healing of tissues [20-23]. 

 

 

Fig. 4.1. Schematic representation of the envisioned patient-specific meniscus tissue engineering 

strategy. The patient undergoes an MRI scan, and the meniscus is extracted digitally from image 

dataset and processed into a 3D model after post-processing which is to be used in 3D direct printing of 

the developed biomaterial. Alternatively, the scaffold can be produced in a 3D indirect printing fashion, 

i.e., using a patient-specific mold. The autologous cells are isolated from the patient, and the PRP is 

derived from the patient’s blood. The cells are proliferated in vitro and seeded onto the patient-specific 

scaffold or printed with the biomaterial. The implant is then cultured in vitro, and the developed tissue 

engineering construct is implanted into the patient. 

 

The creation of the patient-specific 3D model of a meniscus has eight main steps starting from 

the medical imaging of patient’s knee are overviewed herein. 
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Step 1: The MRI acquisition. Static medical imaging of the patient’s knee is the starting point of 

the patient-specific meniscal scaffold development [10], but dynamic MRI can be a future approach 

[24]. MRI is the most used medical imaging method for the knee in the clinics and also safer than the 

CT for the patient. As diagnosed by the patient’s orthopedic surgeon, the implanted-needing leg of the 

patient is scanned in feet first-supine position preferably with the sagittal plane as the acquisition plane 

either as T1- or T2-weighted MRI. The routine MRI acquisition is not sufficient to extract the meniscus; 

therefore, a specific imaging protocol should be used. The MRI acquisition should be in a 3D isotropic 

sequence providing a high-spatial-resolution Digital Imaging and Communication in Medicine (DICOM) 

dataset. Isotropic sequence means that the volumetric images have the same resolution in all 

dimensions. This MRI acquisition will take longer than the routine ones. This brings two challenges in 

the MRI room: Increased cost, and keeping the patient still during the entire scan since each time when 

the patient is not still the acquisition must be repeated.  The technical details should be well 

communicated between the MRI technician and the tissue engineer who will perform the meniscus 

extraction and manufacture the scaffold. The challenge in this step is that the extracted 3D model is 

directly coming from the patient’s MRI. Thus, if the patient’s MRI is from a date that the patient needs a 

meniscus implant probably the obtained 3D model of the meniscus will not be the model of the healthy 

meniscus. If there are any changes in the knee osteochondral tissues, probably the size and shape of 

the original healthy meniscus will be lost. Since meniscus surgeries are the most frequent orthopedic 

procedures, perhaps when the ideal meniscus implant is developed by the tissue engineers, a dramatic 

change will happen in the health care system and/or in the health insurance system. 

Step 2: Digital extraction of the meniscus. Digital extraction of meniscus through medical image 

segmentation is a critical step in the manufacture a patient-specific meniscal scaffold [10]. Digital 

extraction means the segmentation of the meniscus tissue in the knee DICOM images came from the 

MRI. There are several tools for segmentation including but not limited to MITK [25], GIST [26], and 

Analyze [27]. Cengiz et al. [10] have reported in detail the use of an interactive, real-time algorithm to 

extract meniscus for the use of meniscus tissue engineering (Figs. 4.2 A-C). Besides, when using a 

semi-automatic segmentation method, manual corrections on the segmented images are needed. This 

includes some manual refinements to increase the accuracy of the meniscus extraction. Depending on 

the obtained DICOM dataset, an image pre-processing might be needed for example cleaning of the 

undesired artifacts from the images because of acquisition irregularities. This can be the removal of low 

or high-intensity values to keep a particular grayscale range. This pre-processing can be performed by 

custom-written codes using the Insight Segmentation and Registration Toolkit open source libraries 

[28].  

 



103 
 

 

Fig. 4.2. A patient’s knee MRI that the meniscus is extracted digitally (A), the reconstructed 3D patient-

specific models of the medial meniscus (B), and the lateral meniscus (C), and the final post-processed 

3D model of the lateral meniscus. Reproduced from Cengiz et al. [10] with asked permission from the 

publisher. 

 

Step 3: 3D meniscus model creation. The patient-specific 3D meniscus model reconstruction 

[10] can be obtained by the segmented images using surface rendering and more specifically by using 

the marching cubes algorithm [29]. This can be performed with a software once the digital extraction of 

the meniscus is achieved from the DICOM dataset. Fig. 4.2 D shows an obtained patient-specific 3D 

meniscus model. 

Step 4: 3D model post-processing. 3D tissue models extracted from medical images are in fact 

not to be further processed to remain as the original tissue in terms of shape and size. However, while 

being still patient-specific, the 3D meniscus model can be smoothened, minor holes can be filled to 

avoid practical issues regarding scaffold production as a post-processing step. Based on the tool used, 

the extraction of the meniscus from the DICOM dataset can provide a 3D model in the form of a triangle 

mesh in Visualization Toolkit file format [10]. The 3D model should be converted into stereolithography 

(STL) format that is the most used standard format in 3D printing. 
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 Step 5: Biomaterial development. The complete process of development of biomaterial for a 

meniscus scaffold is a tremendous amount of works that takes many years, so the selection of 

biomaterial on the overall implant development process is of great importance. Most of the natural 

biomaterials have a low potential for direct 3D printing, while synthetic biomaterials have much higher 

potential for direct printing. Natural biomaterials [30,31] could be however could be processed via 

indirect 3D printing while still being patient-specific. This is the reason why biomaterial development 

step (shown in green) is located prior to the post-processing of the 3D meniscus model. In the case that 

the scaffold is to be produced with an indirect 3D printing, then there are two main options: (i) the 

obtained 3D model of the meniscus will be used to generate a digital mold model that is to be then 

printed with an easy-to-print material, and the scaffold will be manufactured using the 3D printed mold 

(Fig. 4.3), (ii) the 3D meniscus model will be printed with an easy-to-print material, then the printed 

object can be used to make a mold in a traditional fashion. Scaffold development process involves the 

characterization of in vivo performance of the scaffold using animal models [32]. Thus, it is also 

important for animals to receive meniscal scaffolds that are specific for that particular animal (Fig.4.4) 

for the scaffold to maximize its performance.  

 

 

Fig. 4.3. A patient-specific mold obtained by the post-processing of the patient-specific 3D meniscus 

model. This mold can be used to fabricate patient-specific scaffolds from biomaterials that have a low 

ability to be direct 3D printing. 
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Fig. 4.4. Animal-specific 3D meniscus model of an 11 weeks old New Zealand white rabbit. The 

numbers shown are in mm. 

 

Step 6: Scaffold manufacturing: Alignment and layering. This step is about the 3D virtual 

alignment of the meniscus model or the mold model, in the case where scaled-up production is needed 

multiple objects inserted and aligned to be manufactured simultaneously. This brings an important 

advantage by shorting the fabrication time per object by avoiding the waiting time between layers to 

allow solidification. The layering of an object defines the total number of layers to be fabricated. 

However, in fact, the used bio/material’s printability combined with the specified printing parameters 

provides the layer thickness [10]. Thus, the model should be layered accordingly as depicted in Fig.4.5. 

 

 

Fig. 4.5. Layering of the patient-specific 3D meniscus model. Viewed from the top (A), and the side (B). 

Reproduced from Cengiz et al. [10] with asked permission from the publisher. 
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 Step 7: Scaffold manufacturing: Architecture. The architecture of the scaffold is the cumulative 

output of each layer’s structure pattern [10]. Adjusting each layer’s structure a very wide range of 

architectures can be obtained. This can be very useful because, in fact, the menisci are non-uniform in 

terms of cellularity [6], vascularity, and biomechanics [7]. Furthermore, if it can be well studied, it may 

be possible to optimize the architecture to fit in the patient’s condition. In this way, the mechanical 

features of the scaffold can be tuned by controlling the pore network size and architecture [33].  

Step 8: Scaffold manufacturing: Printing parameters. Based on the selected 3D printing method 

[34] there are several parameters to be considered. For an extrusion-based 3D printing system, the 

applied pressure, the printing speed, and needle type, shape, length have critical effects on the layer 

thickness and the overall success of the printing; and all these effects are strictly specific for the 

biomaterial used. Before printing the actual scaffold, all parameters should be optimized [10]. Fig. 4.6 

illustrates a 3D printed patient-specific meniscal scaffold from polycaprolactone. 

 

 

Fig. 4.6. A photograph of a 3D manufactured patient-specific scaffold. The scale bar indicates the size 

of 1 cm. Reproduced from Cengiz et al. [10] with asked permission from the publisher. 

 

4.4. Final Remarks 

Meniscus is very important, and due to extreme complexity and variability, the ideal meniscal 

has not been yet developed. The manufacture of patient-specific meniscal implants is still at infancy but 

will be a certainty in the clinics, in the near future. By extracting the meniscus from patient’s MRI (static 

or dynamic) and 3D printing either direct or indirect, anatomically correct implants can be envisioned 

and fabricated. Patient-specific scaffolds combined with autologous cells and biologics will be used 

often in the clinics as part of personalized therapies in orthopedics. 
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CHAPTER 5.  

  Orthopedic Regenerative Tissue Engineering en Route to the Holy Grail: 

Disequilibrium Between the Demand and the Supply in the Operating Room* 
 

5.1. Abstract 

 Orthopedic disorders are very frequent, globally found and often partially unresolved despite the 

substantial advances in science and medicine. Their surgical intervention is multifarious, and the most 

favorable treatment is chosen by the orthopedic surgeon on a case-by-case basis depending on a 

number of factors related to the patient and the lesion. Numerous regenerative tissue engineering 

strategies have been developed and studied extensively in laboratory through in vitro experiments and 

preclinical in vivo trials with various established animal models, while a small proportion of them 

reached the operating room. However, based on the available literature, the current strategies have not 

yet achieved to fully solve the clinical problems. Thus, the gold standards, if existing, remain unchanged 

in the clinics, notwithstanding the known limitations and drawbacks. Herein, the involvement of 

regenerative tissue engineering in the clinical orthopedics is reviewed. The current challenges are 

indicated and discussed in order to describe the current disequilibrium between the needs and 

solutions made available in the operating room. Regenerative tissue engineering is a very dynamic field 

that has a high growth rate and a great openness and ability to incorporate new technologies with a 

passion to edge towards the Holy Grail that is functional tissue regeneration. Thus, the future of clinical 

solutions making use of regenerative tissue engineering principles for the management of orthopedic 

disorders is firmly supported by the clinical need. 

 

 
 
 
 
 
 
 
 
 
 

 

*This chapter is based on the following publication:  

Cengiz IF, Pereira H, de Girolamo L, Cucchiarini M, Espregueira-Mendes J, Reis RL, and Oliveira JM 

"Orthopaedic Regenerative Tissue Engineering en Route to the Holy Grail: Disequilibrium Between the 

Demand and the Supply in the Operating Room." Journal of Experimental Orthopaedics 5, no. 1:14, 

2018 
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5.2. Facing the current challenges 

 There are numerous challenges that reason the disequilibrium between the clinical demand 

and the functional supply which are discussed in this review. The challenges and outstanding issues are 

multifarious and multifactorial. However, from the functional point of view, they fall under the umbrella 

of the expectation from a typical regenerative tissue engineering product to perform better over time (in 

both short- and long-term) than the day of implantation. This fact naturally stems from the typical 

perception of regenerative tissue engineering (i.e., achieving tissue regeneration through matrix 

synthesis of cells and degradation of scaffold), and reveals why there is a big difference between 

materials science and biomaterials science on accomplishing their goals. This path to our ultimate goal, 

our dream, has been very expensive and very time-consuming.  

Typically, regenerative tissue engineering employs cells [1], scaffolds [2,3] or hydrogels [4,5], 

and growth/stimulating factors [6,7] while these components have also been used alone for several 

reasons including relative regulatory, practical and economical convenience. With respect to the 

involvement of cells in the regenerative tissue engineering, the strategies can comprise the recruitment 

of the patient’s own cells or the transplantation of cells (Fig. 5.1). As soon as the cells are in contact 

with a scaffold, biology "differentiates" into materiobiology, and the behavior of the cells depend on the 

features of the scaffold including but not limited to micro-structure, surface properties, and mechanical 

properties. Besides, the influence of ex vivo culturing of the isolated cells, and the presence of signaling 

factors affect the cell behavior. Instructive scaffold strategies promote tissue regeneration with the 

recruitment of scaffold-driven endogenous stem cells that can provide regenerative micro-environments 

thanks to their paracrine activity [8,9].  This strategy comes with the advantages in terms of surgery, 

cost, regulations, and commercialization thanks to being an off-the-shelf product [10]. The typical 

regenerative tissue engineering strategy involves the scaffolds seeded with ex vivo cultured cell, and the 

cell-scaffold is either maturated in the body after implantation assuming the body of the patient as a 

bioreactor, or cultivated in a bioreactor prior to implantation. This strategy lacks the advantages of 

acellular scaffolds but has a great theoretical potential for functional tissue regeneration. The 

recruitment of the cells, i.e. endogenous cell homing [11,12,9,13] can be mediated by recruiting factors 

that are signaling molecules, controlled release of navigational cues in addition to the cues of an 

instructive scaffold with the rationale of enhancing the intrinsic in situ tissue regeneration, and has been 

studied in animal models [14-17]. Understanding the extremely complex pathways and interactions of 

the components will bring this strategy a step closer to develop robust clinical treatments. 
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Fig. 5.1 Clinically relevant orthopedic regenerative tissue engineering strategies. Cells, scaffolds, and 

signaling factors are the main components of regenerative tissue engineering. Ex vivo cultured cells can 

be transplanted with or without cultivation in a bioreactor or an in situ tissue regeneration strategy can 

be followed for endogenous cell homing with the recruited factors such as instructive scaffolds and/or 

signaling factors can be used. Strong evidence from in vitro and preclinical experiments is needed prior 

to initiating a clinical trial in humans. Strategies should be developed in a translational research 

environment with the involvement and communication all stakeholders since the beginning which 

include orthopedic surgeons, academic scientists, funding bodies, and regulatory bodies. 

 

A regenerative tissue engineering product needs to be extensively studied in vitro [18], in vivo 

[19] with animal models [20,21], and in silico [22-24] whenever possible, before initiating a trial in 

patients to assure "Primum non nocere" (First do no harm) that is present in the Hippocratic oath. Over 

the last two decades, numerous papers have been published on the tissue engineering of bone [25,26], 

cartilage [1,27], osteochondral tissue [28,29], meniscus [30,31], tendons [32,33], ligaments [34,35], 

and muscles [36,37]. The original works mostly involve in vitro studies, with a certain share of 

preclinical animal studies. Studies with large animal models are required for the market approval of the 

product; however, the human body is not the same as any animal model it is clear that no animal 

model accurately mimics the human condition [38]. 
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The ultimate goal of the researcher and the orthopedic surgeon in the field is to achieve tissue 

regeneration to minimize the post-surgery health problems, speed up the patient’s return to activity, and 

avoid the need of subsequent surgical interventions.  

Several distinct tissues are involved in orthopedics and rigorously require specific 

considerations since each tissue has its own nature regarding biology and biomechanics alongside its 

interfaces [39-41] with the adjacent tissues. Therefore, the level of success of tissue regeneration is 

related to the nature of the tissue [42]. For instance, although vascularized tissues have a substantial 

self-healing capacity for minor lesions, for large lesions regenerative tissue engineering tackles the 

problems regarding hypoxia, vascularization, and angiogenesis. 

To stimulate the cell function and enhance the performance, bioreactors have been studied [43-

45]. Better results can be achieved compared with the static cell culture for instance increased matrix 

synthesis, mineralization, expression of specific genes, cell proliferation, and differentiation. Based on 

the design and application, various bioreactors can be developed proving a range of mechanical, 

chemical, or electrical stimulation in addition to the features of a static cell culture incubator. However, 

the diffusion of bioreactors to the clinics are limited probably due to the associated costs and 

application related issues [46]. It was estimated that bioreactor-cultured bone grafts would have a cost 

of around 10-15 thousand US dollars, that is comparable to other cellular treatments [46]. 

The cell sources and types can be diverse included but not limited to stem cells [47] such as 

adipose or bone marrow-derived stem cells, or primary differentiated cells isolated from a particular 

tissue, the critical point being to employ cells capable of producing the matrix of that particular tissue. 

The cells regulate/alter their behavior depending on the niche that they are in, like in the human body. 

Thus, the biology in a cell culture flask does not remain the same when the cells are in contact with a 

scaffold. Cells sense almost everything about the scaffolds, including but not limited to 

chemistry/composition, nano-/micro-/macro-structure such as porosity, pore size and interconnectivity, 

surface/volume ratio, topography, degradation profile, and mechanical properties such as stiffness 

[48,49]. The surface of a scaffold is of major importance since it is interfacing with the cells where 

several interactions take place, including fluid and protein adhesion, attachment, adhesion and 

spreading of cells [50,51]. Controlling such features of a scaffold would influence the cell function for 

instance adhesion, growth, matrix synthesis, differentiation, and alignment. This evidences that a 

scaffold is not a cell transporting vehicle, but it belongs to the niche of the cells that decode the 

scaffold’s features [52]. Moreover, all these mentioned features of the scaffold affect the clinical 

treatment outcome [30]. Thus, tissue engineering should resolve the unclear cell-scaffold relations and 

address the scaffold-associated outstanding challenges to ease the translation of tissue-specific cell-

scaffolds constructs from laboratory to operating room. Notwithstanding, being a pillar of regenerative 
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tissue engineering, and the need for personalized orthopedic implants [53-55], the use of scaffolds can 

be questioned [42] since tissue genesis occurs with self-assembly/organization via signaling and cell-

cell contact without any exogenous scaffold in utero. Self-assembly occurs through the minimization of 

free energy via cell-cell interactions and the cells unite into a cohesive structure and act as a scaffold for 

each other [56,57]. 

Despite our advanced knowledge and expertise [30,58,59,34,27,60,32,29], the current 

treatments have a range of success and most of them (if not all) are far from "ideal" since they do not 

systematically provide functional tissue regeneration. Although there is no firm recommendation on the 

best available regenerative tissue engineering construct strategy, we have been learning from all those 

studies and trials. Regenerative tissue engineering will be able to solve only a portion of clinical 

challenges, if it can eventually, given the fact that there are indications/contra-indications for the use of 

regenerative tissue engineering products. While different regenerative tissue engineering 

strategies/products are competing with each other, from the clinical perspective, they all compete with 

the conventional treatments that the surgeon is experienced with and are safer options regarding 

economics and regulations. 

The report from Hollister [61] clearly illustrates the gap between regenerative tissue engineering 

research and clinical translation in which the need of a change in research paradigm was highlighted 

and the difficulty of covering the high costs discussed. It is difficult for a two-step surgical treatment to 

be favored over one-step surgical treatment provided similar outcomes at much lower costs [62,63]. 

Bayon et al. [64] reviewed the critical role of partnering in the clinical translation of cell-based advanced 

therapy medicinal products which was discussed and highlighted in the Tissue Engineering & 

Regenerative Medicine International Society-Europe Industry Symposium in 2013. Additionally, the 

report from Madry et al. [38] from the "Where Science meets Clinics" symposium in 2013 sponsored 

by the AO Foundation (https://www.aofoundation.org) conveyed the perspectives of each stakeholder of 

the clinical translation process of orthopedic regenerative tissue engineering which include academic 

scientists, clinicians, industry, and regulatory bodies, and stressed the need for "translational research 

environment" that is the communication of all stakeholders throughout the project. 

The poor translation of regenerative tissue engineering to the clinics has been causing a 

demand and supply disequilibrium, and the tremendous effort of tissue engineers remain somewhat 

unappreciated. Apparently, it has been recognized that having a fundamental change in the clinical 

intervention of orthopedic disorders is not a short-term task. Besides, it is evident that success in the 

laboratory is a critical determinant for a human trial. However, the success of laboratory experiments 

can be maximized, and the outcomes of the research can be enhanced when academic researchers 

and clinicians work together and make joint efforts throughout the development of the clinical solution 
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including the early stages of idea formation. Since the time of the idea generation and proposal 

preparation, clinical relevance with defined indications and efficacy measures are needed to create a 

roadmap for on the envisioned solution. Besides, regulatory requirements [65,66] should be known by 

the research team members from the beginning. For Europe, the Regulation (EC) no 1394/2007 of the 

European Parliament and of the Council of 13 November 2007 on Advanced Therapy Medicinal 

Products (ATMPs), which is an optional classification procedure, and amending Directive 2001/83/EC 

and Regulation (EC) No 726/2004 is available on  

http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32007R1394&from=EN. Well-

organized preclinical, clinical studies, especially multicenter, randomized clinical trials, although very 

challenging [67-69] are extremely costly by all means. However, this is the robust way to study whether 

there is an evidence that regenerative tissue engineering solutions can be favored over comparator 

treatments for targeted clinical conditions or not. 

Thanks to their regenerative potential and regulatory and practical advantage [70], biologics 

including platelet-rich plasma (PRP), bone marrow aspirate concentrate, hyaluronic acid, and stem cells 

[71,47] have been widely used in orthopedics [71-73] including for bone [74], cartilage [75], meniscus 

[76], muscle [77], tendons [77], and ligaments [78]. Compared with the use of scaffolds or ex vivo 

cultured cell therapies, the clinical use of PRP is of relative practical and/or regulatory convenience as it 

is autologous, minimally obtainable, and relatively easy to apply. Given the fact that there are numerous 

PRP usages (such as preparation protocol, formulation, dosage, application technique), there are 

inconsistencies in the clinical studies as systematically reviewed by Chahla et al. [70]. The benefits of 

PRP depend on the context [79], and thus some studies disagree with each other [80,81]. Nourissat et 

al. [82] pointed out that there is no evidence favoring the use of PRP in arthroscopic surgery while a 

meta-analysis [83] showed that there was no absolute evidence on the clinical usefulness of PRP in 

orthopedics. 

 

5.3. Orthopedic regenerative tissue engineering in the operating room 

5.3.1. Tendons and ligaments 

To meet the extensive clinical needs regarding tendons and ligaments, biomaterials (Table 5.1) 

have mainly been used for repair augmentation rather than for direct tissue regeneration since 

immediate mechanical properties are demanded as the need to overcome the known limitations of 

grafts. It is not uncommon that the same or similar biomaterials were used for tendons and ligaments. 

The synthetic materials such as polytetrafluoroethylene (Gore-Tex Device; W.L. Gore, Flagstaff, 

Arkansas) or Dacron Device (Stryker, Kalamazoo, Michigan) were used in the past [84]. Polyethylene 

terephthalate (LARS ligament; LARS, Arc sur Tille, Burgundy, France), and natural polymers such as 
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silk-based biomaterials (SeriACL graft; Serica Technologies, Medford, Massachusetts) as an alternative 

to grafts (https://clinicaltrials.gov/ct2/show/record/NCT00775892 and 

https://clinicaltrials.gov/ct2/show/NCT00490594) were tested, all of which having been 

manufactured with textile technologies to achieve higher mechanical strength. For tendon repair, 

extracellular matrix and synthetic polymers were envisaged [85-87]. Patients that received a 

polycarbonate polyurethane patch (Biomerix, Fremont, CA) for rotator cuff repair augmentation showed 

significant improvements in pain relief, simple shoulder test, and American Shoulder and Elbow 

Surgeons shoulder scores with a 10% re-tear rate at the 12-months post-operation [88]. The use of 

Zimmer Collagen Repair Patch in the treatment of extensive rotator cuff tears reported to provide 

excellent pain relief with a moderate functional improvement [89]. In a prospective, randomized 

controlled trial with GraftJacket Regenerative Tissue Matrix, intact repair ratios were reported to be in 

85% in the augmented group and 40% in the control group [90]. In a case-controlled study [91], 

injection of bone marrow concentrates containing mesenchymal stem cells as an adjunct therapy 

during arthroscopy improved the healing of rotator cuff with tendon integrity found in 87% of patients in 

the bone marrow concentrate injection group versus 44% in the control group [91]. Based on the 

randomized controlled trial performed by Ianotti et al. [92], repair of massive chronic rotator cuff tears 

was not recommended with Restore Orthobiologic Implant (DePuy Orthopaedics; Warsaw, Indiana) 

since it did not improve the clinical outcomes or tendon healing with 9 out of 15 cases healed in the 

control group while only 4 out of 15 cases healing in the augmentation group [92]. Moreover, Zheng et 

al. [93] observed that patients who received Restore Orthobiologic Implant for tendon repair displayed 

swelling and severe pain at the implantation site. The study critically analyzed the implant through 

histology and nested polymerase chain reaction. The authors reported the presence of porcine cells and 

DNA material in contrast to the way it was advertised, and in animal studies, they observed 

inflammatory responses characterized by massive lymphocyte infiltration [93]. 

 

Table 5.1. Examples of commercial products for tendon repair 

Product Company Biomaterial References 

Ligament Advanced 

Reinforcement System 

(LARS) 

LARS (Arc sur Tille, 

France) 

 

Polyethylene terephthalate  [94-96] 

GraftJacket Regenerative 

Tissue Matrix 

LifeCell (Branchburg, 

New Jersey; distributed 

by Wright Medical 

Processed human dermis 

 

[97,98,90] 
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Technology, Arlington, 

Tennessee) 

Restore Orthobiologic 

Implant  

DePuy Orthopaedics 

(Warsaw, Indiana) 

Collagen-based patch from 

porcine small intestine 

submucosa  

[92,99,93] 

Zimmer Collagen Repair 

Patch 

(formerly: Permacol - 

Tissue Science 

Laboratories; Aldershot, 

Hampshire, UK) 

Tissue Science 

Laboratories 

(Aldershot, Hampshire, 

United Kingdom; 

distributed by Zimmer, 

Warsaw, Indiana) 

Processed porcine dermis 

 

[89,100,101] 

CuffPatch Bioengineered 

Tissue Reinforcement 

Organogenesis 

(Canton, 

Massachusetts; 

marketed by Arthrotek, 

Warsaw, Indiana) 

Multilayer sheet from 

porcine small intestine 

submucosa 

[102,103,85] 

X-Repair  Synthasome (San 

Diego, California)  

Poly-L-lactic acid mesh [104-106] 

Poly-Tape (Dacron) Neoligaments (Xiros; 

Leeds, UK)  

Polyethylene terephthalate [106,87] 

ArthroFlex Arthrex (Naples, 

Florida) 

Processed human dermis [107,108] 

Bio-Blanket Stryker Orthopaedics 

(Mahwah, New Jersey) 

Processed bovine dermis [109,86,110] 

Conexa Tornier (Edina, 

Minnesota) 

Processed porcine dermis [111-113] 

SportMesh Soft Tissue 

Reinforcement 

Biomet Sports 

Medicine (Warsaw, 

Indiana) 

Poly(urethaneurea) [114,115] 

TissueMend Soft Tissue 

Repair Matrix 

TEI Biosciences 

(Boston, 

Massachusetts; 

marketed by Stryker 

Collagen membrane 

derived from fetal bovine 

dermis 

[109,116,117] 
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Orthopaedics, 

Mahwah, New Jersey) 

 

 In a case series with a minimum 2-year follow-up of reconstruction of irreparable massive or 

full-thickness 2-tendon rotator cuff tears using Conexa, significant improvement in pain, the range of 

motion, strength, and subjective outcome measures in patients with minimal glenohumeral arthritis 

were reported [111]. However, this study lacks the long-term results and case-controls. X-Repair (poly-L-

lactic acid) was used to reinforce the surgical repair of large to massive rotator cuff tears, and 83% and 

78% of patients had important functional improvement at 12 and 48 months post-surgery, respectively 

[105]. The use of a polyethylene terephthalate fiber mesh (Dacron; Dacron Xiros, Leeds, UK) in the 

surgical augmentation of the symptomatic massive rotator cuff tears provided pain relief and improved 

shoulder movement with a 90% of mean patient satisfaction score [118]. However, there were no 

controls in this study. 

 

5.3.2. Skeletal muscle 

Clinical applications of muscle regeneration strategies are very limited although the topic 

receives a substantial amount of interest in basic science and preclinical studies [119,120]. Restore 

Orthobiologic Implant (DePuy Orthopaedics; Warsaw, Indiana) was also used to treat a patient with 

large volumetric muscle loss and the presence of new tissue at the implant assessed by computed 

tomography, showing an improvement in strength after the surgery [121]. Sicari et al. [122] used 

extracellular matrix scaffolds from the porcine urinary bladder to treat patients with volumetric muscle 

loss. The scaffolds promoted the remodeling of muscle tissue with perivascular stem cell homing and 

the de novo formation of muscle cells, and functional improvements in some patients [122]. 

 

5.3.3. Articular cartilage 

The current surgical treatments for articular cartilage lesions include microfracture, 

mosaicplasty, cell implantation, osteochondral allograft transfer arthroscopic chondroplasty, and joint 

arthroplasty [62]. The fast spread of autologous chondrocyte implantation (ACI) [123,124] and matrix-

induced autologous chondrocyte implantation (MACI) [125,126] indeed promote the growth of the 

concept of regenerative tissue engineering with numerous papers, although, hyaline-like cartilage is not 

evidenced by high-quality clinical studies [62]. 

The Medical Services Advisory Committee in Australia performed an evidence-based 

assessment in their ACI/MACI report accessible on  
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http://www.msac.gov.au/internet/msac/publishing.nsf/Content/E72BFBEC5447F91FCA258010001

23B6D/$File/1140_Report_Final040211.pdf. It was demonstrated that ACI/MACI is safe without 

serious adverse effects. Nevertheless, the committee reported that ACI/MACI or comparator treatments 

were not better than non-surgical treatments in high-quality randomized controlled trials. The 

effectiveness of ACI/MACI was comparable to mosaicplasty and microfracture, i.e., the selected 

comparator treatments, in terms of function, pain relief, and life quality in the short-medium term. The 

main disadvantages over the comparator treatments are that ACI/MACI requires two surgeries, 

chondrocytes dedifferentiate during in vitro culture, with costs reported to be of 14 k$ for biopsy and 

grafting procedure while mosaicplasty costs 2.6 k$ and microfracture 1.4 k$. On the other hand, more 

recent studies provide evidence favoring MACI over microfracture [127,128]. In the randomized clinical 

trial of Saris et al. [128], MACI was reported to be clinically significantly better than microfracture in the 

treatment of symptomatic focal cartilage defects at least 3 cm2 in size at a 2-year follow-up, but the 

structural repair tissue was similar. A systematic review of the randomized controlled trials [127] 

showed that the defects larger than 4.5 cm2 treated with ACI/MACI had better outcomes than with 

microfracture. Nevertheless, based on the available evidence, no single treatment can be assigned to 

be the most effective method. This review [127] included studies in which the patients were 18-55 

years old with an articular cartilage lesion with a size of 1-15 cm2 and an International Cartilage Repair 

Society grade of II-IV that are not related to osteonecrosis, osteoarthritis, nor inflammatory arthritis. 

There are many products available (Table 5.2). The strategies for cartilage regeneration may 

have a major drawback including the fibrocartilage (and not hyaline) nature of the neo-tissue. Improved 

strategies are still needed for cartilage, and the best cost-effective treatment should be identified with 

more rigorous prospective, with high quality randomized clinical trials [129]. Kreuz et al. [130] reported 

the clinical outcome after a 4-year clinical follow-up (Fig. 5.2) of the focal osteoarthritic knee cartilage 

defects that were treated with BioSeed-C (BioTissue Technologies GmbH; Freiburg, Germany), a 

second-generation autologous cartilage graft based on a bioresorbable two-component gel-polymer 

scaffold. Significant improvement in the Lysholm and International Cartilage Repair Society (ICRS) 

scores were observed as early as 6 months but remained unchanged during the follow-up. The 

International Knee Documentation Committee (IKDC) score and Osteoarthritis Outcome Score (KOOS) 

were also improved. Magnetic resonance imaging (MRI) evaluation showed moderately/completely filled 

defects while hyperintense signals were seen in 16 out of 19 patients. There was no improvement in 

the clinical and MRI scores 2 out of 19 patients [130]. 
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Table 5.2. Examples of commercial products for cartilage repair 

Product Company Biomaterial + Cells References 

Bioseed-C BioTissue Technologies 

(Freiburg, Germany) 

Polylactin/polydiaxanon/fi

brin + autologous 

chondrocytes 

[131-133] 

Chondrosphere (ACT3D-

CS/ARTHROCELL 3D) 

Co.don (Teltow, 

Germany) 

No scaffold + Autologous 

chondrocytes 

[134-136] 

CaReS-1S Arthro Kinetics 

Biotechnology (Krems, 

Austria) 

Murine (rat tail) type-I 

collagen hydrogel + 

autologous chondrocytes 

[137,138] 

Biocart II Histohenics (Waltham, 

Massachusetts) 

Fibrin/hyaluronic acid + 

autologous chondrocytes 

[139,140] 

Cartipatch Tissue Bank of France 

(Lyon, France) 

Agarose/alginate hydrogel 

+ autologous chondrocytes 

[141] 

NeoCart Histogenics (Waltham, 

Massachusetts) 

Bovine type-I collagen + 

autologous chondrocytes 

[142-144] 

RevaFlex (DeNovo ET) Isto Technologies (St. 

Louis, Missouri) 

No scaffold + allogeneic 

juvenile chondrocytes  

[145] 

Novocart 3D TETEC Tissue 

Engineering 

Technologies 

(Reutlingen, Germany) 

Bovine type-I 

collagen/chondroitin 

sulfate + autologous 

chondrocytes 

[146-148] 
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Fig. 5.2 For implantation, BioSeed-C was armed from the corners with resorbable sutures secured by 

threefold knots (A), k-wires were drilled in the corner of the defect (B), using the k-wires, the guiding 

threads were pulled through the femoral bone, and the knots were guided into the subchondral bone 

(C), the knots functioned as anchors, seized the subchondral bone and fixed the implant (D), MRI 

showing the cartilage defect at the medial femoral condyle before implantation (E) and after four years 

where the defect was completely filled (F), and the MRI shows a patellar cartilage defect before 

implantation (G), and after four years where defect was completely filled (H). Adapted with a minor 

modification from [130]. 

 

Gobbi and Whyte [149] evaluated the medium-term clinical outcomes of cartilage repair using a 

single-stage technique of a hyaluronic acid-based scaffold (Hyalofast; Anika Therapeutics, Abano Terme, 

Italy) with bone marrow aspirate concentrate compared with microfracture technique. At 2 years post-

surgery, good clinical outcomes were obtained with both techniques, while at 5 years post-surgery, 

patients from the microfracture group could not maintain the improvement unlike patients from the 

scaffold group [149]. 

The NeoCart implant is a cartilage scaffold from type-I collagen (Histogenics, Waltham, 

Massachusetts) designed to be seeded with autologous chondrocytes and cultured in a bioreactor. 

Preliminary studies showed that it improves the function and pain relief, and works better than 

microfracture [143]. Wakitani et al. [150] treated cartilage defects with ex vivo cultured autologous bone 

marrow mesenchymal cell that were placed first embedded in a soluble type-I collagen from bovine skin 

(Koken, Tokyo, Japan), then placed onto a collagen sheet from porcine tendon (Gunze, Kyoto, Japan), 

gelated, and further cultured for few days before implantation. Clinical improvements were achieved at 
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6 months post-surgery, and at 12 months post-surgery the defects were confirmed to be filled while one 

of the cases’ histology indicated a fibrocartilaginous tissue in the defect, not hyaline cartilage [150]. In a 

multicenter randomized controlled trial [151], a chitosan-glycerol phosphate-based hydrogel, BST-

CarGel (Piramal Healthcare Inc., Laval, Quebec, Canada) was reported to be superior at 5 years than 

microfracture with better tissue repair in quantity and quality while being similar on Western Ontario 

and McMaster Universities Osteoarthritis Index (WOMAC) tool, showed that there are no clinical 

differences between the BST-CarGel and microfracture group. 

Particulated Articular Cartilage products are also commercially available. Cartilage Autograft 

Implantation System (CAIS) (DePuy Mitek, Raynham, Massachusetts) is based on the distribution of 

autologous cartilage tissue pieces on a polycaprolactone/polyglycolic acid scaffold. With DeNovoNatural 

Tissue (Zimmer, Warsaw, Indiana), juvenile allograft cartilage pieces are fixed into a defect with fibrin 

glue [152,62]. A randomized controlled trial [153] compared CAIS and microfracture. CAIS patients had 

significantly more improvements in the KOOS instrument and IKDC score than the microfracture 

patients at 24 months post-operation [153]. 

Studies from Hunziker et al. [27], Iwasa et al. [154], and Huang et al. [1] are of importance as 

comprehensive reviews on cartilage repair in the clinical situation. Although the biomaterials and 

strategies differ slightly from each other, none of the products’ outcome is satisfactory enough. It can 

be concluded that it is not possible to deduct a clear ranking of products, and a firm recommendation 

on the preferred cartilage repair strategy cannot be made. As already discussed in the previous section, 

the challenges are many and should be overcome for a robust and novel regenerative treatment of 

cartilage lesions. 

 

5.3.4. Bone and osteochondral tissue 

Given the composition of natural bone, ceramics alone or combined with polymers found an 

ample space for applications and provided limited acceptable outcomes thanks to active biology within 

the bone, such as hydroxyapatite (e.g., Finblock; FinCeramica Faenza, Italy) [155] and stem cell-loaded 

β-tricalcium phosphate (β-TCP; Osferion Olympus Biomaterial, Tokyo, Japan) [156]. 

Oryan et al. comprehensively reviewed the bone grafts and commercially available bone 

substitutes (which are numerous and thus it is not within the scope of this review to review each of 

them), and their clinical applications [26]. The autografts remain the gold standard for bone 

regeneration by functioning superior to tissue engineering scaffolds. 

Sotome et al. [157] reported the results of a multicenter randomized controlled trial showing 

that porous hydroxyapatite/collagen composite (Refit; HOYA Technosurgical, Tokyo, Japan) was 

superior to porous β-tricalcium phosphate implant (Osferion; Olympus, Tokyo, Japan) for bone 
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regeneration but with a relatively higher incidence of adverse (although not serious) effects as no 

implants were rejected [157]. For the treatment of talar osteochondral lesions, two different scaffolds 

were used to deliver bone marrow-derived cells with a platelet gel. Based on the results of a minimum 

follow-up of 24 months, both scaffolds (Spongostan Powder: porcine collagen powder, Johnson & 

Johnson Medical, Gargrave, Skipton, UK; and HYAFF-11: hyaluronic acid, Fidia Advanced Biopolymers 

Laboratories, Abano Terme, Italy) provided a similar improvement [158]. 

Composites and multilayer scaffolds are of interest for osteochondral tissue engineering where 

each layer is designed for a particular tissue (Fig. 5.3). In the pilot clinical trial of MaioRegen (Fin-

Ceramica, Faenza, Italy) for the treatment of 15 osteochondral defects (Fin-Ceramica, Faenza, Italy), 

Kon et al. [159] reported promising preliminary clinical results at short-term are reported. In 13 defects, 

the scaffolds were completely attached, and a repair tissue was present, in 10 defects the defects were 

completely filled at 6 months post-implantation, and complete integration almost only in half of the 

defects (in 8 defects). At 6 months post-implantation, significant improvements in the IKDC scores were 

reported although edema or sclerosis in the subchondral bone were found in 5 defects [159]. Altered 

MRI signal and a slow maturation process were also reported [160]. With the TruFit CB scaffold (Smith 

& Nephew, Andover, Massachusetts) [161], controversial clinical and imaging outcomes were reported 

[160], and its commercialization suspended [129]. 

 

 

Fig. 5.3 An osteochondral scaffold (MaioRegen, Fin-Ceramica, Faenza, Italy) has a porous 3D tri-layer 

composite structure to mimic the osteochondral tissue. The top layer (the red C) is for the cartilage 

tissue and made from type-I collagen, the transition layer (the red T) is for the transition zone, 

subchondral bone, and is 60% from type-I collagen and 40% from magnesium-hydroxyapatite, and the 

bottom layer (the red B) is for the bone tissue and is 30% from type-I collagen and 70% from 

magnesium-hydroxyapatite (A), a bilayer osteochondral scaffold (Agili-C; CartiHeal, Israel) that is 

currently in clinical trial and made from aragonite and hyaluronic acid shape of cylinders, with a similar 

surgical technique as the mosaic-like osteochondral transplantation. The top layer is for the cartilage 



127 
 

tissue and is from aragonite and hyaluronic acid, and the bottom layer is for bone tissue phase and is 

from calcium carbonate in the aragonite crystalline form (B), and a bilayer scaffold (TruFit CB; Smith & 

Nephew, Andover, Massachusetts) is from poly(lactic-co-glycolic acid), poly(glycolic acid) fibers, and 

calcium sulfate (C). Adapted with a minor modification from [160] 

 

5.3.5. Meniscus 

 The clinical management of meniscus lesions is sometimes challenging, with the primary 

intention to preserve the meniscus as much as possible and repairing has provided good results in 

some cases; indications for scaffolds are limited [30,162-164]. Two scaffolds are available: i) bovine 

type-I collagen scaffold (CMI; Ivy Sports Medicine, Lochhamer, Germany) [165-167], and ii) 

polycaprolactone-polyurethane scaffold (Actifit; Orteq Bioengineering, London, UK) (Fig. 5.4) [168-171]. 

The commercial scaffolds are safe without apparent adverse reactions, and somewhat positive 

functional and clinical results have been achieved despite their limitations. However, when native-like 

meniscus regeneration is questioned, there are some outstanding issues to be addressed (matrix 

composition and organization of the neo-tissue). Nevertheless, the restoration of the fundamental 

function of the meniscus, i.e., the protection of cartilage, should be one of the primary goals since 

obtaining a functionless repair tissue will not help the patient in the long-term [30]. 

 

 

Fig. 5.4 A photograph (A) and micro-structural image (B) of a commercially available polycaprolactone-

polyurethane scaffold (Actifit; Orteq Bioengineering, London, UK) for meniscus. The scale bar indicates 

1 mm 

 

5.4. Conclusions and final remarks 

There have been several exciting advances in orthopedic tissue engineering. Many lessons have 

been learned. Some issues were already solved, but many still need to be addressed while future 

problems may also arise. Reaching and getting through a clinical trial is a time-consuming, laborious, 
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and expensive path, while all these things get exponential once entering the operating room. Based on 

the current evidence, there is a disequilibrium between the demand and supply in the clinics, and 

tissue engineering has still ample room to grow before delivering fully functional solutions. This 

mandatory growth will be an outcome of the teamwork between the scientific researchers, orthopedic 

surgeons, research funding bodies, industry, investors, governmental bodies, and regulatory bodies. 

Orthopedic tissues are 3D solid/filled tissues that perform mechanically; thus, scaffolds are and will be 

an indispensable volume filling and mechanically supporting component for large lesions. Future 

scaffold-based regeneration strategies should be evidenced to have: (i) superior tissue regeneration 

capability with excellent long-term clinical outcomes, and (ii) comparable cost with the existing methods. 

For this, the challenges should be recognized and addressed. Systematic reviews and meta-analyses 

are worthy and bring original results from existing results. Although it may not be so easy, a superior 

research and funding mind-set seems to be necessary to encourage academic scientists and clinicians 

to execute studies that seek long-term outcomes, and high quality randomized clinical trials that take 

many years and consume a tremendous amount of money but yield only one paper eventually. With its 

dynamic and enthusiastic nature, tissue engineering may hopefully enable a major change in the 

clinical management of orthopedic disorders in the future, and in particular to personalized approaches, 

with only one ultimate goal – the healthier individuals. 
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CHAPTER 6.  

   Micro-CT ‒ A Digital 3D Microstructural Voyage into Scaffolds: A Systematic 

Review of the Reported Methods and Results* 
 

6.1. Abstract 

 Cell behavior is the key to tissue regeneration. Given the fact that most of the cells used in 

tissue engineering are anchorage-dependent, their behavior including adhesion, growth, migration, 

matrix synthesis, and differentiation is related to the design of the scaffolds. Thus, characterization of 

the scaffolds is highly required. Micro-computed tomography (micro-CT) provides a powerful platform to 

analyze, visualize, and explore any portion of interest in the scaffold in a 3D fashion without cutting or 

destroying it with the benefit of almost no sample preparation need. This review highlights the 

relationship between the scaffold microstructure and cell behavior, and provides the basics of the 

micro-CT method. In this work, we also analyzed the original papers that were published in 2016 

through a systematic search to address the need for specific improvements in the methods section of 

the papers including the amount of provided information from the obtained results. Micro-CT offers a 

unique microstructural analysis of biomaterials, notwithstanding the associated challenges and 

limitations. Future studies that will include micro-CT characterization of scaffolds should report the 

important details of the method, and the derived quantitative and qualitative information can be 

maximized. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

*This chapter is based on the following publication:  

Cengiz, IF, Oliveira JM, and Reis RL. "Micro-CT–a digital 3D microstructural voyage into scaffolds: a 

systematic review of the reported methods and results." Biomaterials Research 22, no. 1:26, 2018 
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6.2. Introduction 

 In nature, structural materials including animal and human tissues have complex hierarchical 

architectures at multiple scales from nano to macro [1]. To achieve the regeneration of functional 

tissues, as in nature, complete understanding and biomimicry of those 3D architectures are necessary. 

Differences in the design of 3D scaffolds [2] such as composition, surface chemistry, architecture, and 

mechanical properties, can yield to almost countless different scaffolds. Scaffolds host and interact with 

cells, and the design of a scaffold affects the entire behavior of the cells including adhesion, growth, 

migration, differentiation, and matrix synthesis [3-8]. Certainly, the functional performance of a scaffold 

in vivo not only depends on its microstructure but also on all other factors involved in tissue engineering 

which are very complex and probably not yet completely known [9].  

 Tomography is defined as a method by which an object’s 3D image that corresponds to its 

internal structure is obtained. Micro-computed tomography (micro-CT) [10,11] is a high-resolution CT 

that has a pixel size typically between 1 µm and 50 µm, and allows to investigate the microstructure of 

samples using X-rays. Conventionally, the samples can be analyzed almost without any sample 

preparation process generally in a non-destructive way. Today, a search on “micro-CT” in PubMed 

yields more than 10,000 items by being used in many fields. Within the field of tissue engineering it has 

a place in many application domains including (i) scaffold characterization [12-15], (ii) in vivo small 

laboratory animal tissue characterization [16-19] including assessment of bone turnover using 4D 

micro-CT data [20], and tumor detection [19], (iii) ex vivo characterization of human tissues [21,22] 

and animal tissues [23-27]. Micro-CT has frequently been used in bone studies, and typically, the 

investigated parameters include volume, microstructural features, and mineral density. The 

investigation of soft tissues is relatively challenging due to their low contrast in conventional micro-CT 

imaging; thus it may require an extra effort such as employing high-atomic-number element probes [28] 

or contrast agents [29-32]. 

 

6.3. 3D Microstructural metrology of scaffolds used in tissue engineering with 

tomography 

 Given the critical role of microstructure on the performance of scaffolds, characterization of 

the microstructure is indispensable, and Micro-CT is an outstanding instrument to characterize the 

microstructure of scaffolds. A large surface area assists cell attachment and proliferation. Porosity and 

pore size define the surface area per volume (Fig. 6.1) [33]. High porosity assists nutrient and waste 

diffusion that is one of the critical factors for vascularization and tissue ingrowth [34,35]. Additionally, 

porosity needs to be controlled for each application since an increase in porosity leads to a relative 
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decrease in the mechanical properties [36]. The interconnection of the pores is also an important 

parameter that defines the effects of porosity and pore size [37,35]. Given a scaffold with constant 

porosity, a decrease in the mean pore size will cause pore channels to narrow, which may 

inconvenience cell migration despite an increase in the surface area [38]. Relatively smaller pores and 

larger specific surface area assist cell attachment as shown in a study with collagen-glycosaminoglycan 

scaffolds that attachment of osteogenic cells was increased with decreasing mean pore size and 

increasing specific surface area [39]. Regarding the mobility of cells in a scaffold, it is not affected by 

the pore size alone, but also scaffolds’ mechanical properties and adhesiveness [40]. Cell arrangement 

and morphology are influenced by scaffolds’ architecture and topography [41], and it was shown that 

cell morphology has a role in the cell function [42-45]. Surface roughness may lead cells to have a 

round morphology while flat surfaces lead to an increased cell spreading [41]. Presence of aligned 

structures can facilitate cell alignment, for example, designing concave microgrooves in scaffolds can 

also be effective to align cells, and has implications in muscle tissue engineering by facilitating the 

formation of layered bundle tissues [46].  

 

 

Fig. 6.1. A 3D micro-CT image of the polycaprolactone-polyurethane scaffold. The distance between two 

adjacent white dots is 250 µm. 
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 In a study with osteoblast-like cells, increased cell ingrowth was observed in the scaffolds with 

relatively smaller pores among the scaffolds with different mean pore sizes ranging from 100 µm to 

200 µm [47]. In another study, a scaffold with gradually changing pore sizes from 88 µm to 405 µm 

was examined, and the pore range of 380–405 µm provided higher chondrocyte and osteoblast 

proliferation while the range between 186–200 µm was more suitable for fibroblast proliferation [48]. 

On the other hand, new bone formation occurred faster in the scaffolds with the pore size range of 

290–310 µm than in the other scaffolds [48]. Scaffolds with a mean pore size of 250 µm had higher 

fibrous tissue ingrowth in vivo than that of other scaffolds with mean pore sizes of 30 µm, 60 µm, 110 

µm, 350 µm and 700 µm [38]. The scaffolds with mean pore sizes of 30 µm and 60 µm had no tissue 

ingrowth even though pore sizes are larger than the size of a fibroblast [38]. The size of the pores can 

affect the osteogenic differentiation and proliferation of stem cells oppositely [49]. Ceramic scaffolds 

with a pore size of 200 µm and 500 µm were found to provide a relatively higher rate of osteogenic 

differentiation, and proliferation, respectively, when compared to each other [49]. Both surface 

chemistry and pore size can significantly affect the lineage-specific differentiation of stem cells while the 

effect of surface chemistry found to be relatively larger if the pore size is smaller than 300 µm [50]. 

Micro-CT characterization comprises three major sequential processes: acquisition, 

reconstruction, and analysis [13]. The X-rays are generated by the source and emitted to the target 

sample. When passing through the sample, the X-rays are attenuated based on the properties of a 

sample that is being scanned (e.g., its density, thickness, and composition). The acquisition is 

completed by collecting 2D projection images (radiographs) from many viewing angles. In the 

conventional micro-CT instruments, the X-ray system is fixed, and the sample stage rotates, while in the 

instruments for live small animals the stage is fixed, and the X-ray system rotates to scan the animal. 

The projection images are reconstructed by a computer using algorithms [51-53] to obtain the cross-

sectional 2D images in the transverse plane (Fig. 6.2). Binarization is the process by which the pixels 

that belong to sample are discriminated in the reconstructed images that are in a contrast scale of 0-

255, and the images are made black and white (Fig. 6.3). Typically, white indicates the material while 

black indicates empty space. Volume, porosity, pore size, and suchlike results can be quantified using 

the binary image dataset. Commercial micro-CT instruments come with the manufacturers’ software 

while an external software such as ImageJ (https://imagej.nih.gov/ij/index.html) could also be used.  
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Fig. 6.2. Schematic illustration showing the basics of micro-CT. Cone-beam X-rays travel from the 

source to the detector through the sample with attenuation, and a gray-scale projection image is 

acquired at each rotation angle. Projection images are then reconstructed, and the reconstructed image 

dataset is used for analysis. The red dashed line indicates the vertical position of the reconstructed 

image, i.e., the cross-sectional image. 
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Fig. 6.3. Binarization of reconstructed micro-CT images. Gray-scale reconstructed 2D image of a silk-

based tissue engineering scaffold with a circular region of interest (ø 3 mm) (A),  half-tone views (B, D, 

and F) and the corresponding binary images (C, E, and G) respectively if no gray-scale value is included 

that yields to complete black, if entire gray-scale values are included that yields to complete white, and 

if the right gray-scale values (that is in this case 38-255) are obtained by global thresholding that yields 

to a binary image showing the microstructure of the scaffold. 

 

6.4. Systematic search of the papers that were published in 2016   

 A systematic search was performed on the papers that were published in a predetermined 

year, 2016, to answer these questions: (i) what type of data was reported in the papers, i.e., 

quantitative or qualitative, or both, (ii) what kind of quantitative results were reported (such as 

microstructure (e.g., porosity, pore size, wall thickness), volume, and mineral density if relevant), and 

(iii) whether the reporting of the methods were adequate including the information on pixel size, number 

of replicates, rotation step or number of obtained projections, voltage and current values, and use of 

any filter). A search was performed on the electronic databases of Scopus, Web of Science, and 

PubMed using the term “micro-CT” with “scaffold” to identify the relevant original research papers in 

English that were published in 2016. The year 2016 was selected in the current work because it was 

presumed as a representative period. The papers that involve micro-CT characterization of scaffolds 

were considered as eligible. The papers were screened, selected as shown in the flowchart that is 

presented in Fig. 6.4, and analyzed to answer the aforementioned questions.  
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Fig. 6.4. The flowchart of the systematic search. 

 

6.5. Findings of the systematic search and discussion 

 A total of 105 papers [54-158] were included in the systematic analysis. The data indicated 

that micro-CT was used only qualitatively in around 15% of the papers 

[63,74,75,79,95,102,106,108,112,116,122,129,133,146,149,158], and only quantitatively in 9.5% of 

the papers [55,78,83,85,98,111,125,131,137,155]. Micro-CT was used both qualitatively and 

quantitatively in the rest of the papers [54,56-62,64-73,76,77,80-82,84,86-94,96,97,99-101,103-

105,107,109,110,113-115,117-121,123,124,126-128,130,132,134-136,138-145,147,148,150-

154,156,157]. Only around 29% of the papers reported the number of replicates (i.e., “n”) they 

analyzed, and around 77% of the papers reported the used pixel size. Among the papers that reported 

n, the mean size of n was 4.4 with a standard deviation (SD) of 2.8. The mean used pixel size was 16.8 

µm with an SD of 13.3. The analysis also showed that less than 3% of the papers used the term 

“spatial resolution”, and around 14% of the papers used the term “resolution” which might get 

confused with “pixel size” as it was discussed below. As Fig. 6.5 illustrates, volume measurements, 

microstructural characterization, and mineral density determination are the three most frequent 

quantitative results. The results categorized as “other” include histograms, area/distance 

measurements such as tissue thickness, bone contact area or graft diameter, callus index and intensity 
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signals. The rotation step, or the number of obtained projections, is not mentioned in over 68% of the 

papers. The information on the used voltage and current was not reported in around 26% of the papers, 

while around 73% of the papers did not report whether they used a filter or not. One paper was 

identified that the term “in vivo imaging” was used when only explants were characterized.  

 

 

Fig. 6.5. Venn diagram showing the number of the papers that reported quantitative results regarding 

the volume, microstructure, mineral density and other measures. Two of the seven papers that reported 

volume, microstructure, and mineral density also reported additional results. The sizes of the circles in 

the diagrams are directly proportional to the number of the associated papers. 

 

 The internal architecture of a scaffold has major roles in the cell behavior and thus on the 

overall performance of the construct, the characterization of its macro (> 100 µm) and micro (0.1 µm - 

100 µm) structure is inherently of interest. With the demonstrated use and advantages of micro-CT, it 

has been a valuable instrument in research laboratories with its challenges that are summarized in 

Table 6.1. 

 

Table 6.1. Challenges in the conventional micro-CT characterization. 

Challenge Potential solution Reference 

Artifacts and noise. Detailed in Table 1 of Ref. [159] [160,161,159,162] 

Soft tissue characterization is not as 

easy as a dry-state porous scaffold.  

Using contrast agents or high-atomic-

number element probes can help. 

[29,28,30-32] 

 

Operator-determined acquisition 

parameters may affect the results. 

Parameters should be optimized during 

the preliminary study.  

[13] 

 

Harsh acquisitions may damage/alter Long scans (either due to very low rotation [163,164,11,165] 
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the sample/tissue (for example, 

discoloring of a biomaterial or 

tumorigenesis in animals); and 

radiation exposure of animals in live 

animal studies, lethal dose 50/30 

(both ethical and scientific 

considerations). 

step, frame averaging, or long exposure 

time) should be avoided, and/or X-ray 

energy could be decreased. 

Comparing micro-CT results of 

different studies is not easy if the 

used parameters are not identical. 

There is a need to establish a protocol 

with determined values for parameters. 

[13] 

Issues with very dense/thick samples 

resulting in a dataset of almost only 

black images. 

This is because there will be no contrast 

since no X-ray can pass; however, use of a 

filter may resolve the problem, but it may 

greatly increase the acquisition time. The 

sample can be cut to its smaller 

representative volume. If it is not possible, 

then another instrument could be used 

such as a scanning electron microscope.  

 

Issues with very thin/light samples or 

a hydrogel, then no contrast will be 

obtained (this gives a dataset of 

images with very low contrast). 

Contrast agents can be used. [29-32] 

A limited volume of sample that can 

be analyzed at once (the images have 

a certain number of pixels with a 

certain size of a pixel). 

Display matrix size and/or pixel size can 

be adapted. The representative portion of 

the sample can be pre-determined. 

 

Overlaps in gray-scale values in multi-

material samples (i.e., scaffold-bone 

explants or composites). 

 

Advanced segmentation protocol can be 

used. 

[166] 

Considerations on the maintenance 

and sharing of micro-CT data. 

 

During the preliminary study, the duration 

of the micro-CT characterization and the 

disc space requirements can be 

[13] 
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estimated. 

 

Micro-CT has been considered as the gold standard for bone explants’ microstructure and 

morphology study [25]. In the case of scanning live animals, excessive exposure to radiation [163-165] 

can be a problem for the survival of the animal, tumorigenesis, and ethics. Using a pixel size less than 

50 µm may be fine to prevent excessive exposure to radiation [11].  

From the results of this systematic analysis, two major points can be emphasized to be 

resolved in future studies that will use micro-CT: (i) methods section from acquisition to analysis should 

be complete, and (ii) information obtained should be maximized. The methods part should cover the 

used pixel size, voltage and current, number of replicates, scanning medium, use of any filter, rotation 

step/number of projections, and use of any specific image processing. Various results can be derived 

from a Micro-CT characterization. These results can be quantitative or qualitative, and obtained in a 2D 

or 3D fashion. Qualitative results include X-ray and reconstructed image of the sample, mineral density 

color map, pores size color map, and structure thickness color map, and thus, provide valuable 

information. Quantitative results include quantification/proportion of volumes, microstructural features 

(mean pore size, mean wall thickness, and their distribution and change vertically across the sample), 

mineral density, histograms, quantification of surface area, and surface : volume ratio. It should be 

noted that some of these parameters are relevant only for certain studies. For instance, bone mineral 

density is related only with scaffolds for bone tissue engineering. Therefore, this is a factor affecting the 

outcome of the systematic analysis. 

CT experts may accept that resolution is a quite sensitive topic among authors by being a 

measure of image quality. As the outcome of the systematic analysis shows, some authors including 

some of the CT experts prefer to use terms “resolution” and “spatial resolution” instead of “pixel size” 

or “voxel size”, while some micro-CT system manufacturers prefer to communicate the size of the 

pixels or voxel of the images. Additionally, there is no standardized approach for spatial resolution 

reporting accepted by the micro-CT system manufacturers [25]. The definitions of these terms are 

presented in Table 6.2.  

 

Table 6.2. Terms that are associated with the micro-CT images, and their definitions. 

Term Definition 

Pixel size 

Size of the 2D discrete parts that make up a 2D micro-CT image. Usually, 

expressed as a single value, e.g., 10 µm, indicating the size of each pixel is 10 

µm x 10 µm.  
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Voxel size 

The 3D equivalent of pixel size indicates the size of each voxel, Typically, micro-

CT images isotropic (identical size in all dimensions), e.g., 10 µm x 10 µm x 10 

µm, in which case pixel size and voxel size provide identical information. 

Resolution 

 Smallest perceptible detail (complete and exact definition can be found in Ref. 

[162]) 

 Resolution of an image can indicate the number of pixels in an image (such as 

800 x 600). The second definition is referred to the display matrix size in the 

standard guide of ASTM International: E1441-11. 

Spatial 

resolution 

 Smallest displacement that can be measured  in the measurement direction 

[162] 

 Smallest separation where two points can be identified as separate parts  

(complete and exact definition can be found in the standard guide of ASTM 

International: E1441-11) 

 

The studies that report a value for resolution need to show how they quantify the resolution 

whether it is the pixel size given by the scanner software or they quantified it with calibrated thickness 

wires [159]. Given the definitions of the terms, the images that have the same number of pixels would 

contain different information if their pixel sizes are not identical. It is noteworthy to know that a smaller 

pixel size does not necessarily provide a better image, for instance, the image does not improve when 

the pixel size is smaller than the X-ray spot size [159,167]. Some other factors [25,159,162,168] are 

needed to be considered as well, regarding X-ray (e.g., energy, geometry, and focal-spot size), sensitivity 

of detector, use of filter, integration time of X-ray with the sample per projection, characteristics of the 

sample (e.g., composition and size), scanning medium, noise, and artifacts. The attenuation of the X-

rays depends on the characteristics of the sample such as its density and thickness. The level of the X-

ray energy, i.e.,  the source voltage and current, should be tuned for the sample (denser samples 

require higher energy) since the obtained the images are in gray-scale and associated with the X-ray 

absorption that is linked with the sample’s electron density [167]. Therefore, the reconstructed images 

are quantitatively densitometric. The pixel size and rotation step can have significant influences on the 

quantitative and qualitative results of the micro-CT characterization of scaffolds, as well as the size of 

the generated data and the duration of the characterization [13]. Integration time is the duration of each 

projection. A longer integration time provides more photos to be detected and affect the micro-CT image 

[169]. The use of a filter can improve the characterization of thick/dense samples by attenuating the 

low-energy X-rays and minimizing the beam hardening effect [25]. Spatial resolution depends on the 

geometry of the X-ray, and detector [10]. Cone beam X-rays and flat panel detectors provide 
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significantly shorter scanning times because the data for multiple slices is obtained in each rotation 

step, while fan beam X-rays and linear detectors provide less scatter effects for thick samples [170] and 

higher accuracy [162]. Reconstruction method also depends on the geometry of the source. The 

scanning medium (e.g., air, water, phosphate-buffered saline, or ethanol) influences the 

characterization results since different media affect the X-ray attenuation differently [25,171]. 

 

6.6. Conclusion 

 The microstructure of tissue engineering scaffolds greatly influence the behavior of cells, and 

the performance of the tissue engineering construct; therefore, the characterization of the scaffolds’ 

microstructure is of keen interest. Micro-CT is an outstanding instrument for the quantitative 2D and 3D 

analysis and visualization of scaffolds. The analysis results showed that the methods sections of the 

majority of the analyzed papers are in need of improvement in reporting the details of micro-CT 

characterization. Moreover, the amount of quantitative and qualitative information from micro-CT 

characterization can be maximized. Given the fact that the obtained results from micro-CT 

characterization significantly depend on several parameters, the important acquisition related details 

should be clearly provided in the papers. It is recommended that the parameters include the used pixel 

size, rotation step, X-ray energy, scanning medium, use of filter, as well as the number of samples 

analyzed since the omitted data complicate the reproducibility of the experiments.  
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*This chapter describes the materials and methods of the works in this thesis, and is based on the 
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7.1. Harvest of human meniscus and Hoffa’s fat pad 

For the quantification of 3D cellular density of human meniscus, six human lateral menisci, 

three from right knee and three from left knee, were harvested from live female donors that undergone 

a total knee arthroplasty for unicompartmental osteoarthritis with the Kellgren-Lawrence classification 

grade 3. The mean age of the donors was 57.7 years with the range between 48 and 65 years, and 

donors’ mean body mass index (BMI) was 32.2 with the range between 26.7 and 36.7. All included 

cases were free of trauma or infection. All of the menisci were morphologically intact without tears and 

macroscopic signs of degeneration. Harvesting of the tissue was performed with a cold blade in aseptic 

conditions [1]. The tissues were immediately placed in phosphate buffered saline solution with 1 wt% of 

an antibiotic–antimycotic mixture (Invitrogen, Carlsbad, CA, USA) containing 10 000 U/mL penicillin G 

sodium, 10 000 µg/mL streptomycin sulphate and 25 µg/mL amphotericin B as Fungizone® 

antimycotic in 0.85% saline. All tissues were maintained at 4ºC and processed within one day. The 

donors were proposed independently of the surgeons involved in the study. All of the donors gave their 

informed written consent to take part in the study. The protocol for the human tissue collection and 

processing was approved by the ethical committee at Clínica Espregueira-Mendes F.C. Porto Stadium – 

FIFA Medical Centre of Excellence, Porto, Portugal. The human tissues were collected in a clinical 

situation in which the tissues have already been removed for surgical treatment or biopsy. There was no 

intervention in the normal course of treatment. Thus, there were no issues concerning insurance 

consequences of leaving the study. All samples were anonymized as soon as they have been brought 

into the laboratory. The researchers recorded only the age, gender and BMI of the donors, and there 

was no way of linking the results back to the patients. Thus, there was no issue concerning incidental 

findings. All data has been managed in accordance with legal requirements for the data protection.For 

cell isolation, the human Hoffa’s fat pad and meniscus were harvested as described above, in the 

normal course of surgical treatment of the patients were maintained refrigerated and processed within 

24h. Ages of the donors ranged between from 23 to 66 years. All samples were anonymized. The 

tissues were intact without macroscopic signs of degeneration. There was no intervention in the normal 

course of treatment. 

 

7.2. Histomorphometry to quantify 3D cell density in human meniscus 

The menisci were fixed in 4% formaldehyde (min. 37% free from acid stabilized with 10% 

methanol and calcium carbonate for histology) (Merck KgaA, Darmstadt, Germany) at least for seven 

days. After that, the tissues were removed from the fixation solution and decalcified in Biodec R solution 

(Bio Optica Milano s.p.a., Milano, Italy) for three days. Then, the tissue samples were returned into the 

fixation solution until the next process. The menisci were cut into three radial segments according to 
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ISAKOS classification [2]: (i) anterior, (ii) mid body, and (iii) posterior. The samples were dehydrated 

with graded concentrations of ethanol, and embedded in glycolmethacrylate resin using Technovit 

7100® embedding kit (Heraeus Kulzer GmbH, Werheim, Germany). The histoblocks were sectioned 

sequentially into 30 μm-thick radial cross-sections using Leica RM 2155 rotary microtome (Leica 

Microsystems Nussloch GmbH, Nussloch, Germany) with Leica TC-65 tungsten carbide blade (Leica 

Microsystems Nussloch GmbH, Nussloch, Germany), and mounted with Entellan-New (Merck KgaA, 

Darmstadt, Germany) onto the 76x26 mm microscope slides (Thermo Scientific, Gerhard Menzel 

GmbH, Braunschweig, Germany). The sections were dried overnight at 75ºC and stained with Giemsa’s 

azur eosin methylene blue solution (Merck KgaA, Darmstadt, Germany) at 20% concentration for 10 

minutes.  

For the histomorphometric analysis, histological sections (n=4) were randomly selected for 

each radial segment of each meniscus. For each histological section, three circular contours with the 

total area of 300 000 µm2 and 700 000 µm2 for the vascular region and avascular regions, respectively, 

were randomly placed in the areas of interest within each region. A total of 432 areas of interest were 

randomly chosen from representative areas within the vascular and avascular regions. The stains were 

marked either as cells with fibrochondrocyte morphology or as cells with fibroblast-like cell morphology, 

respectively based on their roundish/oval or elongated/flattened shape. The 30 µm-thick histological 

sections were analyzed at 20X magnification using an Olympus BX51 optical microscope, 

StereoInvestigator software V.9 (Microbrightfield, VT, USA), and a camera attached to a motorized 

microscope (Axioplan 2, Carl Zeiss, Germany). Finally, it was aimed to obtain a total of 288 suitable 

data points of cell morphology-specific 3D densities in the vascular and avascular regions of the 

anterior, mid body and posterior segments of the meniscus. 3D cellular density is obtained by 

calculating the quantity of the cells present in a certain volume. The volume is calculated by the 

multiplication of the size of the area of interest with the thickness of the histological slice. 

Histomorphometric analysis was conducted in an in-depth fashion to count the cell with the volume of 

interest. The methodology is similar to the one reported before [3]. 

 

7.3. Analysis of how acquisition parameters in micro-computed tomography 

characterization affect the micro-structure related results 

To evaluate the effects of pixel size and rotation step on the 3D analysis results, three different 

types of scaffold were used: (i) silk fibroin scaffold that was manufactured in a similar way as reported 

previously [4,5] as an example of natural-origin polymeric scaffold, (ii) polycaprolactone-polyurethane 

scaffold (Orteq Bioengineering, London, UK) as an example of synthetic polymeric scaffold, and (iii) 
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hydroxyapatite scaffold [6] as an example of ceramic scaffold. To rule out the sampling variability to 

explain the differences in the results between the different acquisition scenarios, the micro-CT 

characterization repeated three times with three different samples of the same scaffold type. So, in 

total, nine samples were characterized in each acquisition scenario.  

The micro-CT characterizations were performed with a high-resolution desktop μ-CT system, 

SkyScan 1272 scanner (Bruker Micro-CT, Belgium) having a micro-focus sealed X-ray source of 20-100 

kV / 10 W, a 16 Mp X-ray detector, and a 14-bit cooled CCD fiber-optically coupled to the scintillator, 

controlled with a 64-bit Windows 7 Service Pack 1 installed computer (Precision T7910, DELL) 

operating with 128 GB of random access memory, 2 display adapters (NVIDIA Quadro K4200 and 

K600), and Intel® Xeon® central processing unit E5-2687W v3 @ 3.10 GHz. All of the 9 samples were 

scanned according to the 15 different acquisition scenarios using all possible combinations of five 

isotropic pixel sizes (1 µm, 2.5 µm, 5 µm, 10 µm, and 15 µm) and three rotation steps (0.1°, 0.2°, 

and 0.4°) over a rotation range of 360°.  

For the polymeric scaffolds, the acquisitions were always performed with the X-ray source 

voltage and current at 50 kV and 200 μA, respectively, and no filter was used. For the ceramic 

scaffolds, the acquisitions were always performed with the X-ray source voltage and current at 70 kV 

and 142 μA, respectively, and an aluminum filter with the thickness of 0.5 mm was used. The 

reconstructions and the 3D analysis were performed by using the manufacturer’s standardized 

software: NRecon software (v1.6.10.2), and CT Analyser software (v1.15.4.0), respectively, without any 

post-processing such as beam hardening, misalignment or smoothing. Following the manufacturer’s 

procedures, an automatic global threshold was used with the software to be reproducible and objective. 

For each of the nine scaffolds, always a specific portion with a thickness of 2 mm was reconstructed. 

The 3D analyses were always performed for the same volume of interest that was built from the circular 

cross-sections with a diameter of 3 mm along the thickness of 2 mm. Additionally, the characterization 

time and required disc space to store data of each acquisition scenario were also investigated to 

provide an indication of efficiency in terms of time and resources. All the steps of the characterization 

were always done only as one task at a time to detect the real time consumption of each task by using 

the maximum resources of the computer. 

 

7.4. Systematic analysis of the papers on micro-CT characterization of scaffolds 

 A systematic search was performed on the papers that were published in a predetermined 

year, 2016, to answer these questions: (i) what type of data was reported in the papers, i.e., 

quantitative or qualitative, or both, (ii) what kind of quantitative results were reported (such as 

microstructure (e.g., porosity, pore size, wall thickness), volume, and mineral density if relevant), and 
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(iii) whether the reporting of the methods were adequate including the information on pixel size, number 

of replicates, rotation step or number of obtained projections, voltage and current values, and use of 

any filter). A search was performed on the electronic databases of Scopus, Web of Science, and 

PubMed using the term “micro-CT” with “scaffold” to identify the relevant original research papers in 

English that were published in 2016. The year 2016 was selected in the current work because it was 

presumed as a representative period. The papers that involve micro-CT characterization of scaffolds 

were considered as eligible. The papers were identified and analyzed to answer the aforementioned 

questions.  

 

7.5. Production of scaffolds 

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless indicated otherwise. 

 

7.5.1. Regenerated porous silk fibroin scaffolds 

The aqueous-derived silk fibroin solutions [4] were prepared the silk cocoons of the mulberry 

silkworm, Bombyx mori, (purchased from the Portuguese Association of Parents and Friends of Mentally 

Disabled Citizens (APPACDM, Castelo Branco, Portugal)) with the following main steps: cleaning, 

degumming, dissolving, filtering, dialysis, and concentration. The cocoons were first cut, separated from 

the worm, and cleaned from macroscopic impurities. Clean cocoons were cut further into small pieces 

for the degumming process in which the sericine, glue-like protein, is eliminated. The 5 g of cocoons 

were boiled in 2 L of distilled water with 0.02 M sodium carbonate for 1 hour, then boiled in only 

distilled water for 0.5 hour, and washed several times with distilled water, and the obtained silk fibroin 

was air-dried inside a flow cabinet for 48 hours. A 9.3 M BrLi solution was prepared with distilled water 

to dissolve silk fibroin at 70°C for 1 hour with the ratio of 5 mL : 1 g, BrLi solution : silk fibroin. After 

reaching to room temperature, purified with 5 µm filter, and dialyzed in distilled water for 48 hours 

using a benzoylated dialysis tubing (MWCO: 2 kDa) daily 4 times of water change. After the dialysis, the 

solution was concentrated using poly(ethylene glycol), and the solution stored at 4°C until further use. 

The final concentration was determined by measuring the dry weight of the silk fibroin solution after 

being at 70°C for 24 hours. The regenerated porous silk scaffolds were manufactured by adding 

granular sodium chloride with the particle size range of 250-500 µm (purchased from a local store in 

Portugal) was added gradually into aqueous-derived 16 wt.% silk fibroin solution in a mold. The samples 

were dried inside a flow cabinet for 72 hour. Dry samples were salt-leached in plenty of distilled water 

under agitation for three days with five times water change per day. After salt-leaching the scaffolds 

were dried inside a flow cabinet for 48 hours. 
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7.5.2. 3D-Printed polycaprolactone cage scaffolds 

The cages from polycaprolactone (PCL) (average Mn 45,000) were 3D-printed with a 4th 

Generation 3D-Bioplotter (EnvisionTec GmbH, Germany) layer by layer through a 22G metallic needle at 

110°C under the dispensing pressure of 5.5 bars. Each layer had parallel strands that were 1.2 mm 

apart from each other, and the 3D cubic cage pattern with layer-wise alternating strand directions of 

90° and 0°.  

 

7.5.3. Entrapped in Cage (EiC) scaffolds of polycaprolactone and silk fibroin 

Entrapped in Cage (EiC) scaffolds were produced from 3D-printed PCL cages that were 

combined either with 8 or 16 wt.% silk fibroin. PCL cages were immersed in silk fibroin solution for 0.5 

hour, and then placed in a silicon mold that is filled with silk fibroin solution followed by the gradual 

addition of granular sodium chloride with the particle size range of 250-500 µm, and let inside a flow 

cabinet for 72 hours to dry. Dry samples were salt-leached by being placed in distilled water under 

agitation for 3 with 5 times of daily water change. The side surfaces of the cage structure and the 

excess silk on the top and bottom of the cage were cut with a surgical blade in wet state to obtain the 

final scaffolds.  

 

7.5.4. Suturable silk fibroin scaffold reinforced with 3D-printed polycaprolactone mesh 

 The reinforced scaffolds were produced from 16 wt.% silk fibroin solution with a 1 mm thick 3D-

printed PCL mesh in the middle on the horizontal plane. The mesh structures were produced from PCL 

(average Mn 45,000) with a 4th Generation 3D-Bioplotter (EnvisionTec GmbH, Germany) at 110°C under 

the dispensing pressure of 5.5 bars. The mesh was composed of layer-wise alternating strand directions 

of 45° and 135° with a distance of 2 mm between the parallel strands in each later. Before the 

integration of the mesh with silk fibroin, the mesh structures were immersed in 16 wt.% silk fibroin 

solution for 10 minutes, then fixed in a silicon mold, silk fibroin solution was introduced, and granular 

sodium chloride with the particle size range of 250-500 µm (purchased from a local store in Portugal) 

was added gradually. The samples were dried inside a flow cabinet for 72 hours. Dry samples were salt-

leached in plenty of distilled water under agitation for three days with five times water change per day. 

The excess silk around the mesh was cut with a surgical blade in wet state to obtain the final scaffolds. 

The obtained scaffolds were dried inside a flow cabinet for 48 hours. 

 

7.5.5. Patient-specific meniscal scaffolds 

Five healthy male volunteer subjects underwent static MRI scans with the use of a PET/MRI 

hybrid device, preinstalled with the software version 3.2.2.0 (Ingenuity TF PET/MR, Philips Healthcare, 

Best, The Netherlands) and a 3T scanner on the MRI side. The right legs of the subjects were scanned 
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in feet first-supine (FFS) position using a two element 16-channel SENSE XL Torso coil provided by 

Philips. The specific imaging protocol implemented was a T2-weighted WIP 3D DP isotropic sequence 

VISTA (volume isotropic turbo spin echo acquisition) SPAIR Spectrally Adiabatic Inversion SENSE 

(sensitivity encoding) with a SENSE factor of 2. A total of five Digital Imaging and Communication in 

Medicine (DICOM) datasets with high spatial-resolution were obtained, and the acquisition plane was 

sagittal. Each dataset had 458 slices with a voxel size of 0.33 x 0.33 x 0.35 mm3 and slice thickness of 

0.7 mm, with space between slices of 0.35 mm, Repetition Time (TR) of 1300 ms, an Echo Time (TE) 

of 32.2 ms, and an Echo Train Length of 65. The mean age of the subjects was 26.8 years with the 

range between 25 and 32 years, and their mean body mass index (BMI) was 22.4 with the range 

between 19.4 and 27.8. Ethical approval for the study was obtained from the Ethical Committee for 

Research on Humans (CEREH) of the Geneva University Hospitals and the Swiss Agency for 

Therapeutic Products. All the volunteers signed an informed consent form.  

Our 3D model generation process involved four main steps: (i) Image pre-processing: some 

datasets required some image pre-processing, such as removing unwanted artifacts from the images 

due to scanning irregularities, i.e., removing high-intensity values and keeping grayscale range between 

0-4095. For this step, a custom piece of software was developed, using the Insight Segmentation and 

Registration Toolkit open source libraries [7]; (ii) Image segmentation: we used a proprietary software 

application called RheumaSCORE (v 0.1.16), developed by Softeco Sismat S.r.l., for the segmentation 

of the MR images. RheumaSCORE is based on an algorithm that is interactive and real-time (iii) Manual 

corrections on the segmented images: some manual refinements were needed on occasion to improve 

the accuracy of the segmented images; and (iv) 3D reconstruction: the 3D model reconstruction was 

obtained by the segmented images using the software. The segmentations were performed by a single 

operator using RheumaSCORE and then reviewed and validated by two experienced segmenters  

The fabrication process of the patient-specific meniscal scaffolds has three main steps: (i) 3D 

alignment and slicing of the 3D model into layers, (ii) defining the architecture for the model, and (iii) 

defining the printing parameters. The 3D models that were obtained by the post-processing of the initial 

3D reconstructed models were virtually aligned in all three axes (X, Y, and Z) on the printing platform, 

and sliced into 0.167 mm thick layers with the Bioplotter RP software (version 3.0.713.1406) provided 

by EnvisionTec GmbH. After the 3D alignment and slicing, the inner structure patterns were defined 

using the VisualMachines software (version 2.8.115) (Infotech AG). The overall architecture of the 

scaffold is determined by the layer-wise inner structure pattern that was defined. Each layer always had 

parallel strands that were 1 mm apart from each other, and the strand had one of these four directions: 

0°, 45°, 90°, and 135°. The layer-wise inner structure patterns were arranged in a way that the 3D 

printed scaffolds had two distinct internal architectures, i.e., a 3D grid pattern with alternating strand 
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directions either as 90°/0° (architecture A) or 90°/45°/0°/135° strand (architecture B). 

Polycaprolactone (PCL) (average Mn 45,000) purchased from Sigma–Aldrich (St Louis, MO, USA) was 

processed at 110°C in the high-temperature cartridge of a 4th Generation 3D-Bioplotter (EnvisionTec 

GmbH,  Germany) that has an axis resolution of 0.001 mm. The printing parameters were set with the 

VisualMachines software. These parameters include the dispensing pressure, temperature, and speed. 

Finally, the PCL was dispensed layer by layer through a 22G metallic needle with a speed of 5 mm/s 

under the dispensing pressure of 5.5 bars. 

 

7.6. Characterizations of scaffolds 

7.6.1. Micro-computed tomography analysis 

 Scaffolds (n=3) were scanned with a high-resolution micro-CT system (SkyScan 1272, Bruker, 

Belgium) for the micro-structural analysis. The source voltage and current were set to 50 kV and 200 

μA, respectively. 2D X-ray projections were acquired without any filter over a sample rotation range of 

360° with a rotation step of 0.45° with 10 μm of pixel size. The 2D cross-sectional images were 

obtained by reconstructing from the projections. The 3D models were built from the 2D images, and the 

micro-structural analysis performed by using the manufacturer’s software. 

 

7.6.2. Scanning electron microscopy analysis 

The surface and cross-sectional morphology of the scaffolds were analyzed by means of 

performing SEM analyses (JEOL JSM-6010 LV, Tokyo, Japan). First, the scaffolds were sputter-coated 

with gold (Cressington Sputter Coater 108A, Watford, UK) and their surfaces were imaged. Then, the 

samples were cut on the transverse plane into half, and the cross-sectional surfaces were sputter-

coated with gold, and observed. The images were taken at 40x and 150x magnifications. The SEM 

analysis of the patient-specific scaffolds was performed using the equipment Auriga Compact - High-

Resolution Field Emission Scanning Electron Microscope (ZEISS, Germany) operating at 10 kV. 

 

7.6.3.  Water uptake studies 

The water uptake behavior of the scaffolds was assessed through a gravimetric method. The 

scaffolds (n=3) were weighed in dry condition (Md), and wet condition at each time point (Mw) (24, 72, 

and 168 hours) after being soaked in PBS solution and kept at 37°C in an incubator (BE500, 

Memmert, Germany). The water uptake percentage was calculated with Equation 7.1. The assessment 

was performed in triplicates. 

Eq. 7.1: Water uptake % = (Mw-Md)/Md × 100.  
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7.6.4. In vitro enzymatic degradation 

The silk fibroin and mesh reinforced scaffolds (n=4) were weighed in their initial dry state (Mi) 

and incubated in PBS solution in an incubator at 37°C for 3 hours prior to the introduction of the 

protease solution. Scaffolds were incubated in 5 mL of protease XIV solution with the concentration of 

4U/mL for 3 to 48 hours (3, 8, 24, and 48 hours) in an incubator at 37°C, and scaffolds were also 

incubated only in PBS solution without enzyme to serve as a control. After the first 24 hours, the 

enzymatic solution used for the samples of 48 hours time point was replaced with a freshly prepared 

solution. At the defined time points the scaffolds were rinsed with distilled water, and dried inside a flow 

cabinet for 48 hours, and the final weight of each scaffold (Mf) was recorded. The water uptake 

percentage was calculated with Equation 7.2.  

Eq. 7.2: Weight loss % = (Mi-Mf)/Mi × 100 

 

7.6.5. Compression testing 

The mechanical properties of the scaffolds (n=6) were assessed through unconfined 

compression testing using a universal mechanical testing machine (Instron 5543, USA) with the 

crosshead speed set at 1 mm/minute. The scaffolds were tested in dry, or wet condition after being 

soaked in PBS solution and kept 24 hours at 37°C in an incubator (BE500, Memmert, Germany). The 

patient-specific scaffolds with the height of 6 mm (n=10) were tested in dry state with 10 samples for 

each architecture. The compressive modulus was obtained from the slope of the linear region of the 

stress-strain curve. The compressive stress was calculated by dividing the load by the initial cross-

sectional area. The strain was calculated by dividing the absolute value of the change in the height of 

the scaffold to the original height of the scaffold. 

 

7.6.6. Suture retention test 

The scaffolds were first immersed in a PBS solution and kept in an incubator at 37°C for 24 

hours. The wet scaffolds (n=6) were then sutured using a 2-0 Vicryl (Polyglactin 910, Ethicon) suture. 

The suture was passed through the center of the scaffolds, and a square knot was made to avoid 

slipping. The sutured scaffolds were fixed in the lower grip, and the thread ends were joined and fixed to 

the upper grip of the mechanical testing equipment (Instron 5543, USA). The upper grip was extended 

at a rate of 5 mm/minute until the pull-out of the suture. The maximum force achieved refers to the 

suture retention strength. 

 

7.7. In vitro cell studies 

7.7.1 Cell isolation and culture of human meniscocytes and Hoffa’s fat pad-derived stem cells 
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 Human adipose-derived stem cells (hASCs) were enzymatically isolated from the Hoffa’s fat 

pad. Briefly, the tissue washed twice with dPBS, and any the non-fat tissue were cut with a sterile 

surgical blade and discarded. The fat tissue cut further into small pieces and digested in the mixture of 

collagenase solution:-MEM medium 1:1 (v/v) with the final volume of 15 mL at 37°C in a water bath 

for 1 hour with agitation. The collagenase solution had collagenase type II at the concentration of 0.15% 

(w/v) in dPBS. -MEM medium (Invitrogen, USA) that contained 10% fetal bovine serum (Gibco, USA) 

and 1% antibiotics/ antimycotic (Invitrogen, USA). The digestion mixture was passed through a 100 µm 

cell strainer (BD Biosciences, USA) to eliminate anything that is not digested, and centrifuged at 800 g 

for 10 minutes (5810R, Eppendorf, Germany). The supernatants were discarded; the cell pellet was re-

suspended in 15 mL of dPBS and centrifuged at 300 g for 10 minutes. The supernatants were 

discarded, the cell pellet re-suspended in 10 mL of -MEM medium, passed through a 100 µm cell 

strainer (BD Biosciences, USA) to avoid agglomeration, and plated and cultured in a CO2 incubator 

(MCO-18AIC (UV), Sanyo, Japan) at 37°C and 5% CO2 by changing the culture medium first after the 

first at 24 hours, then every 2-3 days.  

Isolation of primary human meniscocytes was similar to that of hASCs, all the fat tissue and 

vascularized tissue were cut and discarded. The remaining meniscus tissue cut with a surgical blade 

into small pieces, and washed twice with dPBS, digested for 8 hours, and passed through a strainer 

and centrifuged at 300 g for 7 minutes (5810R, Eppendorf, Germany). The supernatants were 

discarded and the pellet re-suspended in medium and cultured in a CO2 incubator (MCO-18AIC (UV), 

Sanyo, Japan). After 48 hours, the media collected from the flask, and the flask was washed with dPBS 

which was added the collected media and centrifuged 300 g for 5 minutes. The obtained pellet was re-

suspended in the media that was freshly introduced to the flask, cultured until reaching confluency in 

an incubator (MCO-18AIC (UV), Sanyo, Japan) by changing the culture medium first at 48 hours, then 

every 2-3 days after washing with dPBS. When confluent, the cells were trypsinized with TrypLE Express 

(ThermoFisher Scientific, USA) after washing twice with dPBS, centrifuged for 5 minutes and re-plated. 

Meniscocytes and hASCs were cryopreserved respectively at P4 and P3 in liquid nitrogen until seeding, 

106 cells/mL of 90% fetal bovine serum (Gibco, USA) and 10% dimethyl sulfoxide (VWR International, 

USA).  

 

7.7.2. Cell seeding 

The silk fibroin, PCL cage, EiC, and reinforced scaffolds were sterilized by ethylene oxide with 

3M Steri-Vac Sterilizer/Aerator - 5XL equipment (3M, USA). The sterile scaffolds were hydrated in 

culture medium overnight prior to cell seeding; the cryopreserved cells were defrosted, centrifuged, and 

counted with a cell counting chamber using the trypan blue exclusion method (Trypan blue solution, 
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0.4%, VWR International, USA). The cells were seeded onto scaffolds at a density of 1 × 105/scaffold 

that were placed in multi-well suspension culture plates (Greiner Bio-One GmbH, Austria). After 

incubation in the CO2 incubator for 3 hours, the culture medium was added to each well. Every 2-3 days 

the scaffolds were transferred to new well-plates with new culture medium and cultured up to 21 days. 

Three independent experiments were performed using three samples per group per time point. 

 

7.7.3. Cell adhesion and migration  

The cell adhesion and migration were assessed by means of carrying out SEM analyses (JEOL 

JSM-6010 LV, Tokyo, Japan). At each time point, the scaffolds were rinsed with PBS, and fixed with 

10% formalin solution (ThermoFisher Scientific, USA). The fixed samples were dehydrated in a series of 

aqueous ethanol solutions (30, 50, 70, 90 and 100% v/v), twice at each concentration for 20 minutes, 

then dried inside a flow cabinet for 48 hours. Dry scaffolds were sputter-coated with gold  (Cressington 

Sputter Coater 108A, Watford, UK) before SEM observation. 

 

7.7.4. Live/Dead study 

Cell viability at the scaffolds was confirmed at each time point with live/dead staining, calcein-

acetoxymethyl (Life Technologies, USA) and propidium iodide (Life Technologies, USA) staining. 

Samples were washed twice with dPBS, and incubated in 1 mg/mL calcein-acetoxymethyl and 5 

mg/mL propidium iodide in the dark, then washed with dPBS and observed under fluorescent 

illumination using Axio Imager Z1 microscope (Zeiss, Germany). 

 

7.7.5. Luminescent cell viability assay  

An adenosine triphosphate (ATP) bioluminescence assay was performed using the CellTiter-Glo 

luminescent cell viability assay (Promega, USA) based on the manufacturer’s protocol to assess the 

presence of metabolically active cells. The quantity of ATP was detected through luminescence intensity 

reading [8] using a microplate reader (Synergy HT Multi-Detection Microplate Reader, BioTek, USA). 

Three independent experiments were performed using three samples per group per time point. 

 

7.7.6. Proliferation study 

The proliferation of cells in the cell-scaffold constructs was analyzed by quantification of the 

total double-strand DNA (dsDNA), after seeding and culturing for 1 and 21 days. The quantifications 

were performed in triplicates for each time point three samples per group. At certain time points, the 

cell culture media was removed from the well with the sample, and the samples were washed twice 

with dPBS, and placed in a vial with 1 mL ultrapure water, and kept in a water bath at 37°C for 1 hour 
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before being stored at -80°C until next step. The samples were thawed to room temperature and 

sonicated for 30 minutes in an ultrasonic water bath. The dsDNA quantification kit (Quant-iT PicoGreen 

dsDNA Assay Kit, Life Technologies, USA) was used as instructed in the manufacturer’s assay protocol. 

The lambda DNA standard of the kit was used to obtain the standard curve. The fluorescence intensity 

was read using a microplate reader (Synergy HT Multi-Detection Microplate Reader, BioTek, USA) at 

excitation and emission at 485 nm and 528 nm, respectively. Three independent experiments were 

performed using three samples per group per time point. 

 

7.7.7. Immunofluorescence staining for filamentous actin (F-actin) 

Cytoskeleton of the cells was observed by phalloidin staining of F-actin filaments. Briefly, the 

samples were fixed with 10% formalin (ThermoFisher Scientific, USA), washed with PBS, and 

permeabilized for 5 minutes with 0.1% v/v Triton X-100 in PBS.  Then, the samples were incubated in 

Phalloidin–Tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC) (1:80) for 1 hour at room 

temperature. The nuclei were counterstained with 1:5000 of the stock of 4,6-Diamidino-2-phenyindole, 

dilactate solution (DAPI, 1mg/mL, Biotium). The samples were observed with an inverted confocal 

microscope (TCS SP8, Leica, Germany). 

 

7.8. In vivo studies 

7.8.1. Cell-scaffold constructs 

The silk fibroin, PCL cage, EiC, and mesh reinforced scaffolds manufacturd and sterilized, and 

human meniscocytes and human Hoffa’s fat pad derived stem cells were isolated, and cultured same 

as described above. The scaffolds were hydrated in culture media overnight before cell seeding onto 

scaffolds at a density of 1 × 106/scaffold. After 1 hour of incubation in the CO2 incubator post-seeding, 

the culture medium was added to the suspension culture wells (Greiner Bio-One GmbH, Austria). Every 

2-3 days the scaffolds were transferred to new well-plates with new culture medium and cultured 7 days 

before implantation.   

 

7.8.2. Subcutaneous implantation 

The in vivo biological response to the cell-scaffold constructs (silk f)were evaluated through 

subcutaneous implantation in 5-week-old male nude mice (Crl:NU(NCr)-Foxn1nu, Charles River, France). 

The animal experimentation complies with the 3Rs (Replacement, Reduction, and Refinement) [9-11] 

and approved by the Ethical Committee, and the Portuguese National Authority for Animal Health, 

Direção Geral de Alimentação e Veterinária (DGAV). Animals were anesthetized with intraperitoneal 

injection of a mixture of ketamine 75mg/Kg (Imalgene 1000, 100 mg/mL, Merial, France) and 
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medetomidine 1 mg/Kg (Domitor 1 mg/mL, Orion, Finland). After the confirmation of anesthesia/ 

analgesia and disinfection of the dorsal skin of the animals, two short incisions were performed at on 

the dorsal midline (cranial and caudal) of the animals. Through each incision, one pocket on each side 

of the dorsa was made by blunt dissection (4 pockets/animal), and the cell-seeded scaffolds and 

control scaffolds without cells were implanted (1 scaffold/pocket). The incisions were sutured, the 

animals were observed and maintained on the heated platform for recovery, and upon the recovery 

from anesthesia, the animals were maintained in their normal housing conditions. The mice were 

checked on a daily basis and allowed food and drink ad libitum throughout the experiment. The animals 

were euthanized by CO2 inhalation 4 weeks after the implantation for implant retrieval for 

characterization. Three samples per scaffold type and condition were implanted. 

 

7.8.3. Micro-CT analysis of the explants 

One explant from each sample group was randomly pre-selected before explant collection to be 

visualized using a micro-CT system (SkyScan 1272, Bruker, Belgium). The explants were maintained in 

dPBS with 1.0% of an antibiotic-antimycotic solution, and scanned without delay with micro-CT as 

described above, with an additional step of covering of samples with Parafilm M wrapping film to avoid 

drying after fixation on the sample holder of the equipment. The 3D images of the explants were built 

from the 2D reconstructed images by using the manufacturer’s software. 

 

7.8.4. Hematoxylin and eosin (H&E) staining 

The samples (n=3) were first fixed with 10% formalin (ThermoFisher Scientific, USA) then 

placed in histological cassettes and processed in a spin tissue processor (STP120-2, Microm, 

ThermoFisher Scientific, USA) following standard protocols. After embedded in paraffin, the histological 

sections were obtained from the histoblocks using a rotary microtome (HM355S, Microm, 

ThermoFisher Scientific, USA), mounted onto histological slides. The sections were deparaffinized and 

stained with H&E using an automatic stainer (HMS740, Microm, ThermoFisher Scientific, USA). The 

stained sections were analyzed with a Leica DM750 microscope. 

 

7.8.5. Masson’s trichrome staining 

The histological sections were prepared as described in the previous section, and Masson’s 

trichrome staining was performed using a staining kit (Bio-Optica, Italy) as described in the 

manufacturer’s protocol. Briefly, reacting the sections with sequentially with Weigert’s iron hematoxylin, 

picric acid alcoholic solution, ponceau acid fuchsin according to Mallory, phosphomolybdic acid 
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solution, and Masson aniline blue; all provided with the kit. After the staining, the sections were 

analyzed with a Leica DM750 microscope. 

 

7.8.6. Semi-quantitative evaluation of the explants 

A semi-quantitative evaluation was performed by three independent evaluators in order to 

assess the explants using H&E stained histological images (n=6). The images were anonymized, and 

analyzed using the QuPath software [12] that is a software for quantitative pathology installed on a 

computer with the 64-bit operating system of Windows 10. Each evaluator was asked to mark the areas 

with inflammation on the images using the brush and wand tools of the software. To determine the 

percent of the areas with inflammation, firstly all markings within an image was merged into a single 

area to avoid counting a particular area more than once, then the percentage was calculated using the 

entire area of the image. Regarding the tissue infiltration and scaffold fragmentation scaffolds were 

scored according to Table 10.1. 

 

Table 7.1. Semi-quantitative evaluation regarding the tissue infiltration and scaffold intactness 

Tissue infiltration and scaffold fragmentation Score 

No tissue infiltration, no fragmentation  1 

Tissue infiltration, no fragmentation 2 

Small fragments/debris 3 

Complete degradation 4 

 

7.9. Statistical analyses 

Statistical analyses were performed using the SPSS® (IBM® SPSS® Statistics version 22, 23 or 

24 depending on the year, IBM, USA). Based on the intended goal and need, different sytatistical tests, 

correlations and regressions were performed. In the 3D cellularity in human meniscus work, paired-

samples t-tests were used to investigate globally whether the differences in mean 3D cellular density 

between (i) the vascular and avascular regions, and (ii) the cells with fibrochondrocyte and fibroblast-like 

cell morphologies are significantly different from zero. Spearman’s rank-order correlation was used to 

investigate the correlation between the 3D densities of the cells with two distinct morphologies. Two-way 

ANOVA tests were performed separately on each of the four groups that were formed based on the 

Regionality with cell morphology-specific 3D density. These four groups are FCVA, FCAV, FBVA, and 

FBAV. The first two letters of the groups, FC and FB, indicate the cells with fibrochondrocyte and 

fibroblast-like cell morphologies, respectively; and the last two letters, VA and AV, indicate the vascular 

and avascular regions, respectively. The aim of the two-way ANOVA tests was to investigate the 
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interaction between the two factors that are Radial locality (anterior, mid body and posterior segments) 

and Laterality (coming from right or left knee), namely if the effect of one of these two factors on the 3D 

cellular density depends on the other factor.  

In the micro-CT parameters’ effects on the micro-structure results work, mixed design analysis 

of variance (ANOVA) tests were performed separately for each of the three results, i.e., mean porosity, 

mean pore size, and mean wall thickness. The aim was to investigate how the results are affected by 

pixel size and rotation step, and does the effect depend on the scaffold type. Bivariate linear regressions 

were performed to predict the quantitative micro-CT results of an acquisition scenario from another 

scenario.  

In the EiC scaffolds’ work, the statistical differences between the means of the quantitative 

results of three scaffold groups were investigated using a one-way analysis of variance (ANOVA) tests. 

For each ANOVA test, the null hypothesis (H0)(Equation 7.3) is that the means of the examined 

parameter are equal for each scaffold type, while the alternative hypothesis is that at least one of the 

scaffold group’s mean is different from others.  

Eq. 7.3: H0: MeanPCL cage = MeanPCL cage + 8% silk fibroin= MeanPCL cage + 16% silk fibroin 

Acceptance or rejection of the H0 or not is based on the absence or presence of the statistically 

significant differences. Upon rejection of H0, the F-ratio (F) with the significance was provided, and the 

underlying difference between the scaffolds was investigated by Tukey post hoc test with equal 

variances. Upon unequal variances, the Welch’s ANOVA was used, and the Welch’s F (FW) was obtained 

that is the corrected F-ratio, and accordingly, the underlying differences were investigated by Games-

Howell post hoc test. The quantified differences between the scaffolds were indicated as difference’s 

“mean (the 95% confidence intervals, lower bound of the mean difference-upper bound of the mean 

difference)”, M (95% CI, LB - UB). The absence of outliers was checked with boxplots, Levene's tests 

were used to confirm the equality of variances, and Shapiro-Wilk's tests were used to confirm the 

presence of normal distributions. The general linear model analysis provided the η2 values as the effect 

size, and the Cohen’s effect size benchmarks [13,14] were used for the effect size classes’ 

determination. The η2 values of 0.01, 0.06, and 0.14 correspond to small, medium, and large effect 

size classes, respectively. 

In the mesh reinforced silk fibroin scaffolds’ study, the statistical differences between the 

means of the two scaffold groups were detected using Student's t-test. The null hypothesis (Hnull) 

(Equation 7.4) of the t-test is that the means of the groups are equal, while the alternative hypothesis 

(Equation 7.5) is that the means are different. 

Eq. 7.4: Hnull: Mean valuesilk fibroin = Mean valuesilk fibroin + PCL mesh 

Eq. 7.5: Halternative: Mean valuesilk fibroin ≠ Mean valuesilk fibroin + PCL mesh 
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Rejection/acceptance of the Hnull is based on the presence/absence of the statistically 

significant differences between the means of the two groups. The statistical significance level was set at 

0.05. The significant differences between the two scaffolds were reported as “mean (the 95% 

confidence intervals, lower bound of the mean difference-upper bound of the mean difference)”, M (CI95, 

lb - ub). The absence of outliers was confirmed with boxplots, Levene's tests were used to confirm the 

equality of variances, and Shapiro-Wilk's tests were used to confirm the presence of normal 

distributions. Cohen’s d values were calculated for each parameter by dividing the difference between 

the means of the two scaffold types to the value of their pooled standard deviation with Equation 7.6. 

The Cohen’s effect size benchmarks [13,14] were used to determine the effect size classes [15]. The d 

values of 0.2, 0.5, and 0.8 correspond to small, medium, and large effect size classes, respectively. 

        

  
  Mean  a  e           n   Mean  a  e           n        e    

 
  a   e    e           n          an a    e  a   n           n 

      a   e    e           n        e            an a    e  a   n           n        e   
 

 a   e    e           n    a   e    e           n        e     

 

 

In the patient-specific scaffolds’ study, independent samples t-tests were performed to 

investigate whether the differences in mechanical and structural properties between the scaffolds with 

different architectures are statistically significant. Cohen’s d values were calculated by dividing the 

difference between the means of the groups to the value of their pooled standard deviation. In all works, 

the differences were taken to be significant if p < 0.05. 
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CHAPTER 8.  

Segmental and Regional Quantification of 3D Cellular Density of Human 

Meniscus from Osteoarthritic Knee* 
 

8.1. Abstract 

 The knee menisci have important roles in the knee joint. The complete healing of meniscus 

remains as a challenge in the clinics. Cellularity is one of the most important biological parameters that 

must be taken into account in regenerative strategies. However, the knowledge on the 3D cellularity of 

the human meniscus lacks in the literature. The aim of this study is to quantify the 3D cellular density 

of the human meniscus from osteoarthritic knee in a segmental and regional manner with respect to 

the laterality. Human lateral menisci were histologically processed, and stained with Giemsa for the 

histomorphometric analysis. The cells were counted in an in-depth fashion. The 3D cellular density in 

the vascular region (27,199 cells/mm3) was significantly higher as compared to the avascular region 

(12,820 cells/mm3). The cells were observed to possess two distinct morphologies, either roundish or 

flattened. The 3D density of the cells with fibrochondrocyte morphology (14,705 cells/mm3) was 

significantly greater than the 3D density of the cells with fibroblast-like cell morphology (5,539 

cells/mm3). The best-fit equation for the prediction of the 3D density of the cells with fibrochondrocyte 

morphology was found to be:  

                                                       

                                                                         . The present study 

revealed the segmental and regional 3D cellular density of human lateral meniscus from osteoarthritic 

knee with respect to the laterality. This crucial but so far missing information will empower the cellular 

strategies aiming meniscus tissue regeneration. 

 
 
 
 

 

 

 

 

*This chapter is based on the following publication:  

Cengiz IF, Pereira H, Pêgo JM, Sousa N, Espregueira‐Mendes J, Oliveira JM, Reis RL. "Segmental and 

Regional Quantification of 3D Cellular Density of Human Meniscus From Osteoarthritic Knee." Journal 

of Tissue Engineering and Regenerative Medicine 11, no. 6:1844-1852, 2017 
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8.2. Introduction 

Meniscus is a crescent-shaped fibro-cartilaginous tissue found between the tibial plateau and 

the femoral condyles in each knee joint, the largest synovial joint in the body. It has a wedge-shaped 

cross-section with a concave top surface in accordance with the convex femoral condyles. The menisci 

have important roles in the function and biomechanics of the knee [1,2] including: load bearing and 

distribution [3,4], joint stabilization [5,6,4] aiding the joint lubrication and gliding [7,8], and 

proprioception [9,10]. Patients with meniscus injuries suffer from pain, locking and catching of the 

knee. Partial or total meniscectomy was used as a default treatment of meniscus lesions until some 

time ago [11,12]. However, the knee does not remain the same as a consequence of meniscectomy 

reported as early as 1948 in the study of Fairbank [13]. The changes in knee include ridge formation, 

flattening of the femoral condyle, and narrowing of the joint space, which can lead to early degenerative 

changes [13-16].  

Tissue engineering and regenerative medicine strategies have been attempting to repair or 

regenerate the meniscus tissue [2,17,18], including acellular scaffolds [19,20], cellular scaffolds 

[21,22], growth factors [23,24], bioreactors [25,26], self-assembling processes [27,28], and gene 

therapy [29,30]. Nevertheless, complete healing of meniscus is still a clinical challenge [31,18]. 

Different types of cells within the meniscus were stated based on their forms and territorial matrix in the 

early 1980s: chondrocytes, fibroblasts, cells of intermediate form between fibroblasts and 

chondrocytes, mast cells, and degenerate and necrotic cells [32]. With the increasing knowledge, four 

meniscal cell types have been reported recently [33]: i) fibrochondrocytes, ii) fibroblast-like cells, iii) 

superficial zone cells, and also a fourth one: cells with intermediate morphology between 

fibrochondrocytes and fibroblast-like cells. The first paper coining the term fibrochondrocytes was from 

Webber et al. [34]. Fibrochondrocytes have a round or oval-shaped morphology [35]. They mainly 

synthesize collagen type I. Fibroblast-like cells have a flattened or fusiform morphology with several 

long, thin cytoplasmic projections, and mainly synthesize collagen type II. The cells of the superficial 

zone are in fusiform shape and lack cytoplasmic projections [33]. 

Meniscus is a highly complex tissue [36], and its regeneration is a multi-parametric process. 

Fundamental studies have been deepening the knowledge on the biology of the human meniscus tissue 

that is crucial for the future advancements in the regenerative strategies. Cellularity is one of the most 

important biological parameters that must be taken into account in tissue engineering and regenerative 

medicine strategies because cells are undeniably the genuine “tissue engineers”. 

The purpose of this study is to quantify the 3D cellular densities within the human lateral 

meniscus from osteoarthritic knee using histomorphometry analysis. Specifically, the 3D cellular 
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densities in the vascular and avascular regions along the anterior, mid body, and posterior segments 

were investigated. 

 

8.3. Materials and methods 

8.3.1 Tissue harvest 

Six human lateral menisci, three from right knee and three from left knee, were harvested from 

live female donors that undergone a total knee arthroplasty for unicompartmental osteoarthritis with the 

Kellgren-Lawrence classification grade 3. The mean age of the donors was 57.7 years with the range 

between 48 and 65 years, and donors’ mean body mass index (BMI) was 32.2 with the range between 

26.7 and 36.7. All included cases were free of trauma or infection. All of the menisci were 

morphologically intact without tears and macroscopic signs of degeneration. Harvesting of the tissue 

was performed with a cold blade in aseptic conditions. The tissues were immediately placed in 

phosphate buffered saline solution with 1 wt% of an antibiotic–antimycotic mixture (Invitrogen, Carlsbad, 

CA, USA) containing 10,000 U/mL penicillin G sodium, 10,000 µg/mL streptomycin sulphate and 25 

µg/mL amphotericin B as Fungizone® antimycotic in 0.85% saline. All tissues were maintained at 4ºC 

and processed within one day. The donors were proposed independently of the surgeons involved in the 

study. All of the donors gave their informed written consent to take part in the study. The protocol for 

the human tissue collection and processing was approved by the ethical committee at Clínica 

Espregueira-Mendes F.C. Porto Stadium – FIFA Medical Centre of Excellence, Porto, Portugal. The 

human tissues were collected in a clinical situation in which the tissues have already been removed for 

surgical treatment or biopsy. There was no intervention in the normal course of treatment. Thus, there 

were no issues concerning insurance consequences of leaving the study. All samples were anonymized 

as soon as they have been brought into the laboratory. The researchers recorded only the age, gender 

and BMI of the donors, and there was no way of linking the results back to the patients. Thus, there 

was no issue concerning incidental findings. All data has been managed in accordance with legal 

requirements for the data protection. 

 

8.3.2. Histology 

The menisci were fixed in 4% formaldehyde (min. 37% free from acid stabilized with 10% 

methanol and calcium carbonate for histology) (Merck KgaA, Darmstadt, Germany) at least for seven 

days. After that, the tissues were removed from the fixation solution and decalcified in Biodec R solution 

(Bio Optica Milano s.p.a., Milano, Italy) for three days. Then, the tissue samples were returned into the 

fixation solution until the next process. The menisci were cut into three radial segments according to 

ISAKOS classification [37]: (i) anterior, (ii) mid body, and (iii) posterior. The samples were dehydrated 
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with graded concentrations of ethanol, and embedded in glycolmethacrylate resin using Technovit 

7100® embedding kit (Heraeus Kulzer GmbH, Werheim, Germany). The histoblocks were sectioned 

sequentially into 30 μm-thick radial cross-sections using Leica RM 2155 Rotary Microtome (Leica 

Microsystems Nussloch GmbH, Nussloch, Germany) with Leica TC-65 tungsten carbide blade (Leica 

Microsystems Nussloch GmbH, Nussloch, Germany), and mounted with Entellan-New (Merck KgaA, 

Darmstadt, Germany) onto the 76x26 mm microscope slides (Thermo Scientific, Gerhard Menzel 

GmbH, Braunschweig, Germany). The sections were dried overnight at 75ºC and stained with Giemsa’s 

azur eosin methylene blue solution (Merck KgaA, Darmstadt, Germany) at 20% concentration for 10 

minutes.  

 

8.3.3. Histomorphometry 

For the histomorphometric analysis, histological sections (n=4) were randomly selected for 

each radial segment of each meniscus. For each histological section, three circular contours with the 

total area of 300,000 µm2 and 700,000 µm2 for the vascular region and avascular regions, respectively, 

were randomly placed in the areas of interest within each region. A total of 432 areas of interest were 

randomly chosen from representative areas within the vascular and avascular regions. The stains were 

marked either as cells with fibrochondrocyte morphology or as cells with fibroblast-like cell morphology, 

respectively based on their roundish/oval or elongated/flattened shape. The 30 µm-thick histological 

sections were analyzed at 20X magnification using an Olympus BX51 optical microscope, 

StereoInvestigator software V.9 (Microbrightfield, VT, USA), and a camera attached to a motorized 

microscope (Axioplan 2, Carl Zeiss, Germany). Finally, it was aimed to obtain a total of 288 suitable 

data points of cell morphology-specific 3D densities in the vascular and avascular regions of the 

anterior, mid body and posterior segments of the meniscus. 3D cellular density is obtained by 

calculating the quantity of the cells present in a certain volume. The volume is calculated by the 

multiplication of the size of the area of interest with the thickness of the histological slice. 

Histomorphometric analysis was conducted in an in-depth fashion to count the cell with the volume of 

interest. The methodology is similar to the one reported before [38]. 

 

8.3.4. Statistical analysis 

Statistical analysis was performed using SPSS® (IBM® SPSS® Statistics ver. 22.0, IBM, USA). 

Paired-samples t-tests were used to investigate globally whether the differences in mean 3D cellular 

density between (i) the vascular and avascular regions, and (ii) the cells with fibrochondrocyte and 

fibroblast-like cell morphologies are significantly different from zero. Spearman’s rank-order correlation 

was used to investigate the correlation between the 3D densities of the cells with two distinct 
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morphologies. Two-way ANOVA tests were performed separately on each of the four groups that were 

formed based on the regionality with cell morphology-specific 3D density. These four groups are FCVA, 

FCAV, FBVA, and FBAV. The first two letters of the groups, FC and FB, indicate the cells with 

fibrochondrocyte and fibroblast-like cell morphologies, respectively; and the last two letters, VA and AV, 

indicate the vascular and avascular regions, respectively. The aim of the two-way ANOVA tests was to 

investigate the interaction between the two factors that are radial locality (anterior, mid body and 

posterior segments) and laterality (coming from right or left knee), namely if the effect of one of these 

two factors on the 3D cellular density depends on the other factor. The differences were taken to be 

significant if p < 0.05. 

 

8.4. Results 

Figs. 8.1 A and B show the radial segments of the meniscus and the vascular and avascular 

regions. Consistently, the 3D cellular density in the vascular region was significantly higher than in the 

avascular region (Figs. 8.1 C and D), mean (M) = 14,400, standard error (SE) = 1,131, t(63) = 12.731, 

p < .0005, and the 3D density of the cells with fibrochondrocyte morphology was significantly greater 

than the 3D density of the cells with fibroblast-like cell morphology, M = 9,261, SE = 490, t(131) = 

18.884, p < .0005. The 3D cellular densities based on the cell morphology within the human lateral 

meniscus are summarized in Table 8.1 in a regional and segmental manner. Fig. 8.2 illustrates the 

corresponding color-maps of the 3D densities of the cells with fibrochondrocyte and fibroblast-like cell 

morphologies in human lateral meniscus from both right and left knee. From the microscopy image of a 

histological section of the human meniscus depicted in Fig. 8.3, the fibrochondrocyte and fibroblast-like 

cell morphologies can be distinguished by the roundish/oval and elongated/flattened shapes, 

respectively. The mean 3D cellular densities were found to be 27,199 cells/mm3 and 12,820 cells/mm3 

for vascular and avascular regions, respectively (Table 8.2). In average, the 3D density of the cells with 

fibrochondrocyte morphology (14,705 cells/mm3) was more than two-fold higher than that of the cells 

with fibroblast-like cell morphology (5,539 cells/mm3). The mean 3D cellular densities in the radial 

segments of the human lateral meniscus are presented in Fig. 8.4. 
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Fig. 8.1. The photographs show the radial segments (A), and the regions based on vascularity (B) of 

fresh human lateral meniscus from osteoarthritic knee; microscopy images of the Giemsa stained 

histological sections of human meniscus illustrates that the 3D cell density in the vascular region (C) 

was higher than in the avascular region (D). The scale bars indicate 100 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Table 8.1. The 3D cellular densities based on the cell morphology across the human lateral meniscus from osteoarthritic knee based on the regionality, laterality and radial 

segments. The mean value, 95% confidence intervals (CI95), standard deviation (SD), standard error of the mean, and relative SD (SD/Mean) (SDR) are shown individually for 

each 24 groups. 
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Fibrochondrocyte Morphology Fibroblast-like Cell Morphology 

Laterality 
Radial 

Segments 

Mean 

[cell/mm3] 
CI95 SD SEM SDR 

Mean 

[cell/mm3] 
CI95 SD SEM SDR 

Va
sc

ul
ar

 R
eg

io
n Right Knee 

Anterior 20,653 15,902-25,404 6,641 2,100 0.32 10,302 7,711-12,893 3,622 1,145 0.35 

Mid body 18,571 16,942-20,200 2,277 720 0.12 8,923 7,574-10,272 2,123 613 0.24 

Posterior 18,247 14,154-22,340 6,442 1,860 0.35 7,355 5,601-9,108 2,760 797 0.38 

Left Knee 

Anterior 19,546 15,529-23,563 5,615 1,776 0.29 5,468 4,034-6,902 2,005 634 0.37 

Mid body 21,666 18,348-24,984 5,222 1,508 0.24 5,179 3,695-6,664 2,075 656 0.40 

Posterior 17,253 14,541-19,965 4,269 1,232 0.25 6,537  503-7,571 1,539 464 0.24 

Av
as

cu
la

r 
R

eg
io

n Right Knee 

Anterior 9,138 6,435-11,840 3,778 1,195 0.41 3,405 2,414-4,396 1,385 438 0.41 

Mid body 8,104 5,713-10,496 3,343 1,057 0.41 3,517 2,710-4,325 1,129 357 0.32 

Posterior 8,892 7,385-10,400 2,372 685 0.27 3,624 3,349-3,899 384 122 0.11 

Left Knee 

Anterior 13,160 10,507-15,812 3,708 1,173 0.28 4,050 2,501-5,599 2,165 685 0.53 

Mid body 8,418 4,938-11,897 4,864 1,538 0.58 2,162 1,106-3,218 1,476 467 0.68 

Posterior 9,275 6,936-11,615 3,482 1,050 0.38 2,570 1,755-3,386 1,283 371 0.50 
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Fig. 8.2. The color-maps show the segmental and regional 3D cell population-specific cellular density of 

human lateral meniscus from osteoarthritic knee: The 3D density of the cells with fibrochondroctye 

morphology in the lateral meniscus of right knee is (A) and left knee (B), the 3D density of cells with 

fibroblast-like cells morphology in the lateral meniscus of right knee (C) and left knee (D).  
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Fig. 8.3. The microscopy image of a histological section of the human lateral meniscus from 

osteoarthritic knee shows the difference between two main cell morphologies. The round/oval stains 

indicate fibrochondrocyte morphology and the flatted/elongated stains indicate fibroblast-like cell 

morphology. The selected region on the left image is magnified on the right image. Both scale bars are 

100 µm. 

 

Table 8.2. The cell morphology-specific and total mean 3D cellular densities in vascular and avascular 

regions of the human lateral meniscus from osteoarthritic knee. 

Regionality 

3D Cellular Density [cells/mm3] 

Cell Morphology 

 Fibrochondrocyte Fibroblast-like cell Total 

Vascular region 19,462 7,737 27,199 

Avascular region 9,640 3,200 12,840 
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Fig. 8.4. The figure presents the mean 3D densities of cells with fibrochondrocyte and fibroblast-like cell 

morphologies in the anterior, mid body, and posterior segments of the human lateral meniscus from 

osteoarthritic knee. 

 

A statistically significant interaction was found between laterality and radial locality on the 3D 

density of the cells with fibroblast-like cell morphology in the vascular region, F(2,59) = 3.972, p = 

.024, partial η2 = .119. On the other hand, there were no statistically significant laterality-radial locality 

interactions on: (i) 3D density of the cells with fibroblast-like cell morphology in avascular region, 

F(2,56) = 2.986, p = .059, partial η2 = .096, (ii) 3D density of the cells with fibrochondrocyte 

morphology in vascular region, F(2,60) = 1.114, p = .335, partial η2 = .036, and (iii) 3D density of the 

cells with fibrochondrocyte morphology in avascular region, F(2,57) = 1.751, p = .183, partial η2 = 

.058. Based on the Cohen’s effect size benchmarks [39,40], the η2 values of .01, .06 and .14 

correspond to small, medium and large effect size classes, respectively. 

The significant interaction observed in the FBVA group has been further analyzed for the simple 

main effects of both factors (i.e., laterality and radial locality) with a Bonferroni correction for multiple 

post-hoc comparisons (i.e., univariate tests and the pairwise comparisons). There was a statistically 

significant difference in the 3D density of the cells with fibroblast-like cell morphology in the vascular 

region between different radial locations of the right knee, F(2, 59) = 4.027, p = .023, partial η2 = .120, 

but not that of the left knee, F(2, 59) = .916, p = .406, partial η2 = .030. Moreover, both anterior and 

mid body segments showed statistically significant differences in the 3D density of the cells with  

fibroblast-like cell morphology in the vascular region between the right and left knee, respectively, F(1, 

59) = 19.693, p < .0005, partial η2 = .250, and F(1, 59) = 12.884, p = .001 partial η2 = .179. By its 

turn, in the posterior segments there were no significant differences, F(1, 59) = 0.647, p = .424 partial 

η2 = .011. 
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Further significant differences in the 3D density of the cells with fibroblast-like cell morphology 

within the vascular region were found from the pairwise comparisons. These are: (i) in the right knee, 

the anterior segment had statistically significantly higher 3D cellular density than the posterior segment, 

M = 2,947, SE = 1,043, p = .019; (ii) the anterior segment’s 3D cellular density was statistically 

significantly higher in the right knee than in the left knee, M = 4,834, SE = 1,089, p < .0005; (iii) the 

mid body segment’s 3D cellular density in the right knee was statistically significantly greater than that 

of in the left knee, M = 3,743, SE = 1,043, p = .001.  

The main effects of each factor were also investigated for the three groups that had no 

statistically significant in respect to laterality-radial locality interactions. In two groups neither between 

the right and left knee nor between the anterior, mid body or posterior segments were observed to have 

statistically significant different 3D cellular densities: (i) FCVA group, F(1, 62) = 0.062, p = .804, partial 

η2 = .001 and F(2, 62) = 1.597, p = .211, partial η2 = .049 respectively; and (ii) FBAV group, F(1, 56) = 

2.717, p = .105, partial η2 = .046 and F(2, 52) = 2.133, p = .128, partial η2 = .071. For the group 

FCAV, there was no statistically significant difference between the right and left knee for the 3D cellular 

density (F(1, 57) = 2.951, p = .091, partial η2 = .049). However, there was a statistically significant 

difference between anterior, mid body or posterior segments for 3D cellular density F(2, 57) = 3.388, p 

= .041, partial η2 = .106. Using multiple comparisons, it was determined that the difference arise from 

the 3D cellular density in the anterior segment being statistically significantly greater than in the mid 

body segment, M = 2,888, SE = 1,146, p = .038. Fig. 8.5 illustrates the statistically different pairs of 

regions within the same group.  

 

 

Fig. 8.5. The map illustrates the statistically different pairs of regions within the same group. The 

regions “a” and “c”, the regions “a” and “d”, and the regions “b” and “e”, are statistically different in 
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the 3D density of cells with fibroblast-like cell morphology; the regions “f” and “h”, and the regions “g” 

and “i” are statistically different in the 3D density of cells with fibrochondrocyte morphology. 

 

In addition to the aforementioned results, it was also found that the mean 3D density of the cells 

with fibroblast-like cell morphology was relatively higher in the right knee meniscus as compared to that 

for the left knee, as shown in Table 8.3. By its turn, the 3D density of the cells with fibrochondrocyte 

morphology in the left knee was relatively higher than that in the right knee.  

 

Table 8.3. The total and cell morphology-specific mean 3D cellular densities in the human lateral 

meniscus from osteoarthritic knee based on laterality. 

Laterality 

3D Cellular Density [cells/mm3] 

Cell Morphology 

 Fibrochondrocyte Fibroblast-like cell Total 

From left knee 15,168 4,830 19,998 

From right knee 14,211 6,294 20,505 

 

The strength and direction of the correlation between the 3D density of the cells with 

fibrochondrocyte and fibroblast-like cell morphologies were investigated using Spearman’s rank-order 

correlation. A strong positive correlation was found between them ρ(124) = .637, p < .0005. 

Additionally, with the scatterplots of the 3D densities of the cells with fibrochondrocyte and fibroblast-

like cell morphologies, the best-fit equation (Equation 8.1) for predicting the 3D density of the cells with 

fibrochondrocyte morphology from the 3D density of the cells with fibroblast-like cell morphology was 

found to be:  

Eq. 8.1: 

                                                       

                                                                           

which indicates that 38.6% of the 3D density of the cells with fibrochondrocyte morphology could be 

estimated from the 3D density of the cells with fibroblast-like cell morphology. r2=0.386 corresponds to 

a large effect size class benchmark [39,40] (Fig. 8.6). Additionally, it was also found that the 3D density 

of the cells with fibrochondrocyte morphology was relatively higher in the left knee as compared to that 

of in the right knee. On the other hand, the 3D density of the cells with fibroblast-like cell morphology 

relatively higher in the right knee compared to that of in the left knee.  
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Fig. 8.6. The best-fit equation for the prediction of the 3D density of cells with fibrochondrocyte 

morphology from the 3D density of cells with fibroblast-like cell morphology was found to be:  

                                                       

                                                                         . 

 

8.5. Discussion 

Cellularity is among the most important biological parameters that must be considered in 

strategies aiming tissue regeneration. However, to the best knowledge of the authors, information on 

the 3D cellularity of the human meniscus does not exist in the literature. The present study reveals the 

3D cellular densities across the human lateral meniscus from osteoarthritic knee based on the radial 

segments and their vascular and avascular regions. The biological variation of 3D cellular density across 

the meniscus can be related to the capacity of tissue healing which is in accordance with the 

vascularity. The injuries in the avascular region do not heal while the injuries in the vascular region can 

have the capacity to heal [41]. 

A total of 264 suitable data points of 3D cellular densities were obtained. There were some 

challenges regarding the histological processing of the meniscus sections, namely the technical 

difficulty during sectioning. In some regions, regardless of being vascular or avascular, cells were not 

observable; this is believed to be a technical problem during tissue processing. Contours were never 

placed entirely in such locations to avoid systematic errors. Besides, it was a consistent observation that 
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the area between vascular and avascular regions was over-stained. For this reason, the contours were 

placed randomly in the representative areas of the regions that were appropriately stained.  

The vascular regions had significantly higher 3D cellular density than the avascular regions. This 

was expected due to the well-known difference in blood supply between the vascular and avascular 

regions [41,42]. The present study also showed a significantly higher 3D density of the cells with 

fibrochondrocyte morphology as compared to that of the cells with fibroblast-like cell morphology. The 

significant 3D cellular density differences between the regions and between the cells with distinct 

morphologies are consistently valid throughout the meniscus. The cellular heterogeneity should be 

taken into account in the development of advanced cellular strategies in the future. The color-map of 

the 3D densities of the cells with fibrochondrocyte and fibroblast-like cell morphologies in human lateral 

meniscus from both right and left knee that were obtained by bringing all the data from Table 8.1 

together were presented in Fig. 8.2. 

Considering the substantial differences in the 3D cellular densities between the regions, and 

between the cells with two distinct morphologies, the data were grouped into four groups based on the 

regionality with cell morphology-specific 3D density to focus on the effects of radial locality and 

laterality. Accordingly, four independent full-factorial two-way ANOVA tests were performed for these 

groups to explore the interaction between the two independent variables. 

The data was analyzed to assess if the assumptions that underlie the two-way ANOVA test were 

met to ensure statistically valid results. In total, there were six outliers and two extreme outliers in the 

data that were determined respectively by the examination of a boxplot for values higher than 1.5 and 3 

box-lengths from the edge of the box (Table 8.4). The outliers and extreme outliers were excluded from 

the analysis. After excluding them, there were no outliers in the data. The 3D cellular densities were 

normally distributed for all the 23 subgroup combinations as determined by Shapiro-Wilk's test (p > .05) 

and only one subgroup: “cells with fibrochondrocyte morphology in the avascular region of the mid body 

segment of the left knee” violated the normality test (p =.033). However, for that subgroup, the 

normality was checked and confirmed by calculating the z-scores for skewness and kurtosis that were 

1.78 and 0.21, respectively. Thus, indeed, the normality was not violated since the z-scores were within 

±2.58. In the ANOVA tests, there was homogeneity of variances for the FCVA and FCAV groups, and the 

heterogeneity of variances for the FBVA and FBAV that were assessed by Levene's test of homogeneity 

of variance respectively with p = .153, p = .478, p = .006, and p = .013. However, in the groups with 

heterogeneity of variances, the ratios of the largest to the smallest value were less than 3 for most of 

the cases. Moreover, in none of the four ANOVA tests, there were studentized residuals greater or 

smaller than 3 standard deviations, and this indicated the absence of residual outliers. Besides, 
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normalities of the studentized residuals were confirmed by normal Q-Q plots. Notwithstanding the 

mentioned partial violation of the assumptions of ANOVA, the two-way ANOVA test was used.  

 

Table 8.4. The outliers and extreme outliers determined respectively by the examination of a boxplot for 

the values bigger than 1.5 and 3 box-lengths from the edge of the box.  

Group Laterality Radial Locality 3D Cellular Density [cells/mm3] 

FCVA From right knee Mid body segment 28,352 

FCVA From right knee Mid body segment 28,009 

FCAV From left knee Posterior segment 20,802 

FBVA From left knee Mid body segment 20,463* 

FBVA From left knee Mid body segment 15,776 

FBVA From left knee Posterior segment 11,203 

FBAV From right knee Posterior segment 1,448 

FBAV From right knee Posterior segment 1,235* 

* Extreme outlier 

 

Two separate regions that present ultrastructural differences within the meniscus were 

distinguished [43]: the innermost two-thirds and the outer one-third that are linked with specific 

biomechanical functions. This is in alignment with the vascular-avascular distinction. More than a 

decade ago, the vascular anatomy of the human knee meniscus was reviewed [41].  It is known that 

the blood vessels and lymphatic capillaries can be observed within the entire meniscus until the age of 

one. With the start of the role in load-bearing by the age one and a half, the vascularity and lymph 

supply get limited to the outer 25-33% of the meniscus. Moreover, after the age of fifty, the vascularity is 

only within the outer 10-33% of the meniscus [41,42,44]. However, it is also true that the vascularity 

cannot be pre-determined exactly by just the distance from the periphery, i.e., rim width [37]. For this 

reason, during the histomorphometry, the histological sections were inspected individually. Generally, 

avascular regions were observed to be beyond a distance of 5 mm from the outer periphery. The 

difference in 2D cellularity between the vascular and avascular regions was reported in a previous study 

[36]. In the present study, the 3D cellular densities of the vascular and avascular regions were 

quantified to be of 27,199 cells/mm3 and 12,820 cells/mm3, respectively. A finding from a previous 

study [36] was that the anterior segment of meniscus possesses significantly higher damping properties 

compared to other segments, but, on the other hand, the anterior segment has inferior 2D cellularity as 

compared to the other segments [36]. This study showed that the 3D cellular density of the anterior 
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segment was relatively higher than that for other segments. In this way, the reported higher damping 

properties of the anterior segments could be associated with higher 3D cellular density. It should be 

noted that the meniscus tissues studied in the present study were from donors with a certain profile 

such as age, and health condition. For that reason, they may not be extrapolated for the meniscus of 

younger or healthy patients.  

There were three null and alternative hypotheses in the two-way ANOVA tests. Two of them were 

about the main effect for laterality, and for radial locality (H0: all group means are equal; HA: at least one 

group mean is different), and the third one was the interaction effect (H0: the sum of all individual 

interactions equals zero; HA: the sum does not equal zero). H0 for the main effect of laterality was 

rejected for FBVA and accepted in FCVA, FCAV, and FBAV. H0 for the main effect of radial locality was 

rejected in FCAV and FBVA, and accepted in FCVA and FBAV. H0 for the interaction effect was rejected 

in FBVA and accepted in FCVA, FCAV, and FBAV. The statistically different pairs of regions within the 

same group are shown in Fig. 8.5.  

The relationship between the 3D densities of the cells with fibrochondrocyte and fibroblast-like 

cell morphologies were also investigated. For this, the entire data was arranged into paired observations 

of the 3D density of the cells with fibrochondrocyte morphology and fibroblast-like cell morphology 

(n=132), and the outliers were re-investigated based on the 3D density ratios of the cell populations 

with distinct morphologies. The examination of a boxplot for values higher than 1.5 and 3 box-lengths 

from the edge of the box indicated 3 outliers and 3 extreme outliers (Table 8.5). The relationship 

between two different 3D cellular densities was found to be monotonic by inspecting the scatterplot 

visually, and a strong positive correlation was found between them assessed by Spearman’s rank-order 

correlation.  
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Table 8.5. The outliers and extreme outliers for the ratio of the 3D density of the cells with 

fibrochondrocyte morphology (FC) and the 3D density of the cells with fibroblast-like cell morphology 

(FB) determined for the entire dataset respectively by the examination of a boxplot for the values bigger 

than 1.5 and 3 box-lengths from the edge of the box. 

Laterality Radial Locality Regionality 
3D Cellular Density 

Ratio of FC and FB 

From right knee Posterior segment Avascular region 9.8 

From left knee Mid body segment Avascular region 15.4* 

From left knee Posterior segment Avascular region 10.8 

From left knee Posterior segment Avascular region 15.1* 

From left knee Anterior segment Avascular region 20.9* 

From left knee Anterior segment Vascular region 8.3 

* Extreme outlier    

 

The limitation of the histomorphometric analysis is that the distinction between the different cell 

populations is purely based on the morphologies seen in the histological image. For this reason, some 

cells that are actually from different cell type could be identified to be from the same cell population due 

to their similar morphology; for example, both a superficial zone cell and a fibroblast-like cell have a 

fusiform morphology. In a previous study [36], it was reported that the cell populations in the meniscus 

were positive for CD105, CD73, and CD90 markers and negative for the hematopoietic markers such 

as CD45 and CD34, as well as CD31. Quantification of the cell phenotypes and their individual 

densities were not within the aims of the present study, and should be a subject of further investigation 

using immunohistochemistry.  

 

8.6. Conclusions 

The present study has addressed important aspects related to the 3D cellular density of the 

human meniscus from osteoarthritic knee. The human lateral meniscus was quantitatively investigated 

for the cell morphology-specific 3D cellular density in a segmental and regional manner with respect to 

the laterality. The results provided useful information for meniscus tissue engineering by indicating the 

minimum cellular density with respect to the ratio of cell populations with distinct cell morphologies. 

These valuable insights on the 3D cellularity of the meniscus can open up the development of cell-

based strategies in order to emulate the native tissue and manage meniscus regeneration adequately. 
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CHAPTER 9.  

Micro-Computed Tomography Characterization of Tissue Engineering 

Scaffolds: Effects of Pixel Size and Rotation Step* 
 

9.1. Abstract 

 Quantitative assessment of the micro-structure of materials is of key importance in many fields 

including tissue engineering, biology, and dentistry. Micro-computed tomography (micro-CT) is an 

intensively used non-destructive technique. However, the acquisition parameters such as pixel size and 

rotation step may have significant effects on the obtained results. In this study, a set of tissue 

engineering scaffolds including examples of natural and synthetic polymers, and ceramics were 

analyzed. We comprehensively compared the quantitative results of micro-CT characterization using 15 

acquisition scenarios that differ in the combination of the pixel size and rotation step. The results 

showed that the acquisition parameters could statistically significantly affect the quantified mean 

porosity, mean pore size, and mean wall thickness of the scaffolds. The effects are also practically 

important since the differences can be as high as 24% regarding the mean porosity in average, 

and 19.5 hours and 166 GB regarding the characterization time and data storage per sample with a 

relatively small volume. This study showed in a quantitative manner the effects of such a wide range of 

acquisition scenarios on the final data, as well as the characterization time and data storage per 

sample. Herein, a clear picture of the effects of the pixel size and rotation step on the results is 

provided which can notably be useful to refine the practice of micro-CT characterization of scaffolds and 

economize the related resources. 

 

 

 

 

 

 

 

 
 

*This chapter is based on the following publication:  

Cengiz IF, Oliveira JM, and Reis RL. "Micro-Computed Tomography Characterization of Tissue 

Engineering Scaffolds: Effects of Pixel Size and Rotation Step." Journal of Materials Science: Materials 

in Medicine 28, no. 8:129, 2017 
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9.2. Introduction 

Micro-computed tomography (micro-CT) [1-5] is often preferred as a non-destructive technique 

for the characterization of the micro-structure of materials in various fields including but not limited to, 

tissue engineering [6,7], geosciences [8,9], medical device and pharmaceutical packaging [10], 

developmental biology and toxicology [11], and dentistry [12]. The type and origin of materials can be 

diverse, including tissue engineering scaffolds [6,7,13,14], human tissues [15-19], small laboratory 

animals [20,21] (e.g., mouse [22-26], rat [27-29], and rabbit [30]), goat [31], nonhuman primate [32], 

fish [33,34], shrimp [35], insects [36-38], human kidney stone [39,40], and fossils [41-43]. 

A scaffold is one of the main components of tissue engineering given the fact that its 3D micro-

structure has critical roles in the biomechanical and biological performance of the scaffold. Mean 

porosity, mean pore size, and mean wall thickness are among the important micro-structural features of 

a scaffold that are associated with the desired performance of the scaffold in terms of mechanical 

properties and features related to an entire range of cell function (such as growth, colonization, 

migration, differentiation, matrix synthesis) [44-50]. Additionally, micro-CT characterization has also 

been used for modeling and simulation [51-54] since it provides both quantitative and qualitative 

information about the sample. 

Although the use of micro-CT is popular today, it would be fair to state that micro-CT is a 

relatively new technique for the evaluation of micro-structure of scaffolds. When “scaffold” and “micro-

CT” are searched together, the first published report dates back to 2002 in the form of a conference 

proceeding, and to 2003 in the form of an original research paper. Today, there are hundreds of 

published original research papers reporting the use of micro-CT to characterize tissue-engineering 

scaffolds. However, it should be considered that the results may be significantly influenced by pixel size 

and rotation step. 

This study was organized in a systematic fashion to mainly answer the following: (i) Do the 

acquisition parameters (pixel size and rotation step) separately affect each of the quantitative results 

(mean porosity, mean pore size, and mean wall thickness), do the effects of one of the parameters 

depend on the other parameter, and the effects depend on the scaffold type, and (ii) How acquisition 

parameters affects characterization time and data storage. 

To the best of our knowledge, this is the only study examining the effects of such a wide range 

of micro-CT acquisition scenarios on the 3D analysis of scaffolds, while also providing detailed 

information about the characterization time and data storage.  
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9.3. Material and methods 

To evaluate the effects of pixel size and rotation step on the 3D analysis results, three different 

types of scaffold were used: (i) silk fibroin scaffold that was manufactured in a similar way as reported 

previously [55,56] as an example of natural-origin polymeric scaffold, (ii) polycaprolactone-polyurethane 

scaffold (Orteq Bioengineering, London, UK) as an example of synthetic polymeric scaffold, and (iii) 

hydroxyapatite scaffold [57] as an example of ceramic scaffold. To rule out the sampling variability to 

explain the differences in the results between the different acquisition scenarios, the micro-CT 

characterization repeated three times with three different samples of the same scaffold type. So, in 

total, nine samples were characterized in each acquisition scenario.  

The micro-CT characterizations were performed with a high-resolution desktop μ-CT system, 

SkyScan 1272 scanner (Bruker Micro-CT, Belgium) having a micro-focus sealed X-ray source of 20-100 

kV / 10 W, a 16 Mp X-ray detector, and a 14-bit cooled CCD fiber-optically coupled to the scintillator, 

controlled with a 64-bit Windows 7 Service Pack 1 installed computer (Precision T7910, DELL) 

operating with 128 GB of random access memory, 2 display adapters (NVIDIA Quadro K4200 and 

K600), and Intel® Xeon® central processing unit E5-2687W v3 @ 3.10 GHz. All of the 9 samples were 

scanned according to the 15 different acquisition scenarios using all possible combinations of five 

isotropic pixel sizes (1 µm, 2.5 µm, 5 µm, 10 µm, and 15 µm) and three rotation steps (0.1°, 0.2°, 

and 0.4°) over a rotation range of 360°.  

For the polymeric scaffolds, the acquisitions were always performed with the X-ray source voltage and 

current at 50 kV and 200 μA, respectively, and no filter was used. For the ceramic scaffolds, the 

acquisitions were always performed with the X-ray source voltage and current at 70 kV and 142 μA, 

respectively, and an aluminum filter with the thickness of 0.5 mm was used. The reconstructions and 

the 3D analysis were performed by using the manufacturer’s standardized software: NRecon software 

(v1.6.10.2), and CT Analyser software (v1.15.4.0), respectively, without any post-processing such as 

beam hardening, misalignment or smoothing. Following the manufacturer’s procedures, an automatic 

global threshold was used with the software to be reproducible and objective. For each of the nine 

scaffolds, always a specific portion with a thickness of 2 mm was reconstructed. The 3D analyses were 

always performed for the same volume of interest that was built from the circular cross-sections with a 

diameter of 3 mm along the thickness of 2 mm. Additionally, the characterization time and required 

disc space to store data of each acquisition scenario were also investigated to provide an indication of 

efficiency in terms of time and resources. All the steps of the characterization were always done only as 

one task at a time to detect the real time consumption of each task by using the maximum resources of 

the computer. 
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Statistical analysis was performed using the SPSS® (IBM® SPSS® Statistics version 24.0, IBM, 

USA). Mixed design analysis of variance (ANOVA) tests were performed separately for each of the three 

results, i.e., mean porosity, mean pore size, and mean wall thickness. The aim was to investigate how 

the results are affected by pixel size and rotation step, and does the effect depend on the scaffold type. 

Bivariate linear regressions were performed to predict the quantitative micro-CT results of an acquisition 

scenario from another scenario. The differences were taken to be significant if p < 0.05.  

 

9.4. Results 

9.4.1. Effects of pixel size and rotation step on the cost of the micro-CT characterization 

A total of 135 acquisitions were performed. The entire characterization took 661.8 hours 

(excluding the loading and saving times), and the total data size was 8171.3 GB (1 GB = 10243 B). A 

total number of 3600, 1800, and 900 projections were obtained by the acquisitions with the rotation 

step of 0.1°, 0.2°, and 0.4°, respectively. Fig. 9.1 illustrates the characterization time and data storage 

in average for one sample’s selected volume (2 mm in height and 3 mm in diameter). The breakdowns 

of the time consumption and data storage were shown in Supplementary Material (Table 9.A1 and 

Table 9.A2, respectively) 
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Fig. 9.1 Time consumption and data storage of micro-CT characterization based on the used pixel size 

and rotation step. The required time (blue) and disc space to store the data (red) in average for one 

sample’s cylindrical volume that is 2 mm in height and 3 mm in diameter 

 

9.4.2. Effects of pixel size and rotation step on the qualitative results 

The qualitative micro-CT results complement the quantitative results by providing 2D and 3D 

visual information about the samples’ micro-structure, for instance, the shape of the pores. Fig. 9.2 

illustrates the effects of pixel size and rotation step on the qualitative results of the silk fibroin scaffolds. 

The cross-sectional 2D images of the polycaprolactone-polyurethane and hydroxyapatite scaffolds are 

presented in Supplementary Material (Fig. 9.A3 and Fig. 9.A4, respectively. 
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Fig. 9.2 Qualitative results of the micro-CT characterization of silk fibroin scaffold. The 2D circular cross-

sections (ø 3 mm) of a silk fibroin scaffold obtained by using different acquisition scenarios (A) (The 

yellow scale bars indicate 1 mm), the 3D visualization of the silk fibroin scaffold using acquisition 

scenario of 1 µm + 0.1° (B), and 15 µm + 0.4°(C) 
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9.4.3. Effects of pixel size and rotation step on the quantitative results 

The changes in the marginal means of the mean porosity, mean pore size, and mean wall 

thickness of the scaffolds with the change of the acquisition parameters are shown in Fig. 9.3, while 

Supplementary Material (Table 9.A5) presents the data for all of the samples and Supplementary 

Material (Fig. 9.A6) shows the pore size distribution histograms that were obtained by the use of the 

different pixel sizes. To evaluate how the acquisition scenarios affect the mean porosity, mean pore 

size, and mean wall thickness, and to check if the effects depend on the type of the scaffold, mixed 

design analysis of variance tests were performed (Table 9.1). The absence of outliers was confirmed by 

the examination of a boxplot for values higher than 1.5 box-lengths from the edge of the box in all the 

ANOVA tests. The data was normally distributed for most of the subgroup combinations as determined 

by Shapiro-Wilk's test (p > 0.05). In the ANOVA tests, there was heterogeneity of variances for most of 

the subgroups for the mean porosity and mean pore size, while there was the homogeneity of variances 

for most of the subgroups for the mean wall thickness, as assessed by Levene's test. The sphericity was 

assessed by the Mauchly's test of sphericity, and the Greenhouse-Geisser correction was used when 

sphericity cannot be assumed.  
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Fig. 9.3. Quantitative results of the micro-CT characterization. The changes in the marginal means of 

mean porosity, mean pore size, and mean wall thickness of the scaffolds with the change of acquisition 

parameters 
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Table 9.1. Outlook on statistically significant differences. 

  Quantitative results 

 

Mean porosity Mean pore size Mean wall thickness 

The used pixel size may 

have an effect on the 

quantitative results. That 

effect may be different for 

different rotation steps 

used. For each scaffold 

type, does the effect of 

pixel size on the 

quantitative results 

statistically significantly 

depend on the used 

rotation step? 

For polycaprolactone-

polyurethane scaffolds: 

Yes. 

For silk fibroin and 

polycaprolactone-

polyurethane scaffolds: 

Yes 

Silk fibroin, 

hydroxyapatite, and 

polycaprolactone-

polyurethane 

scaffolds: No 

For silk fibroin and 

hydroxyapatite 

scaffolds: No 

For  hydroxyapatite 

scaffolds: No 

  

Regarding the scaffolds for 

which the above question 

answered positively, for 

which pixel sizes does the 

rotation step have a 

statistically significant 

effect on the quantitative 

results? 

1 µm and 10 µm For silk fibroin 

scaffolds: 1 µm and 5 

µm - 

  

For polycaprolactone-

polyurethane scaffolds: 

2.5 µm and 10 µm   

Regarding the identified 

pixel size with the question 

above, where does the 

statistically significant 

difference lie? 

Between the rotation 

steps of 0.2° and 0.4° 

at the pixel size of 1 

µm, and between 0.1° 

and 0.2° at the pixel 

size of 10 µm 

For silk fibroin 

scaffolds: Between the 

rotation steps of 0.1° 

and 0.4° at the pixel 

size of 1 µm; and 

between 0.2° and 

0.4° at the pixel size of 

5 µm - 

  

For polycaprolactone-

polyurethane scaffolds: 

Between the rotation 

steps of 0.1° and 

0.4°, and at 0.2° and 

0.4°, the pixel size of 

2.5 µm; and between 

0.4° and 0.2° at the 

pixel size of 10 µm   

 

 

 

 



232 
 

9.4.4. Effects of pixel size and rotation step on the mean porosity 

It was found that the effect of the rotation step on the effect of pixel size on the mean porosity 

statistically significantly depends on the scaffold type F(3.88, 11.62) = 3.45, p = 0.045, partial η2 = 

0.54, Greenhouse-Geisser’s ε = 0.24. The effect of pixel size on the mean porosity does not statistically 

significantly depend on the used rotation step for the silk fibroin and hydroxyapatite scaffolds F(1.11, 

2.22) = 2.24, p = 0.27, η2 = 0.53 Greenhouse-Geisser’s ε = 0.14 and F(1.64, 3.27) = 3.50, p = 0.154, 

partial η2 = 0.64, Greenhouse-Geisser’s ε = 0.21, respectively; but for polycaprolactone-polyurethane 

scaffold F(1.37, 2.74) = 16.89, p = 0.03, partial η2 = 0.89, Greenhouse-Geisser’s ε = 0.17. The data of 

the polycaprolactone-polyurethane scaffolds was further analyzed with a Bonferroni adjustment to 

examine the effect of rotation step at every level of pixel size, and for the effect of pixel size at every 

level of rotation step. The rotation step was found to have a statistically significant effect at two pixel 

sizes 1 µm and 10 µm on the mean porosity, F(2, 4) = 27.00, p = 0.005 with assumed sphericity χ2(2) 

= 2.72, p = 0.26, and F(2, 4) = 16.21, p = 0.012 with assumed sphericity χ2(2) = 1.55, p = 0.46, 

respectively. However, the effects were not statistically significant for 2.5 µm, 5 µm, and 15 µm, F(2, 4) 

= 1.60, p = 0.31 with assumed sphericity χ2(2) = 0.79, p = 0.6; F(1.00, 2.00) = 2.30, p = 0.27, 

Greenhouse-Geisser’s ε = 0.50; and F(2, 4) = 1.11, p = 0.413 with assumed sphericity χ2(2) = 2.09, p 

= 0.35, respectively. The statistical differences lie between the rotation steps of 0.2° and 0.4° at the 

pixel size of 1 µm, and between 0.1° and 0.2° at the pixel size of 10 µm as 4.16%  (95% confidence 

intervals (CI95) 2.07 - 6.24), p = 0.013; and 0.29% ((CI95, 0.15 - 0.42), p = 0.011, respectively.  

 

9.4.5. Effects of pixel size and rotation step on the mean pore size 

The effect of the rotation step on the effect of pixel size on the mean pore size does not 

statistically significantly depend on the scaffold type F(3.42, 10.25) = 24.82, p < 0.0005, partial η2 = 

0.89, Greenhouse-Geisser’s ε = 0.21. The effect of pixel size on the mean pore size statistically 

significantly depends on the used rotation step for the silk fibroin and polycaprolactone-polyurethane 

scaffolds F(1.75, 3.49) = 25.56, p = 0.009, η2 = 0.93 Greenhouse-Geisser’s ε = 0.22 and F(1.20, 

2.40) = 56.97, p = 0.01, partial η2 = 0.97, Greenhouse-Geisser’s ε = 0.15, respectively; but not for the 

hydroxyapatite scaffold F(1.03, 2.06) = 13.55, p = 0.064, partial η2 = 0.87, Greenhouse-Geisser’s ε = 

0.13. The data of the silk fibroin and polycaprolactone-polyurethane scaffolds was further analyzed with 

a Bonferroni adjustment to examine the effect of the rotation step at every level of the pixel size, and the 

effect of the pixel size at every level of the rotation step. For the silk fibroin scaffolds, the rotation step 

was found to have a statistically significant effect at two pixel sizes 1 µm and 5 µm on the mean pore 

size, F(2, 4) = 50.07, p = 0.001 with assumed sphericity χ2(2) = 1.34, p = 0.51; and F(2, 4) = 
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11.18, p = 0.023 with assumed sphericity χ2(2) = 0.95, p = 0.62, respectively. However, not for the 

pixel sizes of 2.5 µm, 10 µm and 15 µm, F(2, 4) = 25.89, p = 0.005 with assumed sphericity χ2(2) = 

3.99, p = 0.14, F(1.00, 2.00) = 0.23, p = 0.68 Greenhouse-Geisser’s ε = 0.50 and F(1.00, 2.00) = 

0.23, p = 0.68 Greenhouse-Geisser’s ε = 0.50, respectively. For the polycaprolactone-polyurethane 

scaffolds, the rotation step was found to have a statistically significant effect at two pixel sizes of 2.5 µm 

and 10 µm, F(2, 4) = 82.87, p = 0.001 with assumed sphericity χ2(2) = 1.16, p = 0.56 and F(1.00, 

2.00) = 26.26, p = 0.036 Greenhouse-Geisser’s ε = 0.50, respectively. However, not for the pixel sizes 

of 1 µm, 5 µm and 15 µm, F(2, 4) = 9.41, p = 0.031 with assumed sphericity χ2(2) = 1.99, p = 0.37 

F(2, 4) = 4.42, p = 0.097 with assumed sphericity χ2(2) = 3.72, p = 0.16, and F(2, 4) = 2.15, p = 0.23 

with assumed sphericity χ2(2) = 2.17, p = 0.34, respectively. For the silk fibroin scaffolds, the statistical 

differences lie between the rotation steps of 0.1° and 0.4° at the pixel size of 1 µm; and between 0.2° 

and 0.4° at the pixel size of 5 µm as 39.12%  (CI95, 19.54 - 58.70), p = 0.013; and 1.14% ((CI95, 0.24 - 

2.03), p = 0.031, respectively. For the polycaprolactone-polyurethane scaffolds, the statistical 

differences lie between the rotation steps of 0.1° and 0.4°, and at 0.2° and 0.4°, at the pixel size of 

2.5 µm; and between 0.4° and 0.2° at the pixel size of 10 µm as 112.92%  (CI95, 65.09 - 160.76), p = 

0.009; 95.44% ((CI95, 32.74 – 158.14), p = 0.022, and 0.35% ((CI95, 0.25 - 0.44), p = 0.003, 

respectively.  

 

9.4.6. Effects of pixel size and rotation step on the mean wall thickness 

The results showed that the effect of the rotation step on the effect of pixel size on the mean 

wall thickness statistically significantly depends on the scaffold type F(2.19, 6.55) = 7.18, p = 0.021, 

partial η2 = 0.71, Greenhouse-Geisser’s ε = 0.14. However, the effect of the pixel size on the mean wall 

thickness does not statistically significantly depend on the used rotation step for any scaffold type 

F(1.08, 2.16) = 1.51, p = 0.34, η2 = 0.43 Greenhouse-Geisser’s ε = 0.14, F(1.04, 2.07) = 7.36, p = 

0.11, partial η2 = 0.79, Greenhouse-Geisser’s ε = 0.13, and F(1.46, 2.92) = 5.58, p = 0.10, partial η2 = 

0.74, Greenhouse-Geisser’s ε = 0.18 respectively for the silk fibroin, hydroxyapatite, and 

polycaprolactone-polyurethane scaffolds.  

 

9.4.7. Prediction of the results using the most low-cost acquisition scenario 

Bivariate linear regressions were performed to predict each quantitative micro-CT result that would be 

obtained by an original acquisition with a smaller pixel size and a rotation step of 1°, using the results 

of the “15 µm + 0.4°” acquisition scenario as a regressor since it is the least time-consuming scenario, 
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and requires the least disc space for data storage. The independence of residuals was assessed by the 

Durbin-Watson statistic. The statistically significant prediction Equations 9.1-8 are reported below: 

Eq. 9.1: Predicted mean porosity10µm + 0.1° = 0.62 + 1.039*mean porosity15µm + 0.4°  

(F(1, 7) = 1426.8, p < 0.0005, R
2 

= 99.5, and adjusted R
2 

= 99.4) 

Eq. 9.2: Predicted mean porosity5µm + 0.1° = 2.85 + 1.049*mean porosity15µm + 0.4°  

(F(1, 7) = 573.9, p < 0.0005, R
2 

= 98.8, and adjusted R
2 

= 98.6) 

Eq. 9.3: Predicted mean porosity2.5µm + 0.1° = 19.84 + 0.899*mean porosity15µm + 0.4°  

(F(1, 7) = 168.4, p < 0.0005, R
2 

= 96.0, and adjusted R
2 

= 95.4) 

Eq. 9.4: Predicted mean porosity1µm + 0.1° = 45.52 + 0.591*mean porosity15µm + 0.4°  

(F(1, 7) = 121.3, p < 0.0005, R
2 

= 94.5, and adjusted R
2 

= 93.8) 

Eq. 9.5: Predicted mean pore size10µm + 0.1° = 26.83 + 0.842*mean pore size15µm + 0.4°  

(F(1, 7) = 257.8, p < 0.0005, R
2 

= 98.7, and adjusted R
2 

= 97.4) 

Eq. 9.6: Predicted mean wall thickness10µm + 0.1° = -15.74 + 0.965*mean wall thickness15µm + 0.4°  

(F(1, 7) = 2311.4, p < 0.0005, R
2 

= adjusted R
2 

= 99.7) 

Eq. 9.7: Predicted mean wall thickness5µm + 0.1° = 17.77 + 0.234*mean wall thickness15µm + 0.4°  

(F(1, 7) = 16.0, p = 0.005, R
2 

= 69.5, and adjusted R
2 

= 65.2) 

Eq. 9.8: Predicted mean wall thickness1µm + 0.1° = 7.94 - 0.014*mean wall thickness15µm + 0.4°   

(F(1, 7) = 48.7, p < 0.0005, R
2 

= 87.4, and adjusted R
2 

= 85.6) 

 

9.5. Discussion 

It is not easy to compare the micro-CT characterization results in the literature if the used 

acquisition parameters are not the same since the parameters can significantly alter the results. The 

present study investigated the effects of pixel size and rotation step on the results by testing the various 

types of scaffolds using each acquisition scenario. Additionally, prediction equations were established 

between the fastest scenario (i.e., 15 µm + 0.4°) and smaller pixel size with the rotation step of 0.1° 

when statistically significant.  

 It is critical to understand the efficiency of the micro-CT characterization so that better cost 

estimates can be done. Two important aspects to consider in micro-CT characterization are time 

consumption and data storage. As shown in Fig. 9.1, the time consumption and data storage are 

positively related. The time consumption has a direct effect on human resources, the maximum amount 

of samples that can be characterized within a specific period of time and the life-time of the x-ray tube. 

The breakdown of the cost of the micro-CT characterization that was presented in Supplementary Data 

(Table 9.A1) is only for the small volume of the sample used in this study (2 mm in height and 3 mm in 

diameter). However, the volume of interest to be analyzed is usually much higher. The duration of the 

reconstruction and the analysis is directly related to the volume of interest. For instance, a sample with 

the height of 4 mm would require the double of the time needed for a sample with the height of 2 mm, 

assuming the cross-sectional areas are the same. The needed disc space for data storage raises some 
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practical questions about the maintenance and sharing of such a large amount of data. Today, four 

types of research data policies are adopted (http://springernature.com/gp/group/data-policy/policy-

types): Type 1 (Data sharing and data citation is encouraged), Type 2 (Data sharing and evidence of 

data sharing encouraged), Type 3 (Data sharing encouraged and statements of data availability 

required), and Type 4 (Data sharing, evidence of data sharing and peer review of data required). 

Accordingly, storing and sharing scientific data has been receiving increased interest, and practical 

concerns may arise particularly with micro-CT since close to 100 TB of data can be produced annually 

per equipment. Mendeley Data (https://data.mendeley.com/), Dryad Digital Repository 

(http://datadryad.org/), and Figshare (https://figshare.com/) are among the repositories for storing 

scientific data and sharing by the assigned DOI number, and thus they may be useful. micro-CT data 

can be published in Data in Brief (https://www.journals.elsevier.com/data-in-brief) that is one of the 

journals from Elsevier that publishes a data article. Additionally, micro-CT characterization protocols can 

be shared via Protocol Exchange (http://nature.com/protocolexchange/) from Nature Protocols, and 

Scientific Data (http://nature.com/sdata/) is an open-access journal for the metadata of published 

data. These platforms/Journals can act as a framework for data publishing, sharing, and reuse; and 

may facilitate the reuse of micro-CT datasets by other researchers. 

In 2010, Bouxsein et al. [58] published guidelines for the micro-structure evaluation of rodent 

bones using micro-CT. That study has been very useful by covering the critical aspects of the micro-CT 

characterization. Several authors [59-66] reported on how the micro-structure evaluation results are 

influenced by some of the acquisition parameters. Their results are in alignment with the present study 

that investigates the topic further by studying three different sample types for each comparing the 

results obtained by using a wide range of pixel size and rotation step. 

Rotation step is an important parameter that directly determines the number of the acquired x-

ray projections. Given two acquisitions performed at the same pixel size, one reconstruction performed 

using 3600 projections obtained by a rotations step of 0.1° would result in a superior reconstruction 

that the other one using 360 projections obtained by a rotation step of 1° with the cost of a much 

longer duration of acquisition. The most critical factor between different acquisition scenarios was found 

to be the pixel size, as expected. Using the 1 µm + 2° scenario, 26.7% of the identified pores of a silk 

fibroin scaffold have the size ≤ 15 µm. An increase in the pixel size provides relatively blurred images, 

and this leads to an overestimation of wall thickness [61]. Overestimation of the amount of material in 

the images results in an underestimation of porosity. Similarly, pore sizes are overestimated with an 

increase in the pixel size. Nevertheless, the use of a very low pixel size cannot be considered as the 

optimal option since a dramatic increase in the data size and required time for acquisition and analysis. 
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Besides, for some pixel sizes, an increase in the rotation step does not alter the results while it leads to 

an increase in the time and data size. 

The results also showed that the influence of one of the two acquisition parameters (either pixel 

size or rotation step) on the results could depend on the other parameter, and the influence can vary 

with the scaffold type. 

The number of the acquired projections that is equal to the number that is 360 divided by the 

rotation step is associated with the time consumption and data storage. The results of this study can be 

useful to see if it is needed to go for smaller rotations for the used pixel size. Additionally, the decision 

of which pixel size to be used is associated with the size of the volume of interest and the density of the 

sample. The projections have a fixed dimension. For instance, for the 1 µm pixel size, the dimension of 

the images is 4904 pixels in width and 3280 pixels in height. This means that if the volume of interest 

is larger than that, then “number of pixels*pixel size”, then it cannot be fully studied, and the pixel size 

must be increased. Besides, the acquisition of dense samples may require longer exposure times, and 

this may dramatically increase the acquisition time. 

This study systematically assessed the effects of pixel size and rotation step on the micro-CT 

characterization, and revealed that the variations in the parameters could lead to statistically and 

practically significant differences in the quantitative results and the cost of the method. The R2 values of 

the prediction models are much beyond the lower limit of the large effect size class benchmark that is 

0.26 [67,68], indicating that the models fit well with the data and explain a large proportion of variation. 

A clear picture of the effects of pixel size and rotation step on the micro-CT results is provided herein, 

that can be useful for the researchers who characterize their samples with micro-CT. 

 

9.6. Conclusion 

This study demonstrated that the acquisition parameters could have significant effects on the 

quantitative and qualitative results of the micro-CT characterization, as well as the cost of the method. 

Although the effects vary with the scaffold type, there is a general trend of a decreased mean porosity, 

and increased mean pore size and mean wall thickness with increasing pixel size. The effect of the 

rotation step depends on the used pixel size. When comparing the acquisition scenarios, the difference 

in the mean porosity can be as high as 24%, and the difference in the required time per sample up to 

19.5 hours that can be even much higher if the volume of interest is higher. The important findings of 

this work can notably help to refine the practice of micro-CT characterization of scaffolds and 

economize the related resources. 
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9.7. Supplementary material 

Supplementary Table 9.A1. Detailed time consumption of the micro-CT characterization. The mean 

duration of acquisition, reconstruction, 3D analysis of the samples and their percentages of the total 

characterization time based on the acquisition scenarios 

Acquisition 
scenario 
[pixel size 
+ rotation 

step] 

Mean 
acquisition 

time 
[minutes] 

Mean 
reconstruct
ion time for 

2 mm of 
height 

[minutes] 

Mean 3D 
analysis 
time for 

[minutes] 

Mean total 
time [hour] 

Mean 
percentage 

of the 
acquisition 

time [%] 

Mean 
percentage 

of the 
reconstruct
ion time for 

2 mm of 
height [%] 

Mean 
percentage 
of the 3D 
analysis 
time [%] 

1 µm + 
0.1° 

301 688 218 20.1 24.9 57.0 18.1 

1 µm + 
0.2° 

151 364 168 11.4 22.1 53.4 24.6 

1 µm + 
0.4° 

76 174 130 6.3 19.9 45.9 34.2 

2.5 µm + 
0.1° 

233 260 25 8.6 45.0 50.2 4.9 

2.5 µm + 
0.2° 

116 130 24 4.5 43.0 48.1 8.9 

2.5 µm + 
0.4° 

58 65 19 2.4 40.9 45.9 13.2 

5 µm + 
0.1° 

252 128 2 6.4 66.0 33.5 0.5 

5 µm + 
0.2° 

127 65 2 3.2 65.5 33.5 1.0 

5 µm + 
0.4° 

63 33 2 1.6 64.7 33.3 2.0 

10 µm + 
0.1° 

155 18 <0.5 2.9 89.4 10.5 0.1 

10 µm + 
0.2° 

77 9 <0.5 1.4 89.2 10.5 0.3 

10 µm + 
0.4° 

39 5 <0.5 0.7 88.8 10.7 0.5 

15 µm + 
0.1° 

128 6 <0.5 2.2 95.2 4.8 0.1 

15 µm + 
0.2° 

62 3 <0.5 1.1 94.9 5.0 0.1 

15 µm + 
0.4° 

35 3 <0.5 0.6 91.1 8.4 0.4 
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Supplementary Table 9.A2. Detailed disc space requirement for data storage of the micro-CT 

characterization. The mean data sizes for acquisition, reconstruction, volume of interest and their 

percentages of the total data size based on the acquisition scenarios 

Acquisition 

scenario 

[pixel size 

+ rotation 

step] 

Mean 

Acquisition 

data size 

[GB] 

Mean 

reconstruct

ion data 

size for 2 

mm of 

height [GB] 

Mean 

volume of 

interest 

data size 

[GB] 

Total data 

size [GB] 

Mean 

percentage 

of the 

acquisition 

data size 

[%] 

Mean 

percentage 

of the 

reconstruct

ion data 

size for 2 

mm of 

height [%] 

Mean 

percentage 

of the 

volume of 

interest 

data size 

[%] 

1 µm + 

0.1° 
107.9 44.8 16.8 169.5 63.6 26.4 9.9 

1 µm + 

0.2° 
53.9 44.8 16.8 115.5 46.7 38.8 14.5 

1 µm + 

0.4° 
27.0 44.8 16.8 88.6 30.4 50.6 19.0 

2.5 µm + 

0.1° 
107.9 17.9 1.1 126.9 85.0 14.1 0.9 

2.5 µm + 

0.2° 
53.9 17.9 1.1 72.9 73.9 24.6 1.5 

2.5 µm + 

0.4° 
27.0 17.9 1.1 46.0 58.7 39.0 2.4 

5 µm + 

0.1° 
107.9 9.0 0.1 117.0 92.2 7.7 0.1 

5 µm + 

0.2° 
53.9 9.0 0.1 63.0 85.6 14.2 0.2 

5 µm + 

0.4° 
27.0 9.0 0.1 36.1 74.8 24.8 0.4 

10 µm + 

0.1° 
27.0 1.1 <0.05 28.1 96.0 4.0 0.1 

10 µm + 

0.2° 
13.5 1.1 <0.05 14.6 92.2 7.7 0.1 

10 µm + 

0.4° 
6.7 1.1 <0.05 7.9 85.6 14.2 0.2 

15 µm + 12.0 0.3 <0.05 12.3 97.3 2.7 <0.05 
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0.1° 

15 µm + 

0.2° 
6.0 0.3 <0.05 6.3 94.7 5.2 0.1 

15 µm + 

0.4° 
3.0 0.3 <0.05 3.3 89.9 9.9 0.2 

 

 

Supplementary Fig. 9.A3. Qualitative results of the micro-CT characterization of the polycaprolactone-

polyurethane scaffold. The 2D circular cross-sections of a polycaprolactone-polyurethane scaffold 

obtained by using different acquisition scenarios. Yellow scale bars indicate 1 mm 
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Supplementary Fig. 9.A4. Qualitative results of the micro-CT characterization of a hydroxyapatite 

scaffold. The 2D circular cross-sections of a hydroxyapatite scaffold obtained by using different 

acquisition scenarios. Yellow scale bars indicate 1 mm 
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Supplementary Table 9.A5. Qualitative results of the micro-CT characterization. The mean porosity, 

mean pore size, and mean wall thickness of each sample under each acquisition scenario 

Sample 

Acquisition Scenario Characterization Results 

Pixel size 

[µm] 

Rotation 

step [°] 

Mean Porosity 

[%] 

Mean pore 

size [µm] 

Mean wall 

thickness [µm] 

Silk fibroin_1 1 0.1 90.1 52.4 7.6 

Silk fibroin_1 1 0.2 89.3 21.2 6.5 

Silk fibroin_1 1 0.4 85.9 9.9 4.7 

Silk fibroin_1 2.5 0.1 87.2 187.1 14.8 

Silk fibroin_1 2.5 0.2 87.2 186.3 15.1 

Silk fibroin_1 2.5 0.4 87.2 168.7 15.0 

Silk fibroin_1 5 0.1 81.5 195.6 25.8 

Silk fibroin_1 5 0.2 81.0 196.6 27.3 

Silk fibroin_1 5 0.4 81.4 195.2 26.2 

Silk fibroin_1 10 0.1 76.5 205.4 43.4 

Silk fibroin_1 10 0.2 76.3 206.3 43.8 

Silk fibroin_1 10 0.4 76.5 206.2 43.2 

Silk fibroin_1 15 0.1 72.4 214.0 69.9 

Silk fibroin_1 15 0.2 72.7 214.5 69.6 

Silk fibroin_1 15 0.4 72.5 213.9 69.7 

Silk fibroin_2 1 0.1 89.4 47.2 7.5 

Silk fibroin_2 1 0.2 89.7 34.0 6.8 

Silk fibroin_2 1 0.4 87.1 13.1 5.1 

Silk fibroin_2 2.5 0.1 86.4 185.9 15.2 

Silk fibroin_2 2.5 0.2 86.7 185.0 14.7 

Silk fibroin_2 2.5 0.4 87.0 161.3 14.2 

Silk fibroin_2 5 0.1 80.8 194.2 26.6 

Silk fibroin_2 5 0.2 81.0 194.3 26.3 

Silk fibroin_2 5 0.4 81.1 193.3 26.0 

Silk fibroin_2 10 0.1 76.2 203.9 49.3 

Silk fibroin_2 10 0.2 76.8 203.2 44.3 

Silk fibroin_2 10 0.4 76.7 202.7 44.6 

Silk fibroin_2 15 0.1 74.8 208.8 60.0 

Silk fibroin_2 15 0.2 73.6 208.5 65.1 

Silk fibroin_2 15 0.4 68.2 198.7 71.2 

Silk fibroin_3 1 0.1 89.4 52.8 7.7 
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Silk fibroin_3 1 0.2 89.7 33.9 6.8 

Silk fibroin_3 1 0.4 87.0 12.1 5.0 

Silk fibroin_3 2.5 0.1 86.9 195.8 17.2 

Silk fibroin_3 2.5 0.2 87.0 196.9 16.3 

Silk fibroin_3 2.5 0.4 87.2 184.3 15.7 

Silk fibroin_3 5 0.1 83.5 203.5 26.7 

Silk fibroin_3 5 0.2 82.6 204.5 30.3 

Silk fibroin_3 5 0.4 83.2 203.4 28.1 

Silk fibroin_3 10 0.1 80.5 211.5 41.5 

Silk fibroin_3 10 0.2 80.2 211.9 42.1 

Silk fibroin_3 10 0.4 80.2 211.6 42.1 

Silk fibroin_3 15 0.1 78.0 217.4 57.0 

Silk fibroin_3 15 0.2 78.0 217.6 57.1 

Silk fibroin_3 15 0.4 77.9 217.4 57.3 

Polycaprolactone-polyurethane_1 1 0.1 84.7 21.1 6.0 

Polycaprolactone-polyurethane_1 1 0.2 85.7 16.3 5.6 

Polycaprolactone-polyurethane_1 1 0.4 82.1 9.7 4.3 

Polycaprolactone-polyurethane_1 2.5 0.1 81.7 185.1 17.8 

Polycaprolactone-polyurethane_1 2.5 0.2 81.1 184.6 17.7 

Polycaprolactone-polyurethane_1 2.5 0.4 81.4 84.2 16.5 

Polycaprolactone-polyurethane_1 5 0.1 74.9 200.6 37.5 

Polycaprolactone-polyurethane_1 5 0.2 74.6 200.8 37.2 

Polycaprolactone-polyurethane_1 5 0.4 74.9 198.1 35.8 

Polycaprolactone-polyurethane_1 10 0.1 72.4 208.5 57.9 

Polycaprolactone-polyurethane_1 10 0.2 72.0 209.0 59.5 

Polycaprolactone-polyurethane_1 10 0.4 72.2 208.9 58.4 

Polycaprolactone-polyurethane_1 15 0.1 70.5 214.3 73.7 

Polycaprolactone-polyurethane_1 15 0.2 70.4 214.0 73.4 

Polycaprolactone-polyurethane_1 15 0.4 69.6 214.2 78.4 

Polycaprolactone-polyurethane_2 1 0.1 86.3 20.5 6.4 

Polycaprolactone-polyurethane_2 1 0.2 85.0 11.7 5.1 

Polycaprolactone-polyurethane_2 1 0.4 80.6 8.0 4.0 

Polycaprolactone-polyurethane_2 2.5 0.1 81.7 181.4 15.2 

Polycaprolactone-polyurethane_2 2.5 0.2 81.7 171.8 15.2 

Polycaprolactone-polyurethane_2 2.5 0.4 81.6 65.2 14.5 

Polycaprolactone-polyurethane_2 5 0.1 71.3 201.4 43.8 

Polycaprolactone-polyurethane_2 5 0.2 71.5 199.8 39.4 
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Polycaprolactone-polyurethane_2 5 0.4 71.8 187.3 36.8 

Polycaprolactone-polyurethane_2 10 0.1 69.3 208.4 69.0 

Polycaprolactone-polyurethane_2 10 0.2 69.1 209.2 71.0 

Polycaprolactone-polyurethane_2 10 0.4 69.2 208.8 70.1 

Polycaprolactone-polyurethane_2 15 0.1 67.6 214.4 81.7 

Polycaprolactone-polyurethane_2 15 0.2 67.6 214.4 81.9 

Polycaprolactone-polyurethane_2 15 0.4 67.6 214.5 81.9 

Polycaprolactone-polyurethane_3 1 0.1 87.1 37.9 6.0 

Polycaprolactone-polyurethane_3 1 0.2 87.0 20.4 5.5 

Polycaprolactone-polyurethane_3 1 0.4 82.5 9.4 4.0 

Polycaprolactone-polyurethane_3 2.5 0.1 80.4 174.1 14.2 

Polycaprolactone-polyurethane_3 2.5 0.2 79.8 131.8 14.6 

Polycaprolactone-polyurethane_3 2.5 0.4 81.1 52.4 13.0 

Polycaprolactone-polyurethane_3 5 0.1 70.0 201.5 50.9 

Polycaprolactone-polyurethane_3 5 0.2 69.7 201.5 50.5 

Polycaprolactone-polyurethane_3 5 0.4 70.0 176.7 45.0 

Polycaprolactone-polyurethane_3 10 0.1 68.9 207.7 68.5 

Polycaprolactone-polyurethane_3 10 0.2 68.6 208.6 69.9 

Polycaprolactone-polyurethane_3 10 0.4 68.6 208.0 69.3 

Polycaprolactone-polyurethane_3 15 0.1 67.4 213.7 80.8 

Polycaprolactone-polyurethane_3 15 0.2 67.2 212.8 81.2 

Polycaprolactone-polyurethane_3 15 0.4 67.3 212.8 80.8 

Hydroxyapatite_1 1 0.1 57.3 6.7 4.2 

Hydroxyapatite_1 1 0.2 62.5 5.6 3.6 

Hydroxyapatite_1 1 0.4 67.3 5.3 3.2 

Hydroxyapatite_1 2.5 0.1 39.6 39.1 22.2 

Hydroxyapatite_1 2.5 0.2 45.7 23.6 14.3 

Hydroxyapatite_1 2.5 0.4 52.8 16.3 10.7 

Hydroxyapatite_1 5 0.1 36.4 217.8 123.0 

Hydroxyapatite_1 5 0.2 35.1 82.1 91.2 

Hydroxyapatite_1 5 0.4 40.3 60.7 38.9 

Hydroxyapatite_1 10 0.1 35.6 345.7 266.8 

Hydroxyapatite_1 10 0.2 35.3 343.7 262.2 

Hydroxyapatite_1 10 0.4 35.5 320.3 228.4 

Hydroxyapatite_1 15 0.1 35.1 368.7 303.0 

Hydroxyapatite_1 15 0.2 34.4 376.5 307.1 

Hydroxyapatite_1 15 0.4 34.6 371.8 298.1 
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Hydroxyapatite_2 1 0.1 54.7 4.3 3.5 

Hydroxyapatite_2 1 0.2 59.8 4.2 3.2 

Hydroxyapatite_2 1 0.4 64.8 4.3 3.0 

Hydroxyapatite_2 2.5 0.1 33.1 19.0 12.7 

Hydroxyapatite_2 2.5 0.2 44.4 12.7 9.9 

Hydroxyapatite_2 2.5 0.4 51.0 10.9 9.0 

Hydroxyapatite_2 5 0.1 15.0 114.9 65.6 

Hydroxyapatite_2 5 0.2 25.8 59.1 32.2 

Hydroxyapatite_2 5 0.4 37.3 31.7 22.7 

Hydroxyapatite_2 10 0.1 11.6 212.4 270.1 

Hydroxyapatite_2 10 0.2 12.0 198.3 231.3 

Hydroxyapatite_2 10 0.4 13.0 178.1 154.2 

Hydroxyapatite_2 15 0.1 10.7 229.4 305.1 

Hydroxyapatite_2 15 0.2 10.5 230.9 302.9 

Hydroxyapatite_2 15 0.4 10.6 223.3 286.8 

Hydroxyapatite_3 1 0.1 54.6 4.4 3.5 

Hydroxyapatite_3 1 0.2 60.7 4.3 3.2 

Hydroxyapatite_3 1 0.4 65.3 4.3 3.0 

Hydroxyapatite_3 2.5 0.1 33.4 16.5 12.7 

Hydroxyapatite_3 2.5 0.2 44.8 12.3 10.0 

Hydroxyapatite_3 2.5 0.4 34.3 8.6 11.1 

Hydroxyapatite_3 5 0.1 16.3 120.4 69.6 

Hydroxyapatite_3 5 0.2 24.1 56.5 35.1 

Hydroxyapatite_3 5 0.4 36.3 30.8 23.3 

Hydroxyapatite_3 10 0.1 13.8 226.7 270.8 

Hydroxyapatite_3 10 0.2 13.7 222.8 249.7 

Hydroxyapatite_3 10 0.4 14.3 204.4 172.3 

Hydroxyapatite_3 15 0.1 12.1 265.2 317.2 

Hydroxyapatite_3 15 0.2 12.0 267.0 316.0 

Hydroxyapatite_3 15 0.4 12.2 257.7 300.5 
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Supplementary Fig. 9.A6. Pore size distribution based on the micro-CT characterization using different 

pixel sizes. Histograms of a silk fibroin scaffold showing the pore size distribution (the pores that are ≤ 

45 µm are indicated with red) using rotation step 0.2° and pixel size of 1 µm (A), 2.5 µm (B), 5 µm 

(C), 10 µm (D), and 15 µm (E).  
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CHAPTER 10.  

In Vitro and in Vivo Evaluation of Human Meniscocytes and Hoffa’s Fat Pad-

Derived Stem Cells Seeded onto Entrapped in Cage (EiC) Scaffolds of 3D-

Printed Polycaprolactone and Porous Silk Fibroin* 
 

10.1. Abstract 

The meniscus has critical functions in the knee joint kinematics and homeostasis. Injuries of the 

meniscus are frequent, and the lack of a functional meniscus between the femur and tibial plateau can 

cause articular cartilage degeneration leading to osteoarthritis development and progression. 

Regeneration of meniscus tissue has outstanding challenges to be addressed. In the current study, 

novel Entrapped in Cage (EiC) scaffolds of 3D-printed polycaprolactone (PCL) and porous silk fibroin 

were proposed for meniscus tissue engineering. As confirmed by micro-structural analysis the 

entrapment of silk fibroin was successful, and all scaffolds had excellent interconnectivity (≥ 99%). The 

EiC scaffolds had more favorable microstructure compared with the PCL cage scaffolds by improving 

the pore size while keeping the interconnectivity almost the same. When compared with the PCL cage, 

the entrapment of porous silk fibroin into the PCL cage decreased the high compressive modulus in a 

favorable matter in the wet state thanks to the silk fibroin’s high swelling properties. The in vitro studies 

with human stem cells or meniscocytes seeded constructs, demonstrated that the EiC scaffolds had 

superior cell adhesion, metabolic activity, and proliferation compared to the PCL cage scaffolds. Upon 

subcutaneous implantation of scaffolds in nude mice, all groups were free of adverse incidents, and 

mildly invaded by inflammatory cells with neovascularization, while the EiC scaffolds showed better 

tissue infiltration. The results of this work indicated that the EiC scaffolds of PCL and silk fibroin are 

favorable for meniscus tissue engineering, and the findings are encouraging for further studies using a 

larger animal model. 

 

 

 

 

*This chapter is based on the following publication:   

Cengiz IF, Maia FR, da Silva Morais A, Silva-Correia J, Pereira H, Canadas RF, Espregueira-Mendes J., 

Kwon IK, Reis RL, and Oliveira JM,  "In Vitro and in Vivo Evaluation of Human Meniscocytes and Hoffa’s 

Fat Pad-Derived Stem Cells Seeded onto Entrapped in Cage (EiC) Scaffolds of 3D-Printed 

Polycaprolactone and Porous Silk Fibroin." Submitted. 
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10.2. Introduction 

The menisci are fundamental tissues involved in the homeostasis of a healthy knee. The 

meniscus lesions are the most frequent lesions in the knee, which are partially unsolved [1,2]. The 

prognosis and clinical intervention are associated with the characteristics and location of the lesion in 

the meniscus (e.g., vascular or avascular region), the conditions of the knee and the patient [2-5]. 

Therefore, different surgical interventions are available, e.g., meniscectomy, suturing, use of allografts, 

or scaffold implantation, each with their indications and contra-indications [2,6,7]. Lack of proper 

chondroprotective function of meniscus inhibits healthy articulation, affects the patient’s daily life with 

pain and loss of proper knee function, and can lead to osteoarthritis with time. Total knee arthroplasty 

can be an option for end-stage osteoarthritic knees. However, even when the arthroplasty procedures 

are successful, a significant number of patients experiences post-operative pain that is challenging to 

manage [8].  

 Tissue engineering strategies are emerging as a reliable solution to repair or regenerate 

diseased/damaged tissues as it involves the use of cells, scaffolds and bioactive agents, alone or in 

combination, and in this way, they have potential to contribute to the clinical management of meniscus 

lesions with indications and contraindications [1,2,9,10]. Given the biomechanical functions of the 

menisci [11], the use of scaffolds in meniscus tissue engineering strategies seems to be indispensable. 

Numerous scaffolds from different biomaterials have been studied for meniscus tissue engineering 

including but not limited to collagen [12,13], silk [14,15], polycaprolactone (PCL) [16,17], bacterial 

cellulose  [18,19], hyaluronic acid/PCL [20,21], polyvinyl alcohol/chitosan [22], silk/polyvinyl alcohol 

[23]. In addition to the required in vitro biological outcomes, the appropriate suturability/fixation of the 

scaffold is an indispensable requirement that needs to be met. Suturability and patient-specificity of the 

scaffolds are two of the main surgical requirements which are for the dimensional fit of the implant, 

fixation of the implant, and avoidance of the post-operative extrusion of the implant [24,2,25]. 

In this work, we manufactured novel Entrapped in Cage (EiC) scaffolds of 3D-printed PCL and 

porous silk fibroin. Three different scaffolds were produced: PCL cage alone or combined either with 8 

or 16 wt.% silk fibroin. We hypothesized that such a design of the EiC scaffolds could enhance the 

overall performance of the constructs by combining the PCL’s mechanical strength and silk fibroin’s 

favorable biological features. To test this hypothesis, we characterized the scaffolds, and performed in 

vitro and in vivo assessments of cellular constructs. Scaffolds’ the micro-structure and mechanical 

evaluation were performed by means of micro-computed tomography (micro-CT) analysis, scanning 

electron microscopy (SEM) imaging, and compression testing. The water uptake properties of the 

scaffolds were assessed by means of using a gravimetric method up to 7 days. Human meniscocytes or 

human Hoffa’s fat pad-derived stem cells were seeded onto the scaffolds, and the in vitro studies with 
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the constructs were carried out for up to 21 days. Human meniscocytes are the primary cells of the 

native meniscus, and Hoffa’s fat pad is an adipose body located in the knee close to the meniscus, and 

it is an intracapsular extrasynovial source of stem cells. Cell adhesion and migration, viability, and 

proliferation were assessed by SEM, live/dead study, luminescent cell viability, and DNA quantification, 

respectively. The constructs‘ in vivo biological performance, tissue infiltration, inflammation, 

neovascularization were evaluated using micro-CT, histology, and semi-quantitative evaluation after a 4-

week subcutaneous implantation using a nude mice model. 

 

10.3. Materials and methods 

10.3.1. Materials and reagents 

Silk cocoons of the mulberry silkworm, Bombyx mori, were purchased from the Portuguese 

Association of Parents and Friends of Mentally Disabled Citizens (APPACDM, Castelo Branco, Portugal). 

Commercial grade sodium chloride particles were purchased from a local store in Portugal. The other 

chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless indicated otherwise. 

 

10.3.2. Scaffold design and production 

In this study, three different scaffolds were produced: PCL cage alone or combined either with 

8 or 16 wt.% silk fibroin. The cages from PCL (average Mn 45,000) were 3D-printed with a 4th Generation 

3D-Bioplotter (EnvisionTec GmbH, Germany) layer by layer through a 22G metallic needle at 110°C 

under the dispensing pressure of 5.5 bars [24,26]. Each layer had parallel strands that were 1.2 mm 

apart from each other, and the 3D cubic cage had the pattern with layer-wise alternating strand 

directions of 90° and 0°. The aqueous-derived silk fibroin solutions [27] were prepared the silk 

cocoons of the mulberry silkworm, Bombyx mori, with the following main steps: cleaning, degumming, 

dissolving, filtering, dialysis, and concentration. The cocoons were first cut, separated from the worm, 

and cleaned from macroscopic impurities. Clean cocoons were cut further into small pieces for the 

degumming process in which the sericine, glue-like protein, is eliminated. The 5 g of cocoons were 

boiled in 2 L of distilled water with 0.02 M sodium carbonate for 1 hour, then boiled in only distilled 

water for 30 minutes, and washed several times with distilled water, and the obtained silk fibroin was 

air-dried inside a flow cabinet for 48 hours. A 9.3 M BrLi solution was prepared with distilled water to 

dissolve silk fibroin at 70°C for 1 hour with the ratio of 5 mL : 1 g, BrLi solution : silk fibroin. After the 

solution reached to room temperature, it was purified with 5 µm filters, and dialyzed in distilled water 

for 48 hours using a benzoylated dialysis tubing (MWCO: 2 kDa) with 4 water changes per day. After the 

dialysis, the solution was concentrated using poly(ethylene glycol), and the solution stored at 4°C until 



258 
 

further use. The final concentration was determined by measuring the dry weight of the silk fibroin 

solution after being at 70°C for 24 hours. 

Silk fibroin solution was used at two concentrations either 8 or 16 wt.%. PCL cages were 

immersed in silk fibroin solution for 30 minutes, and then placed in a silicon mold that is filled with silk 

fibroin solution followed by the gradual addition of granular sodium chloride with the particle size range 

of 250-500 µm, and kept inside a flow cabinet for 72 hours to dry. Dry samples were salt-leached by 

being placed in distilled water under agitation for 3 days with 5 times of daily water change. The side 

surfaces of the cage structure and the excess silk on the top and bottom of the cage were cut with a 

surgical blade in wet state to obtain 5 mm3 structures. The wet scaffolds were dried inside a flow 

cabinet for 48 hours, and the scaffolds alone were sterilized by ethylene oxide with 3M Steri-Vac 

Sterilizer/Aerator - 5XL equipment (3M, USA). 

  

10.3.3. Characterizations of scaffolds 

10.3.3.1. Micro-computed tomography analysis 

 Scaffolds (n=3) were scanned with a high-resolution micro-CT system (SkyScan 1272, Bruker, 

Belgium) for the micro-structural analysis [28,29]. The source voltage and current were set to 50 kV 

and 200 μA, respectively. 2D X-ray projections were acquired without any filter over a sample rotation 

range of 360° with a rotation step of 0.45° with 10 μm of pixel size. The 2D cross-sectional images 

were obtained by reconstruction of the projections. The 3D models were built from the 2D images, and 

the micro-structural analysis performed by using the manufacturer’s software. 

 

10.3.3.2. Scanning electron microscopy analysis 

The surface and cross-sectional morphology of the scaffolds were analyzed by means of 

performing SEM analyses (JEOL JSM-6010 LV, Tokyo, Japan). First, the scaffolds were sputter-coated 

with gold (Cressington Sputter Coater 108A, Watford, UK) and their surfaces were imaged. Then, the 

samples were cut on the transverse plane into half, and the cross-sectional surfaces were sputter-

coated with gold, and observed. The images were taken at 40x and 150x magnifications. 

 

10.3.3.3 Water uptake studies 

The water uptake behaviors of the scaffolds were assessed through a gravimetric method. The 

scaffolds (n=3) were weighed in dry condition (Md), and wet condition at each time point (Mw) (24 hours, 

72 hours, and 168 hours) after being soaked in PBS solution and kept at 37°C in an incubator (BE500, 

Memmert, Germany). The water uptake percentage was calculated using the Equation 10.1. 

Eq. 10.1: Water uptake % = (Mw-Md)/Md × 100.  
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10.3.3.4. Compression testing 

The mechanical properties of the scaffolds (n=6) were assessed through unconfined 

compression testing using a universal mechanical testing machine (Instron 5543, USA) with the 

crosshead speed set at 1 mm/minute. The scaffolds were tested in both dry and wet conditions after 

being soaked in PBS solution and kept 24 hours at 37°C in an incubator (BE500, Memmert, Germany). 

The compressive modulus was obtained from the slope of the linear region of the stress-strain curve. 

The compressive stress was calculated by dividing the load by the initial cross-sectional area. The strain 

was calculated by dividing the absolute value of the change in the height of the scaffold to the original 

height of the scaffold. 

 

10.3.4. In vitro cell studies 

10.3.4.1. Tissue harvest 

The human tissues were processed after being collected in a clinical situation in which the 

tissues have already been removed for surgical treatment as described elsewhere [30,11]. In brief, the 

harvesting of the tissues was performed in aseptic conditions with cold blade. After harvesting, the 

tissues were immediately placed in sterile containers with 75 mL of sterile Dulbecco’s Phosphate 

Buffered Saline (dPBS) (Life Technologies, USA) with 1.0% of an antibiotic-antimycotic mixture 

(Invitrogen, USA) containing 10,000 U/mL penicillin G sodium, 10,000 µg/mL streptomycin sulphate 

and 25 µg/mL amphotericin B as Fungizone antimycotic in 0.85% saline [30]. The tissues were kept 

refrigerated and processed within 1 day for cell isolation. The donors gave their informed written 

consent, and the Local Ethics Committee approved processing protocols for the human tissue 

collection. The ages of the donors ranged between 29 and 63 years. All samples were anonymized. The 

tissues were intact without macroscopic signs of degeneration. There was no intervention in the normal 

course of treatment. 

 

10.3.4.2. Cell isolation and culturing 

Human adipose-derived stem cells (hASCs) were enzymatically isolated from the Hoffa’s fat 

pad. Briefly, the tissue washed twice with dPBS, and any the non-fat tissue were cut with a sterile 

surgical blade and discarded. The fat tissue was cut further into small pieces and digested in the 

mixture of collagenase solution:-MEM medium 1:1 (v/v) with the final volume of 15 mL at 37°C in a 

water bath for 1 hour with agitation. The collagenase solution had collagenase type II at the 

concentration of 0.15% (w/v) in dPBS. -MEM medium (Invitrogen, USA) contained 10% fetal bovine 

serum (Gibco, USA) and 1% antibiotics/ antimycotic (Invitrogen, USA). The digestion mixture was 

passed through a 100 µm cell strainer (BD Biosciences, USA) to eliminate anything that is not digested, 
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and centrifuged at 800 g for 10 minutes (5810R, Eppendorf, Germany). The supernatants were 

discarded; the cell pellet was re-suspended in 15 mL of dPBS and centrifuged at 300 g for 10 minutes. 

The supernatants were discarded, the cell pellet re-suspended in 10 mL of -MEM medium, passed 

through a 100 µm cell strainer (BD Biosciences, USA) to avoid agglomeration, and plated and cultured 

in a CO2 incubator (MCO-18AIC (UV), Sanyo, Japan) at 37°C and 5% CO2 by changing the culture 

medium first after the first at 24 hours, then every 2-3 days.  

Isolation of primary human meniscocytes was similar to that of hASCs, all the fat tissue and 

vascularized tissue were cut and discarded. The remaining meniscus tissue was cut with a surgical 

blade into small pieces, and washed twice with dPBS, digested for 8 hours, and passed through a 

strainer and centrifuged at 300 g for 7 minutes (5810R, Eppendorf, Germany). The supernatants were 

discarded and the pellet re-suspended in medium and cultured in a CO2 incubator (MCO-18AIC (UV), 

Sanyo, Japan). After 48 hours, the media was collected from the flask, and the flask was washed with 

dPBS which was added to the collected media and centrifuged 300 g for 5 minutes. The obtained pellet 

was re-suspended in the media that was freshly introduced to the flask, cultured until reaching 

confluency in an incubator (MCO-18AIC (UV), Sanyo, Japan) by changing the culture medium first at 48 

hours, then every 2-3 days after washing with dPBS. When confluent, the cells were trypsinized with 

TrypLE Express (ThermoFisher Scientific, USA) after washing twice with dPBS, centrifuged for 5 minutes 

and re-plated. Meniscocytes and hASCs were cryopreserved respectively at P4 and P3 in liquid nitrogen 

until seeding, 106 cells/mL of 90% fetal bovine serum (Gibco, USA) and 10% dimethyl sulfoxide (VWR 

International, USA).  

 

10.3.4.3 Cell seeding 

The three types of scaffolds were hydrated in culture medium (-MEM medium (Invitrogen, 

USA) contained 10% fetal bovine serum (Gibco, USA) and 1% antibiotics/ antimycotic (Invitrogen, USA)) 

overnight prior to cell seeding; the cryopreserved cells were defrosted, centrifuged, and counted with a 

cell counting chamber using the trypan blue exclusion method (Trypan blue solution, 0.4%, VWR 

International, USA). The cells were seeded onto scaffolds at a density of 1 × 105/scaffold that were 

placed in multi-well suspension culture plates (Greiner Bio-One GmbH, Austria). After incubation in the 

CO2 incubator for 3 hours, the culture medium was added to each well. Every 2-3 days the scaffolds 

were transferred to new well-plates with new culture medium and cultured up to 21 days. Three 

independent experiments were performed using three samples per group per time point. 
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10.3.4.4. Cell adhesion and migration  

The cell adhesion and migration were assessed by means of carrying out SEM analyses (JEOL 

JSM-6010 LV, Tokyo, Japan). At each time point, the scaffolds were rinsed with PBS, and fixed with 

10% formalin solution (ThermoFisher Scientific, USA). The fixed samples were dehydrated in a series of 

aqueous ethanol solutions (30, 50, 70, 90 and 100% v/v), twice at each concentration for 20 minutes, 

then dried inside a flow cabinet for 48 hours. Dry scaffolds were sputter-coated with gold  (Cressington 

Sputter Coater 108A, Watford, UK) before SEM observation. 

 

10.3.4.5. Live/Dead study 

Cell viability at the scaffolds was confirmed at each time point with live/dead staining, calcein-

acetoxymethyl (Life Technologies, USA) and propidium iodide (Life Technologies, USA) staining. 

Samples were washed twice with dPBS, and incubated in 1 mg/mL calcein-acetoxymethyl and 5 

mg/mL propidium iodide in the dark, then washed with dPBS and observed under fluorescent 

illumination using Axio Imager Z1 microscope (Zeiss, Germany). 

 

10.3.4.6. Luminescent cell viability assay  

An adenosine triphosphate (ATP) bioluminescence assay was performed using the CellTiter-Glo 

luminescent cell viability assay (Promega, USA) based on the manufacturer’s protocol to assess the 

presence of metabolically active cells. The quantity of ATP was detected through luminescence intensity 

reading [31] using a microplate reader (Synergy HT Multi-Detection Microplate Reader, BioTek, USA). 

Three independent experiments were performed using three samples per group per time point. 

 

10.3.4.7. Proliferation study 

The proliferation of cells in the cell-scaffold constructs was analyzed by quantification of the 

total double-strand DNA (dsDNA), after seeding and culturing for 1 and 21 days. The quantifications 

were performed in triplicates for each time point three samples per group. At certain time points, the 

cell culture media was removed from the well with the sample, and the samples were washed twice 

with dPBS, and placed in a vial with 1 mL ultrapure water, and kept in a water bath at 37°C for 1 hour 

before being stored at -80°C until next step. The samples were thawed to room temperature and 

sonicated for 30 minutes in an ultrasonic water bath. The dsDNA quantification kit (Quant-iT PicoGreen 

dsDNA Assay Kit, Life Technologies, USA) was used as instructed in the manufacturer’s assay protocol. 

The lambda DNA standard of the kit was used to obtain the standard curve. The fluorescence intensity 

was read using a microplate reader (Synergy HT Multi-Detection Microplate Reader, BioTek, USA) at 
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excitation and emission at 485 nm and 528 nm, respectively. Three independent experiments were 

performed using three samples per group per time point. 

 

10.3.4.8. Immunofluorescence staining for filamentous actin (F-actin) 

Cytoskeleton of the cells was observed by phalloidin staining of F-actin filaments. Briefly, the 

samples were fixed with 10% formalin (ThermoFisher Scientific, USA), washed with PBS, and 

permeabilized for 5 minutes with 0.1% v/v Triton X-100 in PBS.  Then, the samples were incubated in 

Phalloidin–Tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC) (1:80) for 1 hour at room 

temperature. The nuclei were counterstained with 1:5000 of the stock of 4,6-Diamidino-2-phenyindole, 

dilactate solution (DAPI, 1mg/mL, Biotium). The samples were observed with an inverted confocal 

microscope (TCS SP8, Leica, Germany). 

 

10.3.5. In vivo study 

The scaffold manufacture and sterilization, and cell isolation, culturing, and cryopreservation 

were the same as aforementioned. The scaffolds were hydrated in culture media overnight before cell 

seeding onto scaffolds at a density of 1 × 106/scaffold. After 1 hour of incubation in the CO2 incubator 

post-seeding, the culture medium was added to the suspension culture wells (Greiner Bio-One GmbH, 

Austria). Every 2-3 days the scaffolds were transferred to new well-plates with new culture medium and 

cultured 7 days before implantation.   

 

10.3.5.1. Subcutaneous implantation 

The in vivo biological response to the scaffolds and constructs were evaluated through 

subcutaneous implantation in seven 5-week-old male nude mice (Crl:NU(NCr)-Foxn1nu, Charles River, 

France). The animal experimentation complies with the 3Rs (Replacement, Reduction, and Refinement) 

[32-34] and approved by the Ethical Committee, and the Portuguese National Authority for Animal 

Health, Direção Geral de Alimentação e Veterinária (DGAV). Animals were anesthetized with 

intraperitoneal injection of a mixture of ketamine 75 mg/Kg (Imalgene 1000, 100 mg/mL, Merial, 

France) and medetomidine 1 mg/Kg (Domitor 1 mg/mL, Orion, Finland). After the confirmation of 

anesthesia/analgesia and disinfection of the dorsal skin of the animals, two short incisions were 

performed on the dorsal midline (cranial and caudal) of the animals. Through each incision, one pocket 

on each side of the dorsa was made by blunt dissection (4 pockets/animal), and the cell-seeded 

scaffolds and control scaffolds without cells were implanted (1 scaffold/pocket). The incisions were 

sutured, the animals were observed and maintained on the heated platform for recovery, and upon the 

recovery from anesthesia, the animals were maintained in their normal housing conditions. The mice 
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were checked on a daily basis and allowed food and drink ad libitum throughout the experiment. The 

animals were euthanized by CO2 inhalation 4 weeks after the implantation for implant retrieval for 

characterization. Three samples per scaffold type and condition were implanted. 

 

10.3.5.2. Micro-CT analysis of the explants 

One explant from each sample group was randomly pre-selected before explant collection to be 

visualized using a micro-CT system (SkyScan 1272, Bruker, Belgium). The explants were maintained in 

dPBS with 1.0% of an antibiotic-antimycotic solution, and scanned without delay with micro-CT as 

described above, with an additional step of covering of samples with Parafilm M wrapping film to avoid 

drying after fixation on the sample holder of the equipment. The 3D images of the explants were built 

from the 2D reconstructed images by using the manufacturer’s software. 

 

10.3.5.3. Hematoxylin and eosin (H&E) staining 

The samples (n=3) were first fixed with 10% formalin (ThermoFisher Scientific, USA) then 

placed in histological cassettes and processed in a spin tissue processor (STP120-2, Microm, 

ThermoFisher Scientific, USA) following standard protocols. After embedded in paraffin, the histological 

sections were obtained from the histoblocks using a rotary microtome (HM355S, Microm, 

ThermoFisher Scientific, USA), mounted onto histological slides. The sections were deparaffinized and 

stained with H&E using an automatic stainer (HMS740, Microm, ThermoFisher Scientific, USA). The 

stained sections were analyzed with a Leica DM750 microscope. 

 

10.3.5.4. Masson’s trichrome staining 

The histological sections were prepared as described in the previous section, and Masson’s 

trichrome staining was performed using a staining kit (Bio-Optica, Italy) as described in the 

manufacturer’s protocol. Briefly, reacting the sections with sequentially with Weigert’s iron hematoxylin, 

picric acid alcoholic solution, ponceau acid fuchsin according to Mallory,  phosphomolybdic acid 

solution, and Masson aniline blue; all provided with the kit. After the staining, the sections were 

analyzed with a Leica DM750 microscope. 

 

10.3.5.5. Semi-quantitative evaluation of the explants 

A semi-quantitative evaluation was performed by three independent evaluators in order to 

assess the explants using H&E stained histological images (n=6). The images were anonymized, and 

analyzed using the QuPath software [35] that is a software for quantitative pathology installed on a 

computer with the 64-bit operating system of Windows 10. Each evaluator was asked to mark the areas 
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with inflammation on the images using the brush and wand tools of the software. To determine the 

percent of the areas with inflammation, firstly all markings within an image were merged into a single 

area to avoid counting a particular area more than once, then the percentage was calculated using the 

entire area of the image. Regarding the tissue infiltration and scaffold fragmentation scaffolds were 

scored according to Table 10.1. 

 

Table 10.1. Semi-quantitative evaluation regarding the tissue infiltration and scaffold intactness 

Tissue infiltration and scaffold fragmentation Score 

No tissue infiltration, no fragmentation  1 

Tissue infiltration, no fragmentation 2 

Small fragments/debris 3 

Complete degradation 4 

 

10.3.6. Statistical analysis 

Statistical analyses were performed using the SPSS® (IBM® SPSS® Statistics version 24.0, IBM, 

USA). Values are presented as “mean (standard error of the mean)”, M (SE). The error bars indicate 

the standard error of the mean where present. The statistical differences between the means of the 

quantitative results of three scaffold groups were investigated using a one-way analysis of variance 

(ANOVA) tests. For each ANOVA test, the null hypothesis (H0) (Equation 10.2) is that the means of the 

examined parameter are equal for each scaffold type, while the alternative hypothesis is that at least 

one of the scaffold group’s mean is different from others.  

Eq. 10.2: H0: MeanPCL cage = MeanPCL cage + 8% silk fibroin= MeanPCL cage + 16% silk fibroin 

Acceptance or rejection of the H0 is based on the absence or presence of the statistically significant 

differences. The statistical significance level was set at 0.05. Upon rejection of H0, the F-ratio (F) with 

the significance was provided, and the underlying difference between the scaffolds was investigated by 

the Tukey post hoc test with equal variances. Upon unequal variances, the Welch’s ANOVA was used, 

and the Welch’s F (FW) was obtained that is the corrected F-ratio, and accordingly, the underlying 

differences were investigated by Games-Howell post hoc test. The quantified differences between the 

scaffolds were indicated as difference’s “mean (the 95% confidence intervals, lower bound of the mean 

difference-upper bound of the mean difference)”, M (95% CI, LB - UB). The absence of outliers was 

checked with boxplots. Levene's tests were used to confirm the equality of variances, and Shapiro-Wilk's 

tests were used to confirm the presence of normal distributions [28,30]. The general linear model 

analysis provided the η2 values as the effect size, and the Cohen’s effect size benchmarks [36,37] were 
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used for the effect size classes’ determination [30]. The η2 values of 0.01, 0.06, and 0.14 correspond 

to small, medium, and large effect size classes, respectively. 

 

10.4. Results 

10.4.1. Physicochemical characterization of scaffolds  

Fig. 10.1 illustrates the design and the architecture of the EiC scaffolds that are shown by the 

cross-sectional 2D and 3D micro-CT images. Fig. 10.2 shows entrapment of silk fibroin in the 3D-

printed PCL cage on the SEM images from the cross-section and the surface of the scaffolds. The 

micro-structural parameters (Table 10.2), i.e., mean porosity, mean pore size, mean wall thickness, 

and interconnectivity were quantified with micro-CT. The mean porosity of the scaffolds were 61.1 

(1.7)%, 54.6 (1.0)%, and 50.0 (2.2)% respectively for the PCL cage, PCL cage + 8% silk fibroin, and the 

PCL cage + 16% silk fibroin scaffolds. The scaffolds were statistically significantly different from each 

other in mean porosity F(2, 6) = 11.4, p = 0.009 (η2 = 0.792) with a difference of 11.4% (95% CI, 4.0 - 

18.8), p = 0.008 between the PCL cage and the PCL cage + 16% silk fibroin scaffolds. The scaffolds’ 

mean pore size were 679.1 (25.3) µm, 278.7 (15.5) µm, and 287.2 (25.4) µm respectively for PCL 

cage, PCL cage + 8% silk fibroin, and PCL cage + 16% silk fibroin scaffolds. The scaffolds were 

statistically significantly different from each other in mean pore size F(2, 6) = 103.0, p < 0.0005 (η2 = 

0.972) with the differences of (i) 400.4 µm (95% CI, 302.6 - 498.1), p < 0.0005 between the PCL cage 

and the PCL cage + 8% silk fibroin scaffolds, and (ii) 391.8 µm (95% CI, 294.1 - 489.6), p < 0.0005 

between the PCL cage and PCL cage + 16% silk fibroin scaffolds. The mean wall thickness of the 

scaffolds were 390.2 (4.6) µm, 387.7 (21.8) µm, and 427.0 (38.4) µm respectively for the PCL cage, 

PCL cage + 8% silk fibroin, and the PCL cage + 16% silk fibroin scaffolds. The pore size and wall 

thickness distributions are provided in Figs. 10.3 A-B. The interconnectivity values were 99.8 (0.0)%, 

99.0 (0.1)%, and 98.6 (0.4)% respectively for the PCL cage, PCL cage + 8% silk fibroin, and PCL cage + 

16% silk fibroin scaffolds. The scaffolds were not statistically significantly different from each other in 

mean wall thickness and interconnectivity. 
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Fig. 10.1. Design and architecture of the scaffolds. Schematic illustration of the scaffold design. Fibers 

indicate the PCL, and the yellow structures indicate the entrapped silk fibroin (A-C), and 2D cross-

sectional micro-CT images (D-F). Black color indicates the empty space, gray colors indicate the 

biomaterials. Scale bars indicate 1 mm. 3D images of the scaffolds. The distance between two adjacent 

white points is 0.5 mm (G-J). PCL cage (A, D, and G), PCL cage + 8% silk fibroin (B, E, and H), and Silk 

PCL cage + 16% silk fibroin (C, F, and J). 
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Fig. 10.2. SEM images of the scaffolds. PCL cage (A-D), PCL cage + 8% silk fibroin (E-H), and Silk PCL 

cage + 16% silk fibroin (I-L) showing both surface and cross-section of the scaffold at two different 

magnification. White and yellow scale bars indicate 500 µm and 100 µm, respectively. PCL cage (A-D), 

PCL cage + 8% silk fibroin (E-H), and Silk PCL cage + 16% silk fibroin (I-L). 

 

Table 10.2. Micro-structural and mechanical characteristics of the scaffolds. 

 
Mean porosity 

[%] M (SE) 

Mean pore size 

[µm] M (SE) 

Mean wall 

thickness 

[µm] M (SE) 

Interconnectivity 

[%] M (SE) 

Compression modulus 

[MPa] M (SE) 

Dry              Wet 

PCL cage 61.1 (1.7) 679.1 (25.3) 390.2 (4.6) 99.8 (0.0) 53.0 (6.6) 61.6 (0.9) 

PCL cage + 

8% Silk 

fibroin 

54.6 (1.0) 278.7 (15.5) 387.5 (21.8) 99.0 (0.1) 57.6 (2.0) 49.5 (8.4) 

PCL cage + 

16% Silk 

fibroin 

50.0 (2.2) 287.2 (25.4) 427.0 (38.4) 98.6 (0.4) 57.8 (6.3) 22.3 (3.8) 
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Fig. 10.3. Characterizations of the scaffolds. Pore size (A), and wall thickness (B) distributions for each 

scaffold type. Water uptake behavior of the scaffolds up to 168 hours (C).  

 

The compression tests were performed on both dry and wet scaffolds (Table 10.2). The 

compression modulus in dry state values were 53.0 (6.6) MPa, 57.6 (2.0) MPa, and 57.8 (6.3) MPa 

respectively for PCL cage, PCL cage + 8% silk fibroin, and PCL cage + 16% silk fibroin scaffolds, and 

there were no statistically significant differences. The compression modulus in wet state values were 

61.6 (0.9) MPa, 49.5 (8.4) MPa, and 22.3 (3.8) MPa respectively for the PCL cage, PCL cage + 8% silk 

fibroin, and PCL cage + 16% silk fibroin scaffolds. The scaffolds were statistically significantly different 

from each other in compression modulus in wet state FW(2, 7.12) = 46.8, p < 0.0005 (η2 = 0.654) with 

the differences of (i) 39.2 MPa (95% CI, 27.0 - 51.5), p < 0.0005  between the PCL cage and the PCL 
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cage + 16% silk fibroin scaffolds, and (ii) 27.2 MPa (95% CI, 0.1 - 54.2), p = 0.05  between PCL cage + 

8% silk fibroin and  PCL cage + 16% silk fibroin scaffolds.  

The water uptake kinetics is shown in Fig. 10.3 C. Two significant differences were found 

between the scaffolds: (i) at 12 hours, F(2, 6) = 7.4.0, p = 0.024 (η2 = 0.712) with a difference of 

17.2% (95% CI, 2.7 - 31.7), p = 0.025 between the PCL cage + 8% silk fibroin scaffolds and the PCL 

cage, and (ii) at 24 hours, FW(2, 3.1) = 45.1, p = 0.005 (η2 = 0.458) with a difference of 14.8% (95% CI, 

8.5 - 21.1), p = 0.006 between the PCL cage + 8% silk fibroin and the PCL cage + 16% silk fibroin 

scaffolds. At 72 hours and 168 hours there were no statistically significant differences between the 

scaffolds. 

 

10.4.2. In vitro cytocompatibility assessment 

In vitro evaluation of viability and proliferation of hASCs and human meniscocytes seeded onto 

the scaffolds and cultured for day 1 and day 21 is depicted in Figs. 10.4 F-G. For the viability (Fig. 

10.4F), at both time points and cell types there were statistically significant differences between the 

scaffolds: (i) at day 1 with hASCs (p < 0.0005, η2 = 0.851), (ii) at day 1 with human meniscocytes (p < 

0.0005, η2 = 0.469), (iii) at day 21 with hASCs (p < 0.0005, η2 = 0.767), and (iv) at day 21 with human 

meniscocytes (p < 0.0005, η2 = 0.516). For the proliferation (Fig. 10.4 G), the differences were found 

only at day 1 for both hASCs and human meniscocytes with respectively p < 0.0005, η2 = 0.513, and p 

< 0.0005, η2 = 0.502. The cell adhesion was observed on the SEM images of the scaffolds at day 21 

(Figs. 10.4-6). The live/dead staining images (Fig. 10.7) confirmed the presence of live cells at day 1 

and day 21, and the confocal microscopy images after the immunofluorescence staining for filamentous 

actin for samples at day 1 and day 21 are presented in Figs. 10.8-10. The expressed F-actin indicates 

cellular cytoskeleton development and good cell adhesion while the round or elongated morphologies of 

the cell nuclei (blue) resemble cells of the native human meniscus, i.e., cells with fibrochondrocyte 

morphology or fibroblast-like cell morphology [30]. The results showed that the EiC scaffolds had 

enhanced the cell adhesion, migration, viability, and proliferation as compared to the PCL cage 

scaffolds. 
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Fig. 10.4. SEM images of the PCL cage scaffold seeded with hASCs (A and C) or with human 

meniscocytes (B and D) showing adhesion of cells at day 21 on the surface and cross-section, i.e., 

inside the scaffolds. White, yellow, and red scale bars indicate 500 µm, 100 µm, and 50 µm, 

respectively. Cell viability assessment through a bioluminescence assay (F). Cell Proliferation assessed 

by DNA quantification (G). Single asterisk and double asterisks in D and E indicate the detected 

statistically significant and insignificant differences, respectively.  
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Fig. 10.5. SEM images of the PCL cage + 8% silk fibroin scaffolds seeded with hASCs (A and C), or with 

human meniscocytes (B and D) showing adhesion of cells at day 21 on the surface and cross-section, 

i.e., inside the scaffolds. White, yellow, and red scale bars indicate 500 µm, 100 µm, and 50 µm, 

respectively. 
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Fig. 10.6. SEM images of the PCL cage + 16% silk fibroin scaffolds seeded with hASCs (A and C), or 

with human meniscocytes (B and D) showing adhesion of cells at day 21 on the surface and cross-

section, i.e., inside the scaffolds. White, yellow, and red scale bars indicate 500 µm, 100 µm, and 50 

µm, respectively. 
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Fig. 10.7. The live/dead images of the scaffolds seeded with hASCs (A, C, and E) or with human 

meniscocytes (B, D, and F) at day 1 and day 21 obtained by calcein/propidium iodide staining. The 

white and yellow scale bars indicate 200 µm, and 50 µm, respectively. 
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Fig. 10.8. Confocal microscopy images of the PCL cage scaffolds seeded with hASCs (A and C) or with 

human meniscocytes (B and D) at day 1 and day 21 at two different magnifications after 

immunofluorescence staining for filamentous actin. Along with the autofluorescence of the scaffold, the 

F-actin cytoskeletons appear red while the cell nuclei appear blue. The white and green scale bars 

indicate 100 µm, and 50 µm, respectively. 
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Fig. 10.9. Confocal microscopy images of the PCL cage + 8% silk fibroin scaffolds seeded with hASCs 

(A and C) or with human meniscocytes (B and D) at day 1 and day 21 at two different magnifications 

after immunofluorescence staining for filamentous actin. Along with the autofluorescence of the 

scaffold, the F-actin cytoskeletons appear red while the cell nuclei appear blue. The white and green 

scale bars indicate 100 µm, and 50 µm, respectively. 
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Fig. 10.10. Confocal microscopy images of the PCL cage + 16% silk fibroin scaffolds seeded with 

hASCs (A and C), or with human meniscocytes (B and D) at day 1 and day 21 at two different 

magnifications after immunofluorescence staining for filamentous actin. Along with the autofluorescence 

of the scaffold, the F-actin cytoskeletons appear red while the cell nuclei appear blue. The white and 

green scale bars indicate 100 µm, and 50 µm, respectively 
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10.4.3. In vivo biocompatibility assessment 

All animals were alive without signs of discomfort up until their sacrifice, and there were no 

adverse incidents. Figs. 10.11-13 show the gross appearance and the micro-CT images of the explant. 

The scaffolds were infiltrated with newly formed tissue after 4 weeks of implantation, and their 

appearance is homogenous throughout the explants with distinct visibility of the PCL structures (Figs. 

10.11 C3-E3, and Figs. 10.12-13 A3-C3). The H&E and Masson’s trichrome stained images (Figs. 

10.14-16) showed excellent tissue infiltration, collagenous neomatrix synthesis, and formation of new 

blood vessels.  

 Semi-quantitative analysis revealed that PCL cage scaffolds have a score of 2 (tissue infiltration 

without scaffold fragmentation) while scaffolds with silk fibroin scored between 2 and 3 indicating partial 

fragmentation of the silk fibroin. The areas with inflammation were less than the 10% of the entire areas 

in all scaffolds, and neovascularization was observed in all samples as depicted in Figs. 10.14-16. 
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Fig. 10.11. In vivo characterization of the PCL cage scaffolds. A photograph of the scaffold prior to 

implantation (A). A photograph of a mouse right after the scaffold implantation (B). Photographs of 

explants (C1, D1, and E1), overall 3D micro-CT images (C2, D2 and E2), and cropped 3D micro-CT 

images showing the inside of the scaffold (C3, D3, and E3).  The distance between two adjacent white 

points is 0.5 mm. Acellular scaffold (C), seeded with hASCs (D), and human meniscocytes (E) prior to 

implantation. 
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Fig. 10.12. In vivo characterization of the PCL cage + 8% silk fibroin scaffolds. Photographs of explants 

(A1, B1, and C1), overall 3D micro-CT images (A2, B2, and C2), and cropped 3D micro-CT images 

showing the inside of the scaffold (A3, B3, and C3).  The distance between two adjacent white points is 

0.5 mm. Acellular scaffold (A), seeded with hASCs (B), and human meniscocytes (C) prior to 

implantation. 
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Fig. 10.13. In vivo characterization of the PCL cage + 16% silk fibroin scaffolds. Photographs of explants 

(A1, B1, and C1), overall 3D micro-CT images (A2, B2, and C2), and cropped 3D micro-CT images 

showing the inside of the scaffold (A3, B3, and C3).  The distance between two adjacent white points is 

0.5 mm. Acellular scaffold (A), seeded with hASCs (B), and human meniscocytes (C) prior to 

implantation. 

 

 

 

 

 

 

 

 

 



281 
 

 

Fig. 10.14. Histological images of the PCL cage scaffold explants. (A1, B1, and C1) H&E staining. (A2, 

B2, and C2) Masson’s trichrome staining. Acellular scaffold (A), seeded with hASCs (B), and human 

meniscocytes (C) prior to implantation. Black asterisks indicate PCL structures and yellow arrow 

indicate tissue infiltration. The black and yellow scale bars indicate 500 µm, and 200 µm, respectively. 

 

 

 

 

 

 



282 
 

 

Fig. 10.15. Histological images of the PCL cage + 8% silk fibroin scaffold explants. (A1, B1, and C1) 

H&E staining. (A2, B2, and C2) Masson’s trichrome staining.  Acellular scaffold (A), seeded with hASCs 

(B), and human meniscocytes (C) prior to implantation. Black asterisks indicate PCL structures, yellow 

asterisks indicate silk fibroin structures, and yellow arrows indicate tissue infiltration. The black and 

yellow scale bars indicate 500 µm, and 200 µm, respectively. 
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Fig. 10.16. Histological images of the PCL cage + 16% silk fibroin scaffold explants. (A1, B1, and C1) 

H&E staining. (A2, B2, and C2) Masson’s trichrome staining.  Acellular scaffold (A), seeded with hASCs 

(B), and human meniscocytes (C) prior to implantation. Black asterisks indicate PCL structures, yellow 

asterisks indicate silk fibroin structures, and yellow arrows indicate tissue infiltration. The black and 

yellow scale bars indicate 500 µm, and 200 µm, respectively. 

 

10.5. Discussion 

This study demonstrated the production of the EiC scaffolds for meniscus tissue engineering 

that were produced from 3D-printed PCL and porous regenerated silk fibroin by combining 3D-printing 

and salt-leaching, and the results of in vitro and in vivo studies after seeding with hASCs or human 
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meniscocytes. PCL [38-40] and silk fibroin [41-44] are appealing biomaterials used in tissue 

engineering. Herein, the EiC scaffolds were designed in a way to take advantage of the PCL’s 

mechanical strength and convenience for 3D-printing owing to its thermoplasticity, and silk fibroin’s 

favorable biological features for cell culture [45,46] by entrapping silk fibroin inside the PCL cage (Figs. 

10.1 A-C). In an orthotopic application of meniscal scaffolds anatomically correct shape and size is of 

critical importance for the performance of the implant [2]. In our previous studies, we manufactured the 

first patient-specific 3D-printed meniscal scaffolds from PCL using the patients’ volumetric knee 

magnetic resonance imaging datasets [24] and quantified the 3D cellular density of human menisci in a 

segmental and regional manner for first time in the literature [30]. Accordingly, the strategy that was 

developed and evaluated in the current study, has a high capacity for advancement towards tissue 

engineering constructs that emulate the native human meniscus cellularity, size and shape which would 

be needed also for large animal models such as sheep or goat with clinically relevant meniscal defect 

models [2]. 

The entrapment of porous silk fibroin inside the PCL cage was confirmed with the micro-CT and 

SEM images (Figs. 10.1 E, F, H, and J, Figs. 10.2 E-L). The inclusion of 16% silk fibroin to PCL cage 

scaffold caused a significant decrease of 11.4 % in the mean porosity. Nevertheless, the mean porosity 

of the scaffolds seems to be lower than the generally desired porosity from scaffolds, although silk 

fibroin itself is highly porous. This is due to the fact that thick PCL structures occupy a considerable 

amount of space. We previously reported the porosity of the 16% silk fibroin scaffolds to be around 80% 

[28]. With the presence of silk fibroin, the mean pore size becomes more favorable when compared 

with PCL cage scaffolds. The microstructural characteristics of the scaffolds such as porosity, pore size, 

and interconnectivity can affect the cellular functions and thus the performance of the scaffolds [29]. 

Highly interconnected pores facilitate tissue infiltration and vascularization, and all the scaffolds had 

excellent interconnectivity (98.6% - 99.8%). While scaffolds with silk fibroin did not have significantly 

higher compression modulus than that of PCL cage scaffolds in the dry state, there were significant 

differences in the wet state thanks to water uptake kinetics of the silk fibroin. Fast water uptake is a 

favorable feature for implantation. The PCL fibers were compact while silk fibroin was in porous form. 

This led to significant differences in the water uptake behavior in the first 24 hours.  

In the present study, two cell types were used, human meniscocytes and Hoffa’s fat pad-

derived hASCs. Hoffa’s fat pad [47] is an adipose body in the knee, anatomically close to the meniscus, 

and an intracapsular extrasynovial source for ASCs for meniscus tissue engineering. In the case of a 

meniscus lesion that could be treated by tissue engineering, having a healthy and sufficient number of 

primary meniscocytes can be a challenge, and this challenge could be overcome by stem cells [1,2,10]. 

Moreover, through their paracrine activity, stem cells that can provide regenerative micro-environments 
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[48,49]. The in vitro assays showed that the inclusion of silk fibroin enhanced the cell adhesion as 

shown in SEM images (Figs. 10.4-6), metabolic activity and proliferation assessed by luminescent cell 

viability and DNA quantification (Figs. 10.3 D-E). Along with the autofluorescence from the biomaterials, 

in Fig. 10.7 the live cells appear green since Calcein-AM fluoresces green in the case of live cells, and 

the nucleus of dead cells appear red since PI fluorescence red upon entering through the cytoplasmic 

membrane and binding to DNA. The cell shape and organization are shown in Figs. 10.8-10 with the F-

actin cytoskeleton appear red while the cell nuclei appear blue. 

The in vivo evaluation of the scaffold was performed by subcutaneous implantation in nude 

mice. The implantation of biomaterials in vivo can lead to an inflammatory reaction [50,51], and 

macrophages try to digest the foreign substance, i.e., scaffolds. As it is well characterized, athymic 

nude rodents [52,53] have intact innate immune system, normal number and activity of macrophages, 

natural killer cells, B cells, and antigen presenting cells, while they lack a normal thymus and largely 

deficient in functional mature T-cells. Therefore, it is possible to implant scaffolds that were seeded with 

xenogenic cells, in this study with human cells. The scaffolds were assessed regarding inflammation, 

tissue infiltration, and formation of blood vessels. Biological properties and the microstructural features 

of the scaffolds influence the in vivo performance. The cell infiltration into the scaffolds, i.e., neotissue 

formation, and neovascularization are favorable for tissue remodeling and regeneration. The H&E 

stained histological images (Figs. 10.14-16) indicate that inflammatory cells were mildly invaded into 

the scaffolds. Typically, a scattering of inflammatory cells is commonly found at the silk fibroin areas 

while denser along the border of the PCL fibers. PCL fibers remained intact, while silk fibroin structures 

were partially fragmented by the macrophage activities. Since the explants that were acellular or seeded 

with cells and cultured prior to the implantation were found to have similar outcomes including tissue 

infiltration and blood vessel formation, the benefit of cell seeding onto scaffolds before implantation is 

evident. Seeding higher number cells and/or longer culture time may lead to a difference in vivo. The 

inclusion of silk fibroin into the large pores of PCL fibers, filled the space and contributed formation of 

collagenous extracellular-matrix (Figs. 10.15-16 A2-C2). The presence of macrophages also contributes 

to neovascularization [54]. Therefore, with the semi-quantitative evaluations, tissue infiltration without 

scaffold fragmentation was observed in the PCL cage, and tissue infiltration with partial fragmentation 

was observed in the scaffolds with silk fibroin. In the Masson’s trichrome stained images (Figs. 10.14-

16) the formation of new blood vessels, and collagenous neomatrix (blue) into the scaffolds can be 

seen. The results were encouraging to perform an in vivo study using a larger model, using ideally 

animal-specific scaffolds seeded with autologous ASCs. 
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10.6. Conclusion 

In this work, we successfully produced EiC scaffolds of 3D-printed PCL cage and porous silk 

fibroin for meniscus tissue engineering applications. The EiC scaffolds were seeded with meniscocytes 

or Hoffa’s fat pad-origin ASCs isolated from human tissues, and characterized in vitro and in vivo. The 

results suggest the confirmation of the hypotheses that inclusion of silk fibroin into PCL cage improved 

the performance of the scaffolds in vitro and in vivo, and, neotissue formation and neovascularization 

have been achieved for the scaffolds either seeded with human meniscocytes or hASCs. Moreover, the 

design of the EiC scaffolds is readily adaptable for the production of scaffolds in anatomically correct 

shape and size for a future in vivo lagomorph model, and a large animal model experiments are needed 

to confirm the orthotopic performance of the tissue engineering constructs. 
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CHAPTER 11.  

Suturable Regenerated Silk Fibroin Scaffold Reinforced with 3D-Printed 

Polycaprolactone Mesh: Biomechanical Performance and Subcutaneous 

Implantation* 
 

11.1. Abstract 

The menisci are among the important tissue in the knee by having crucial roles in the joint, 

chondroprotection being the primary. Meniscus repair or substitution is favored in the clinical 

management of the meniscus lesions with given indications. The outstanding challenges with the 

meniscal implants include the failure to perform the biomechanical roles of the native tissue, and have 

mechanical features required for both implantation and implant survival. Meniscus tissue engineering 

strategies have shown certain success in the in vitro studies; however, most of the reported scaffolds 

lack mechanical performance and suturability which are indispensable for the treatment of meniscus 

lesions. Therefore, we proposed herein a novel highly interconnected suturable porous regenerated silk 

fibroin scaffolds reinforced with 3D-printed polycaprolactone (PCL) mesh produced by means of 

combining 3D-printing and salt-leaching methods. Results showed that the reinforcement of the silk 

fibroin scaffolds with the PCL mesh increased the suture retention strength up to 400%, with a minor 

decrease in the mean porosity and pore size. Both scaffolds had excellent interconnectivity (> 99%), and 

a high water uptake feature (> 500%). The tissue’s infiltration and formation of new blood vessels were 

assessed by means of performing an in vivo subcutaneous implantation of the silk fibroin + PCL mesh 

scaffolds that were seeded with primary human meniscocytes or stem cells. The findings of this study 

indicated that the silk fibroin + PCL mesh scaffolds are suitable for meniscus tissue engineering 

regarding suturability and in vivo biocompatibility and therefore promising for the further studies 

involving orthotopic meniscal models and fabrication of patient-specific implants. 

 

 

 

 

 

*This chapter is based on the following publication:   

Cengiz IF, Pereira H, Espregueira-Mendes J., Kwon IK, Reis RL, and Oliveira JM,  "Suturable 

Regenerated Silk Fibroin Scaffold Reinforced with 3D-Printed Polycaprolactone Mesh: Biomechanical 

Performance and Subcutaneous Implantation." Submitted. 



294 
 

11.2. Introduction 

Meniscus is the most frequently injured tissue in the knee, and critical for the proper 

articulation in the knee. Being under the different mechanical forces between the tibia and femur, it is 

heterogeneous in a regional and segmental manner regarding cellularity [1] and biomechanics [2]. 

Clinical management of meniscus injuries can be challenging [3,4]. While it is rich in vascularization in 

early childhood, the adult human meniscus is vascularized no more than one-third of peripheral width, 

and thus complete healing of the meniscus is a challenge for adult patients [5,6]. The treatment options 

depend on the type of injury and the condition of the knee [4,7]. Given the importance of menisci in the 

knee, keeping and repairing the tissue is favored whenever possible, while still, meniscectomy is not 

rare. Allografts and acellular scaffolds are also used in certain cases with defined indications [4,8,9]. 

Chondroprotection is the main function of menisci, and the absence of this function can contribute to 

the development of osteoarthritis. 

One of the promising regenerative approaches when addressing meniscus lesions can be tissue 

engineering, although the native-like neotissue regeneration has not yet been achieved [3,4,10,11]. 

Numerous naturally-derived and synthetic biomaterials have been processed as porous matrices for 

meniscus tissue engineering scaffolding [3,4,11]. Naturally-derived biomaterials include silk [12-14], 

collagen [15-17], and bacterial cellulose [18,19]. Synthetic polymers include polycaprolactone (PCL) 

[20-23], Poly-L-lactic acid [24,25] and poly(lactic-co-glycolic acid) [26]. Besides, scaffolds that are 

composed of two or more biomaterials were also studied including but limited to decellularized small 

intestinal submucosa and mucosa combined with collagen [27], gelatin/chitosan [28], 

poly(desaminotyrosyl-tyrosine dodecyl ester dodecanoate) with collagen/hyaluronan [29,30], and 

decellularized meniscus extracellular matrix combined with either PCL [31] or demineralized cancellous 

bone [32], and silk/polyvinyl alcohol scaffolds [33]. Typically, natural polymers have superior biological 

features but inferior mechanical properties when compared with synthetic polymers, while synthetic 

polymers can provide enhanced properties including mechanical strength, regulated degradation, and 

reproducibility [4]. Post-implantation extrusion is one of the problems often found when using the 

commercially available acellular scaffolds. Being correct in size and shape [34,35], and suturability of 

the implant is of critical importance. Despite the good in vitro results achieved in meniscus tissue 

engineering, lack of suturability limits the success in orthopedics [4]. Therefore, scaffolds that are 

composed of naturally-derived and synthetic biomaterials could have better performance than single-

biomaterial scaffolds. Silk fibroin is a naturally-derived biomaterial processed from silk cocoons [36-38], 

and owing to its favorable in vitro performance, it is widely used in tissue engineering applications for 

different tissues in different forms that are obtained by using various processing techniques [39-41]. 

However, scaffolds of regenerated silk fibroin typically cannot endure suturing since the suture easily 
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tears the scaffold, which is a major drawback for its use in meniscus tissue engineering [4]. To address 

this issue, we propose herein, a novel regenerated silk fibroin scaffold that is reinforced with 3D-printed 

Polycaprolactone (PCL) mesh in the middle, on the transverse plane to provide suture-holding capacity 

scaffolds. PCL is a synthetic biopolymer with relatively easy 3D-printability, good mechanical properties, 

and slow degradation [42]. Another main advantage of our proposed design is that it can be applied to 

the production of scaffolds in desired shape and size that is highly valuable for implant survival in 

orthotopic animal models, as well as patient-specific scaffold production [35].  

In the current work, human meniscocytes, and human adipose-derived stem cells (hADSC) 

were isolated from the human meniscus and Hoffa’s fat pad (infrapatellar fat pad), respectively, and 

seeded onto scaffolds prior to in vivo implantation. The microstructure of the scaffolds was studied by 

means of scanning electron microscopy (SEM) and micro-computed tomography (micro-CT) analysis.  

Protease XIV solution was used to study the in vitro enzymatic degradation profile, and a gravimetric 

method was used to assess the water uptake behavior of the scaffolds. Mechanical tests were 

performed by means of using a universal testing equipment in order to study both the suture-holding 

capacity and the compressive modulus of the scaffolds. In vivo biocompatibility studies were carried out 

using a 4-week mouse subcutaneous implantation model. The explants architecture were assessed by 

micro-CT. Histological studies were carried out to assess inflammation, tissue infiltration and 

neovascularization. 

 

11.3. Materials and methods 

11.3.1. Materials and reagents 

The mulberry silkworm, Bombyx mori, silk cocoons were purchased from the Portuguese 

Association of Parents and Friends of Mentally Disabled Citizens (APPACDM, Castelo Branco, Portugal). 

Commercial sodium chloride particles were purchased from a local Portuguese store. The other 

chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) unless noted otherwise. 

 

11.3.2. Manufacture of scaffolds 

The regenerated silk scaffolds were manufactured from aqueous-derived 16 wt.% silk fibroin 

solution [38] that was prepared from the cocoons of Bombyx mori. The silk fibroin solution preparation 

involves four main processes: degumming, dissolving, dialysis, and concentration. The silk cocoons 

were cleaned from macroscopic impurities, and cut into small parts before the degumming process by 

which the glue-like protein, sericine is removed. The 2.5 g of silk cocoons were boiled in 1 L of distilled 

water with 0.02 M sodium carbonate for 60 minutes and boiled in only distilled water for 30 minutes, 

then washed several times with distilled water. The wet silk fibroin was maintained inside a flow cabinet 
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for 48 hours to dry. The dry silk fibroin was dissolved in a 9.3 M BrLi solution that was prepared with 

distilled water at 70°C for 1 hour with the ratio of 1 g : 5 mL, dry silk fibroin : 9.3 M BrLi solution. The 

solution was filtered with 5 µm filter at room temperature, and dialyzed for 48 hours in distilled water in 

a benzoylated dialysis tubing (MWCO: 2 kDa), and the water was changed 4 times daily. After the 

dialysis step, the solution was concentrated with poly(ethylene glycol), and the solution removed from 

the tubing and stored at 4°C until the next step. The obtained concentration of the solution was 

determined by its dry weight of the solution after being dried for 24 hours at 70°C, and the final 

concentration was adjusted to 16 wt.% by gradually adding distilled water to the solution at a higher 

concentration under mild agitation.  

The 16 wt.% silk fibroin solution was used either alone or with a 1 mm thick 3D-printed 

polycaprolactone (PCL) mesh in the middle on the horizontal plane. The mesh structures were 

produced from PCL (average Mn 45,000) with a 4th Generation 3D-Bioplotter (EnvisionTec GmbH, 

Germany) at 110°C under the dispensing pressure of 5.5 bars [34,43]. The mesh was composed of 

layer-wise alternating strand directions of 45° and 135° with a distance of 2 mm between the parallel 

strands in each later. Before the integration of the mesh with silk fibroin, the mesh structures were 

immersed in 16 wt.% silk fibroin solution for 10 minutes, then fixed in a silicon mold, silk fibroin solution 

was introduced, and granular sodium chloride with the particle size range of 250-500 µm was added 

gradually. The samples were dried inside a flow cabinet for 72 hours. The dry samples were salt-

leached in plenty of distilled water under agitation for three days with the water being changed 5 times 

daily. The excess silk around the mesh was cut with a surgical blade in wet state to obtain 5 mm3 

samples. The obtained scaffolds were dried inside a flow cabinet for 48 hours, sterilized by ethylene 

oxide using a system from 3M (Steri-Vac Sterilizer/Aerator - 5XL, 3M, USA). 

 

11.3.3. Scanning electron microscopy assessment 

The morphology of scaffolds’ external and cross-sectional surfaces was assessed through a 

scanning electron microscopy (SEM) analysis (JEOL, JSM-6010 LV, Tokyo, Japan). For the external 

surface assessment, the intact scaffolds were coated with gold using a sputter coater (Cressington 

108A, Watford, UK) and imaged at 40x and 150x magnifications. Following that, to evaluate the cross-

sectional surfaces, the scaffolds were cut with a surgical blade on the coronal plane, coated and imaged 

as the external surfaces.  

 

11.3.4. Micro-computed tomography characterization 

 Three samples per scaffold type were scanned with a SkyScan 1272, micro-computed 

tomography (micro-CT) system (Bruker, Belgium) for the characterization of scaffold micro-structure 
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[44,45]. The equipment’s X-ray source voltage and current were set to 50 kV and 200 μA, respectively. 

800 X-ray projections with a pixel size of 10 μm were acquired without any filter. The micro-structural 

analysis performed with the software from the manufacturer using the 2D cross-sectional images that 

were obtained by reconstruction of the x-ray projections. The reconstructed 2D images were stacked to 

obtain the scaffolds’ 3D figures. 

 

11.3.5. Assessment of water uptake behavior  

A conventional gravimetric method was used to assess the water uptake behavior of the 

scaffolds. The samples were weighed in dry state (Md) and wet state at the end of each time point (Mw) 

(24, 72, and 168 hours) after being immersed in PBS solution and stored in an incubator at 37°C. The 

water uptake percentage was calculated with Equation 1. The assessment was performed in triplicates. 

Eq. 11.1: Water uptake % = (Mw-Md)/Md × 100.  

 

11.3.6. Suture retention test 

The scaffolds were first immersed in a PBS solution and kept in an incubator at 37°C for 24 

hours. The wet scaffolds (n=6) were then sutured using a 2-0 Vicryl (Polyglactin 910, Ethicon) suture. 

The suture was passed through the center of the scaffolds, and a square knot was made to avoid 

slipping. The sutured scaffolds were fixed in the lower grip, and the thread ends were joined and fixed to 

the upper grip of the mechanical testing equipment (Instron 5543, USA). The upper grip was extended 

at a rate of 5 mm/minute until the pull-out of the suture. The maximum force achieved refers to the 

suture retention strength. 

 

11.3.7. Compression testing 

The mechanical properties of the scaffolds were evaluated with unconfined compression testing 

using the universal mechanical testing equipment (Instron 5543, USA) with a crosshead speed of 1 

mm/minute. The scaffolds were tested in the dry and wet state (n=6). Wet samples were immersed in 

PBS solution for 24 hours at 37°C. The linear region of the stress-strain curve was used to obtain the 

compressive modulus. The stress was calculated by dividing the applied load by the scaffold’s initial 

cross-sectional area. The strain was obtained by dividing the change in the height of the sample to its 

original height. 

 

11.3.8. In vitro enzymatic degradation 

The scaffolds (n=4) were weighed in their initial dry state (Mi) and incubated in PBS solution in 

an incubator at 37°C for 3 hours prior to the introduction of the protease solution. Scaffolds were 
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incubated in 5 mL of protease XIV solution with the concentration of 4U/mL for 3 to 48 hours (3, 8, 24, 

and 48 hours) in an incubator at 37°C, and scaffolds were also incubated only in PBS solution without 

enzyme to serve as a control. After the first 24 hours, the enzymatic solution that was used for the 

samples of 48 hours time point, was replaced with a freshly prepared solution. At the defined time 

points the scaffolds were rinsed with distilled water, and dried inside a flow cabinet for 48 hours, and 

the final weight of each scaffold (Mf) was recorded. The water uptake percentage was calculated with 

Equation 2.  

Eq. 11.2: Weight loss % = (Mi-Mf)/Mi × 100 

 

11.3.9. In vivo study 

The scaffolds with and without human meniscocytes or stem cells were implanted 

subcutaneously in five 5-week-old male athymic nude mice (Charles River, France) to evaluate the in 

vivo biological response. The animal study was approved by the Local Ethics Committee and the 

Portuguese Authority for Animal Health, Direção Geral de Alimentação e Veterinária (DGAV). To obtain 

the cells, first the human tissues were harvested, and the cells were isolated and cultured. The human 

meniscus and Hoffa’s fat pad were harvested in the normal course of surgical treatment of the patients 

without affecting their treatment as described previously [1,2]. The protocol for the tissue collection was 

approved by the Local Ethics Committee, the donors gave their informed written consent, the samples 

were anonymized, and only the age and gender information was saved. The Hoffa’s fat pad was 

harvested from live 23 years old female patient, and the meniscus was harvested from live 66 years old 

female patient. The tissues were harvested in aseptic conditions with a cold blade, and were kept 

separately in sterile containers having 70 mL of sterile Dulbecco’s Phosphate Buffered Saline (dPBS) 

(Life Technologies, USA) with 1.0% of an antibiotic-antimycotic mixture (Invitrogen) containing 10,000 

U/mL penicillin G sodium, 10 mg/mL streptomycin sulphate and 25 µg/mL amphotericin B as 

Fungizone antimycotic in 0.85% saline [1]. The tissues were processed for cell isolation within 24 hours. 

To isolate the hADSCs, the Hoffa’s fat pad was rinsed with dPBS, and using a surgical blade, 

the portions that are not fat were removed. The tissue cut into small sections, and digested in 10 mL 

digestion solution (collagenase solution : -MEM medium, 1 : 1 (v/v)) overnight in a water bath for 1 

hour with agitation at 37°C. The collagenase solution was prepared from collagenase type II with 0.15% 

(w/v) concentration of in dPBS, and the -MEM medium (Invitrogen, USA) was supplemented with 10% 

fetal bovine serum (Gibco, USA) and 1% antibiotics/ antimycotic (Invitrogen, USA). Once the digestion 

was complete, the obtained mixture was removed from the water bath and to avoid any non-digested 

fragments, the mixture was passed through a 100 µm cell strainer (BD Biosciences, USA). After being 

centrifuged at 800 g for 10 minutes (5810R, Eppendorf, Germany), the supernatant was discarded, and 
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the pellet was re-suspended in 10 mL of dPBS and centrifuged at 300 g for 10 minutes. The 

supernatant was discarded, the cell pellet re-suspended in 10 mL of -MEM medium, passed through a 

100 µm cell strainer (BD Biosciences, USA) to avoid agglomeration, and plated and cultured in a CO2 

incubator for cell culture (MCO-18AIC (UV), Sanyo, Japan), and the culture medium was changed after 

the first 24 hours, and then every 2-3 days.  

Human meniscocytes’ isolation was similar to the hADSCs’ isolation. The meniscus was 

removed from the transportation solution and washed twice with sterile dPBS. Using a surgical blade, 

vascularized and fat sections were discarded, and the rest of the tissue cut into small sections. After 

washing twice with dPBS, it was digested for 8 hours similar to the Hoffa’s fat pad. After the digestion, 

the mixture was centrifuged at 300 g for 7 minutes, and the pellet was re-suspended in medium and 

cultured in an incubator. After 48 hours, the media in the flask was taken, the flask was washed with 

dPBS, and the dPBS was joined with the previous media, and the mixture was centrifuged for 5 minutes 

at 300 g. The cells were cultured with fresh media until confluency in an incubator. When confluent, the 

cells were trypsinized with TrypLE Express (ThermoFisher Scientific, USA) after washing twice with 

dPBS, centrifuged for 5 minutes and re-plated. The hADSCs and meniscocytes were cryopreserved 

respectively at P3 and P4 at the concentration of 1 × 106 cells/mL in 90% fetal bovine serum (Gibco, 

USA) and 10% dimethyl sulfoxide (VWR International, USA).  

Before the cell seeding, the scaffolds were placed in a multi-well suspension culture plates 

(Greiner Bio-One GmbH, Austria) and hydrated in culture medium for 24 hours. The cryopreserved cells 

were replaced from liquid nitrogen to -80°C freezer 1 day before the seeding. On the day of cell 

seeding, the cells were thawed and counted with the trypan blue exclusion method (Trypan blue 

solution, 0.4%, VWR International, USA). After centrifuging, 1 × 106 cells were seeded onto each scaffold 

and incubated for 1 hour, and then the culture medium was gently introduced. Culture medium and 

suspension well-plates (Greiner Bio-One GmbH, Austria) were changed every 2-3 days up to 7 days, and 

then implanted. 

The mice were anesthetized with intraperitoneal injection of ketamine 75 mg/Kg (Merial, 

France) and medetomidine 1 mg/Kg (Orion, Finland). The anesthesia was confirmed, and the dorsal 

skins of the mice were disinfected, two small incisions were made on the dorsal midline of the mice. 

Two pockets (one on the left, one on the right) were created by blunt dissection through each incision. 

The two scaffold types were implanted in 3 different conditions: acellular, or seeded with either human 

meniscocytes or hADSCs. Each of the three replicates per sample group was implanted in each pocket. 

After implantation, the skin of the mice was closed by means of suturing [40]. Until the mice were 

recovered from anesthesia, they were kept on the heated platform, and placed in their normal housing 

conditions after recovery. During the study, the mice were allowed food and water ad libitum, and 
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observed on a daily basis. For implant retrieval, the mice were euthanized by CO2 inhalation at week 4 

post-implantation. 

 

11.3.10. Characterization of the explants 

After the explant retrieval, one sample from each group was covered with Parafilm M wrapping 

to maintain the moisture, and then the samples were scanned by one by with micro-CT as described 

before. The samples that were to be scanned were kept in dPBS with 1.0% of an antibiotic-antimycotic 

solution. For the histological evaluation, the samples were processed using standard protocols. After 

fixation in 10% formalin (ThermoFisher Scientific, USA), the samples were processed in STP120-2 spin 

tissue processor (Microm, ThermoFisher Scientific, USA). The samples were embedded in paraffin, and 

a microtome (HM355S, Microm, ThermoFisher Scientific, USA) was used to obtain the histological 

sections. After deparaffinization, the sections were stained with hematoxylin and eosin (H&E) using an 

automatic stainer (HMS740, Microm, ThermoFisher Scientific, USA). Sections were also stained with 

Masson’s trichrome with a kit (Bio-Optica, Italy) according to the manufacturer’s protocol in which the 

sections were treated sequentially with reagents provided in the kit (Weigert’s iron hematoxylin, picric 

acid alcoholic solution, ponceau acid fuchsin according to Mallory, phosphomolybdic acid solution, and 

Masson aniline blue). The histological sections were observed and imaged with a microscope (Leica 

DM750). The inflammatory regions evaluated using H&E stained histological images (n= 6) per group 

by three independent evaluators in a semi-quantitative way. The names of the images files were coded 

for anonymization, and the evaluators used a software for quantitative pathology, QuPath [46], which 

was running on a computer operating with Windows 10. The evaluators marked the areas with 

inflammation and quantified the blood vessels on the histological images. Regarding the tissue 

infiltration and scaffold fragmentation scaffolds were scored according to Table 11.1. 

 

Table 11.1. The scoring system for the semi-quantitative evaluation of both tissue’s infiltration and 

scaffold stability in vivo. 

Tissue’s infiltration and scaffold stability Score 

No tissue infiltration, intact scaffolds 1 

Tissue infiltration, intact scaffold 2 

Tissue infiltration, small fragments/debris of the scaffold 3 

Complete degradation of the scaffold 4 
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11.3.11. Statistical analysis 

Statistical analyses were done using the SPSS® (IBM® SPSS® Statistics version 24.0, IBM, USA). 

The values are shown as mean ± standard error of the mean (M ± SE), and the existing error bars 

indicate the standard error of the mean. The statistical differences between the means of the two 

scaffold groups were detected using Student's t-test. The null hypothesis (Hnull) (Equation 3) of the t-test 

is that the means of the groups are equal, while the alternative hypothesis (Equation 4) is that the 

means are different. 

Eq. 11.3: Hnull: Mean valuesilk fibroin = Mean valuesilk fibroin + PCL mesh 

Eq. 11.4: Halternative: Mean valuesilk fibroin ≠ Mean valuesilk fibroin + PCL mesh 

Rejection/acceptance of the Hnull is based on the presence/absence of the statistically 

significant differences between the means of the two groups. The statistical significance level was set at 

0.05. The significant differences between the two scaffolds were reported as “mean (the 95% 

confidence intervals, lower bound of the mean difference-upper bound of the mean difference)”, M (CI95, 

lb - ub). The absence of outliers was confirmed with boxplots, Levene's tests were used to confirm the 

equality of variances, and Shapiro-Wilk's tests were used to confirm the presence of normal distributions 

[44,1]. Cohen’s d values were calculated for each parameter by dividing the difference between the 

means of the two scaffold types to the value of their pooled standard deviation with Equation 5. The 

Cohen’s effect size benchmarks [47,48] were used to determine the effect size classes [1]. The d 

values of 0.2, 0.5, and 0.8 correspond to small, medium, and large effect size classes, respectively. 
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11.4. Results 

11.4.1. Micro-structural analysis 

The SEM micrographs of the external and the cross-sectional surfaces of the scaffolds show the 

porous structure of silk fibroin and the integrity PCL mesh and silk fibroin (Fig. 11.1). The 2D and 3D 

micro-structure of the scaffolds is depicted in Figs. 11.2 A-D. The 3D blueprints show the design of the 

reinforced silk fibroin scaffold that has a 3D-printed PCL mesh in the middle, on the transverse plane of 

the scaffold (Figs. 11.2 E-F). Regarding the micro-structural parameters as assessed by micro-CT (Fig. 

11.3), the mean porosity values were 85.1 ± 0.6%, and 76.9 ± 0.5%, respectively for silk fibroin, and 

silk fibroin + PCL mesh. The scaffolds were statistically significantly different from each other in mean 

porosity t(4) = 11.1% (p < 0.0005) (d > 1.0) with a difference 8.2% (CI95, 6.2 - 10.3). The 

interconnectivity values were 99.7 ± 0.0%, and 99.3 ± 0.51%, respectively for silk fibroin, and silk 
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fibroin + PCL mesh, and they were statistically significantly different from each other t(4) = 8.2 (p = 

0.001) (d  > 1.0) with a difference of 0.5% (CI95, 0.3 - 0.6). The mean pore size values were 251.5 ± 9.8 

µm, and 242.1 ± 7.6 µm, respectively for silk fibroin, and silk fibroin + PCL mesh. While there was a 

difference of 9.4% (CI95, -25.0 - 43.8), it was not statistically significantly t(4) = 0.8 (p = 0.49). The silk 

fibroin, and silk fibroin + PCL mesh scaffolds had a mean wall thickness of 47.3 ± 0.7 µm, and 159.8 

± 6.7 µm, respectively, and there was a significant difference of -112.6 µm (CI95, -141.1 - -84.0), t(2.1) 

= -16.6 (p = 0.003) (d  > 1.0). The inclusion of the mesh led to a moderate increase in the ratio of 

relatively thicker walls and larger attributed to the mesh architecture (Fig. 11.3 F). 
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Fig. 11.1. SEM micrographs of the scaffolds. Silk fibroin scaffold (A-D), and silk fibroin + PCL mesh 

scaffold (E-H) showing both the surface and the cross-section of the scaffold at two different 

magnifications. White and yellow scale bars indicate 500 µm and 100 µm, respectively. 

 

 

Fig. 11.2. The micro-structure of the scaffolds. 2D cross-sectional (A and C) and 3D micro-CT images (B 

and D) of silk fibroin and silk fibroin + PCL mesh scaffolds, respectively. The scale bars indicate 1 mm. 
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The distance between two adjacent white points is 0.5 mm. Schematic illustration of the design of the 

silk fibroin + PCL mesh scaffolds from different angles (E and F). 
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Fig. 11.3. Micro-structural parameters of the scaffolds. Mean porosity (A), interconnectivity (B), mean 

pore size (C), mean wall thickness (D) of the silk fibroin, and silk fibroin + PCL mesh scaffolds, and 

each scaffold type’s pore size (E), and wall thickness (F) distributions. 

 

11.4.2. Water uptake kinetics and in vitro degradation properties 

Fig. 11.4 A shows the water uptake profiles of the scaffolds. The two scaffold groups were 

statistically significantly different from each other in the water uptake percent at 12 hours, t(4) = 10.8 

(p < 0.0005) (d > 1.0) with a difference of 226.1% (CI95, 168.0 - 284.2). At 24 hours, the silk fibroin 

scaffold had a significantly higher water uptake percentage compared with the scaffolds with PCL mesh 

t(4) = 11.7 (p < 0.0005) (d > 1.0) with a difference of 231.9% (CI95, 176.9 – 286.8). The differences 

slightly increased after 12 hours, by silk fibroin scaffolds having 245.3% (CI95, 204.8 - 285.7) higher 

water uptake t(4) = 16.8 (p < 0.0005) (d > 1.0). At the last time point of 168 hours, the scaffold groups 

were statistically different from each other t(4) = 15.5 (p < 0.0005) (d > 1.0) with a difference of 

259.5% (CI95, 213.1 - 305.9). Upon being exposed to an enzymatic degradation test, the silk scaffolds 

were completely degraded after 48 hours (Fig. 11.4 B). The differences of the scaffolds in the 

degradation profile were not statistically significant at the first two time points (3 and 8 hours). At 24 

hours, the silk fibroin scaffold had significantly higher degradation percentage compared with the 

scaffolds with PCL mesh t(6) = 5.7 (p = 0.001) (d > 1.0) with a difference 32.5% (CI95, 18.4 – 46.5). At 

the last time point, 48 hours, there was a significant difference of 41.5% (CI95, 35.5 – 47.6), t(6) = 16.8 

(p < 0.0005) (d > 1.0) between the two scaffold groups. 
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Fig. 11.4. Swelling rate and degradation profile of the scaffolds. Water uptake behavior of the scaffolds 

up to 168 hours (A), and Enzymatic degradation profile of the scaffolds up to 48 hours (B).  

 

11.4.3. Suture retention, and compressive properties  

The suturability of the scaffolds was assessed by the suture retention tests (Figs. 11.5 A-J). The 

suture retention strength of silk fibroin + PCL mesh scaffolds were more than 400% higher than that of 

the silk fibroin scaffolds. The suture retention strength values were 2.13 ± 0.45 N, and 9.32 ± 0.63 N, 

respectively for silk fibroin, and silk fibroin + PCL mesh (Fig. 11.5 K). Regarding the statistical 

significance, the scaffolds were statistically significantly different from each other t(10) = -9.24 (p < 

0.0005) (d > 1.0) with a difference of -7.19 N (CI95, -8.92 - -5.46). The scaffolds were compressed in 

both dry and wet conditions. The dry compression modulus values (Fig. 11.5 L) were 9.36 ± 1.27 MPa, 

and 17.21 ± 4.02 MPa, respectively for silk fibroin, and silk fibroin + PCL mesh. The scaffolds were not 

statistically significantly different from each other t(6) = -1.86 (p = 0.112) with a difference -7.85 MPa 

(CI95, -18.17 - 2.48). The wet compression modulus values (Fig. 11.5 M) were 0.16 ± 0.02 MPa, and 

0.40 ± 0.06 MPa, respectively for silk fibroin, and silk fibroin + PCL mesh, and there was a significant 

difference of -0.24 MPa (CI95, -0.38 - -0.10), t(6.8) = -3.84 (p = 0.007) (d > 1.0).  
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Fig. 11.5. Photographs related to the suture retention test. Insertion of the needle through the center of 

the scaffolds (circle) (A-C), the knot (D), the suturing process of the silk fibroin + PCL mesh scaffold (E-

F). The red arrow indicates the PCL mesh. The square knot (white arrow) (G), and the positioning of the 

scaffold in the lower grip (H-I). The yellow arrow indicates the movement direction of the upper grip. A 
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torn piece of the scaffold (red arrow) upon failure (J). Compression modulus in dry state (K), 

compression modulus in wet state (L), and suture retention strength (M). 

 

11.4.4. In vivo biocompatibility evaluation 

The ectopic subcutaneous implantation of the scaffolds (Figs. 11.6 A-B) was performed without 

adverse incidents, and all of the mice were alive and in good condition. The gross appearance and the 

micro-CT images of the explants were shown in Figs. 11.6 C1-E3 and 11.7 A1-C3. Upon 4 weeks of 

implantation, excellent tissue infiltration was observed in all scaffolds, and the cross-sectional inspection 

indicated a homogenous appearance across the samples (Figs. 11.6 C3-E3, and Figs. 11.7 A3-C3). All 

scaffolds were highly infiltrated with neotissue, neovascularization, and newly formed collagenous 

extracellular matrix as depicted in the H&E and Masson’s trichrome stained images (Figs. 11.8 and 

11.9). 

In all scaffolds, areas with inflammation were quantified to be less than 10% of the whole, and 

formation of new blood vessels was clearly observed in all samples (Fig. 11.9 D). The results of the 

semi-quantitative analysis showed that silk fibroin scaffolds have a score of 2.8 ± 0.1 (3 = Tissue 

infiltration, small fragments/debris of the scaffold). The cross-section of the mesh area of the silk fibroin 

+ PCL mesh scaffolds had the score of 2.4 ± 0.1. The typical inflammation and macrophage activity are 

depicted in Figs. 11.9 E-G. 
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Fig. 11.6. Subcutaneous implantation of scaffolds. A photograph of a scaffold prior to implantation (A). 

A photograph of a mouse with the implanted scaffolds (B). Photographs of the silk fibroin scaffold 

explants (C1, D1, and E1), overall 3D micro-CT images (C2, D2 and E2), and cropped 3D micro-CT 

images showing the inside of the scaffold (C3, D3, and E3). The distance between two adjacent white 

points is 0.5 mm. Acellular silk fibroin scaffold (C), silk fibroin + PCL mesh scaffold seeded with 

hADSCs (D), and human meniscocytes (E) prior to implantation. 
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Fig. 11.7. Subcutaneous implantation of scaffolds. Photographs of silk fibroin + PCL mesh scaffold 

explants (A1, B1, and C1), overall 3D micro-CT images (A2, B2, and C2), and cropped 3D micro-CT 

images showing the inside of the scaffold (A3, B3, and C3). The distance between two adjacent white 

points is 0.5 mm. Acellular scaffold (A), seeded with hADSCs (B), and human meniscocytes (C) prior to 

implantation. 
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Fig. 11.8. Histological images of the silk fibroin scaffold explants. H&E staining (A1, B1, and C1). 

Masson’s trichrome staining (A2, B2, and C2). Acellular silk fibroin scaffold (A), seeded with hADSCs 

(B), and human meniscocytes (C) prior to implantation. The yellow asterisks indicate silk fibroin and 

yellow arrows indicate tissue infiltration. The black and yellow scale bars indicate 500 µm, and 200 µm, 

respectively. 
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Fig. 11.9. Histological images of the silk fibroin + PCL mesh scaffold explants. H&E staining (A1, B1, 

and C1). Masson’s trichrome staining (A2, B2, and C2). Acellular silk fibroin + PCL mesh scaffold (A), 

seeded with hADSCs (B), and human meniscocytes (C) prior to implantation. Higher magnification 

histological images depicting the formation of new blood vessels (yellow squares) (D). Typical regions 
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across the PCL structures with darker stains (green rectangle) indicating the nuclei of inflammatory cells 

(E). Macrophages are responding to the silk fibroin (black square in F, and blue rectangles in G) (F and 

G). The black asterisks indicate PCL structures, the yellow asterisks indicate silk fibroin, and the yellow 

arrows indicate tissue infiltration. In A1-C2, the black and yellow scale bars indicate 500 µm, and 200 

µm, respectively; while they indicate 50 µm, 100 µm, respectively in D-G. 

 

11.5. Discussion 

One of the bottlenecks of the clinical translation of meniscal scaffolds is suturability, which is 

indispensable for proper anchoring of the implants at the defect site [3,4]. Unsuturable 

scaffolds/hydrogels for meniscus tissue engineering can be neither functionally tested in clinically 

relevant animal models, nor have provided good outcomes in the clinics [4]. Regenerated silk fibroin is 

an extensively studied biomaterial with very good in vitro results. Compared with the polyurethane-

based scaffolds that have excellent biomechanics, silk fibroin scaffolds typically present poor 

mechanical performance and thus do not support suturability. In this study, a specific scaffold design 

(Figs. 11.1 and 11.2) was proposed in which a suturable regenerated silk fibroin scaffold is reinforced 

with 3D-printed PCL mesh layer on the transverse plane to obtain the desired suturability.  

The reinforced scaffolds were designed in the way that to take advantage of porous regenerated 

silk fibroin’s favorable properties for cell culturing while having a mesh structure from PCL in the 

middle, on the transverse plane of the scaffold in order to provide a stable suturability thanks to its 

mechanical strength (Figs. 11.1 E-G and 11.2 D-F). The scaffold design that was proposed in this study 

is suitable for the production of patient-specific scaffolds or scaffolds with desired size and shape which 

is of importance for the scaffold performance in large animal model studies [35]. 

The SEM and micro-CT images (Figs. 11.1 and 11.2 A-D) confirm the integrity of the PCL mesh 

and silk fibroin. A scaffold’s micro-structure (Fig. 11.3) has a role in the cells metabolic activity, and 

therefore, the biological outcomes such as cell adhesion, migration, proliferation, differentiation and 

extracellular matrix synthesis [45]. Highly interconnected porous architecture can promote 

vascularization and tissue infiltration. As evaluated with micro-CT, silk fibroin, and silk fibroin + PCL 

mesh scaffolds have excellent interconnectivity (> 99%) (Fig. 11.3 B) which promotes tissue infiltration 

and vascularization in vivo (Figs. 11.8 and 11.9) 

Fast- and high-level of swelling are desired properties in meniscal scaffolds. As shown in Fig. 

11.4 both scaffolds have excellent water uptake properties. The silk fibroin has a water uptake ratio of 

800% while it is higher than 500% for the scaffolds with PCL mesh due to compact PCL structure. The 

differences observed between the scaffolds in respect to the degradation profile are due to the fact that 

the enzyme degrades the silk fibroin but not the PCL structure. The degradation of the scaffold is 
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desired for the remodeling of the scaffold/new tissue construct. As Fig. 11.5 K depicts, the suture 

retention strength of silk fibroin + PCL mesh scaffolds was approximately 400% higher than that of the 

silk fibroin scaffolds. That difference observed is statistically significant. The two scaffolds were tested 

under compression in dry and wet conditions (Figs. 11.5 L and M). The silk fibroin is brittle when dry, 

and sponge-like when wet. The inclusion of the PCL mesh increased the compressive modulus. 

In this work, a tissue engineering strategy was performed by means of seeding the two 

scaffolds with human meniscocytes or human infrapatellar fat pad-derived stem cells. The cell-scaffold 

constructs performance was evaluated in a subcutaneous model of athymic nude mice. Athymic nude 

mice and rats [49,50] lack a normal thymus, and largely deficient in functional mature T-cells, but they 

have an intact innate immune system, normal activity and number of macrophages, antigen presenting 

cells, natural killer cells, and B cells. The nude mouse model was chosen in this study to implant the 

constructs with human cells. The implantation of scaffolds in the body can cause inflammation [51,52], 

and macrophages try to digest the biomaterial. The proposed cell-scaffold constructs were assessed 

regarding inflammation, tissue infiltration, and vascularization Biological properties and the micro-

structural features of the scaffolds, influence the in vivo performance. Hoffa’s fat pad is [53-55] an 

adipose structure that is located between the patella, femur, tibial plateau, and is attached to the 

anterior horn of the meniscus, therefore it is the anatomically closest adipose-derived stem cell source 

for meniscus tissue engineering. Since in a clinical need for meniscus tissue engineering, the health 

and number of autologous primary meniscocytes can be a critical challenge, the use of stem cells could 

help to tackle this issue [3,4,11]. Besides, the paracrine activity of stem cells can be beneficial to 

establish an appropriate regenerative micro-environment [56,57].  

The in vivo results of the present study indicated excellent tissue infiltration and new blood 

vessel formation with mild inflammation. Tissue infiltration and formation of new blood vessels are 

desired for remodeling and regeneration. Figs. 11.9 E-G illustrate that the scaffolds were mildly invaded 

by the inflammatory cells and macrophages. Moreover, H&E stained images show that there is partial 

fragmentation of silk fibroin due to macrophages which also promotes the formation of new blood 

vessels [58]. From the Masson’s trichrome stained images (Figs. 11.8 A2-C2 and 11.9 A2-C2) the 

synthesis of collagenous tissue was evident (blue color). The results of the present study are 

encouraging us to further perform an in vivo study using a larger animal model to test the cell-scaffold 

constructs (autologous approach) in a  partial meniscus defect model. 

 

11.6. Conclusion 

In the present study, we successfully manufactured suturable porous silk fibroin scaffolds 

reinforced with 3D-printed PCL mesh in the middle, on the transverse plane of the scaffold for meniscus 
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tissue engineering by combining 3D-printing and salt-leaching methods. The inclusion of the PCL mesh 

led the suture retention to strengthen by up to 400% of the silk fibroin scaffolds. The scaffolds had 

suitable micro-structure with over 99% interconnectivity, and excellent water-uptake properties. The in 

vivo results showed that all cell-scaffold constructs were highly infiltrated by new tissue and blood 

vessels. The findings favor the acceptance of the hypothesis that reinforcement of silk fibroin scaffolds 

with 3D-printed PCL mesh significantly enhanced the suturability while similarly good in vivo results, 

i.e., tissue infiltration, blood vessels formation when seeded with primary human meniscocytes or stem 

cells. In addition, the scaffold manufacturing method is suitable for fabricating implants with the desired 

size and shape for future experiments with a larger animal model. This data suggests that inclusion of 

3D-printed polycaprolactone mesh to silk fibroin scaffold improved its performance, and thus, the 

suturable silk fibroin scaffold deserves further studies using an orthotopic model. 
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CHAPTER 12.  

Building the Basis for Patient-Specific Meniscal Scaffolds: From Human Knee 

MRI to Fabrication of 3D Printed Scaffolds* 
 

12.1. Abstract 

 The current strategies for the transplantation of meniscus should be strengthened to tackle the 

faced limitations of current methods in the clinics. One of the limitations is that current implants are not 

patient-specific. There is, therefore, a pressing need in the clinics to develop patient-specific implants. 

The aim of this study was to demonstrate a semi-automatic way of segmenting meniscus tissues from 

patients’ volumetric knee magnetic resonance imaging (MRI) datasets in order to obtain patient-specific 

3D models for 3D printing of patient-specific constructs. High-quality MRI volumetric images were 

acquired from five healthy male human subjects. The advanced segmentation software, 

RheumaSCORE, was used for semi-automatic MRI image segmentation of the meniscus tissues. Our 

methodology allows a full 3D segmentation of the menisci with only minimal interaction on 2D slices. 

The obtained 3D models were used for the fabrication of tissue engineering scaffolds from 

polycaprolactone with different internal architectures. The fabricated scaffolds were characterized by 

micro-computed tomography (micro-CT), scanning electron microscopy (SEM), and mechanical testing. 

This study demonstrated the 3D fabrication of patient-specific scaffolds with a 3D printer using the 

reconstructed 3D models obtained by an advanced segmentation method of menisci from knee MRI. 

This is a step towards a personalized tissue engineering therapy model for the knee meniscus. 

 

 

 

 

 

 

 

 

 

*This chapter is based on the following publication:   

Cengiz IF, Pitikakis M, Cesario L, Parascandolo P, Vosilla L, Viano G, Oliveira JM, and Reis RL. "Building 

the Basis for Patient-Specific Meniscal Scaffolds: From Human Knee MRI to Fabrication of 3D Printed 

Scaffolds." Bioprinting 1:1-10, 2016 
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12.2. Introduction 

The knee menisci are the two fibrocartilage tissues present between the femoral condyles and 

the tibial plateau. The menisci have critical roles in the function and biomechanics of the knee [1]. 

Despite the deleterious consequences of meniscectomy [2], it is still globally one of the most frequent 

surgical procedures on meniscus [3]. Even so, the notion of repairing or replacing the meniscus, when 

possible, is gaining support. Various surgical treatments for meniscus lesions have been accomplished 

[4,5]; however, there are clinical needs that are still unmet for complete meniscus regeneration. There 

is, therefore, a pressing need to develop patient-specific implants. In this paper, we address this need 

by focusing on the fields of tissue engineering and 3D bioprinting, and we introduce an advanced 

methodology in order to translate medical imaging data from a patient into a fabricated implant. 

Tissue engineering strategies have been developed with the goal of promoting effective 

meniscus tissue regeneration [6,1,7]. The basic concept of tissue engineering is to achieve regeneration 

of tissues by using cells, scaffolding biomaterials, and signaling components [8,1,9]. The cells are 

preferably obtained from the patient (autologous approach) by means of biopsy. Cells are proliferated in 

vitro to reach a sufficient number and then seeded into a scaffold considering the 3D cellularity of the 

fresh meniscus [10]. After conditioning of the cellular scaffold in vitro in a cell culture medium, the 

structure is implanted into the lesion site of the patient. A scaffold is a three-dimensional (3D) porous 

structure with interconnected pores produced from biodegradable biomaterials. It is preferred that a 

tissue engineering scaffold be highly porous with suitable pore size and highly interconnected for the 

promotion of scaffold-cell interactions and cell migration [11-13]. The scaffold hosts the cells and 

interacts with them [14-20]. In the ideal case, the scaffold degrades over time while the cells produce 

the matrix of the tissue. However, a neotissue with the same biological and biomechanical 

characteristics as the native meniscus has not been reliably achieved until the present time. Another 

point that deserves attention is the difference between medial and lateral meniscus [21]. The lateral 

meniscus holds up to 70% of the load transmission in the lateral compartment while the medial 

meniscus is responsible for 50% within its respective compartment [22]. This is an indication that the 

implant manufacturing process should be easily customized and adjustable (i.e., its internal structural 

architecture) such as in the case of a 3D printed implant. 

The gold standard of meniscus tissue engineering does not exist yet [7]; however segmental 

patterns of meniscus regarding the cellularity [10], architectural and biomechanical characteristics of 

the fresh meniscus [23] should be taken into consideration. Advanced tissue engineering strategies 

have started to trend toward being patient-specific. Patient-specific does not only mean the use of 

autologous cells but also means that the implant is custom-made with the correct size and shape for 

that patient, i.e., respecting the anatomy and required biofunctionality. This requires the employment of 
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the rapid prototyping methods [24-27] instead of the traditional scaffold fabrication methods [28-30]. 

Medical image segmentation and 3D model reconstruction are critical and initial steps in rapid 

prototyped patient-specific scaffolds. Existing image segmentation techniques vary from manual 

segmentation to fully automatic ones [31-34]. Despite the advances in automatic segmentation 

methods, a lot of research relies on interactive segmentation due to the unreliability and specificity of 

fully automatic methods. Interactive segmentation approaches combine the efficiency, accuracy, and 

repeatability of automatic methods with the expertise and quality assurance that can derive from human 

supervision. In this study, we describe an image post-processing methodology that is applied to 

magnetic resonance imaging (MRI) datasets in order to obtain a 3D model of the meniscus tissue. We 

used a proprietary Computer Aided Diagnosis (CAD) software called RheumaSCORE 

(http://www.research.softeco.it/rheumascore.aspx) that is developed by Softeco Sismat S.r.l. 

(https://www.softeco.it/en/) which supports and assists the user in the diagnosis and the 

management of chronic diseases, such as rheumatoid arthritis (RA) [35,36]. This software allows the 

processing, analysis, display, measurement, and the comparison of MRI datasets of menisci. The 

segmentation features provided by RheumaSCORE are based on a real-time interactive algorithm [37-

41] that has been increasingly applied for 3D medical image segmentation.  

The aim of this study was to demonstrate the use of medical imaging and computer-aided 

design combined with 3D printing for the fabrication of patient-specific constructs. The 3D models of 

the meniscus that were obtained from MRI datasets were 3D printed with polycaprolactone (PCL), 

which is a well-known biodegradable, biocompatible and easy to process thermoplastic biopolymer [42-

44]. The 3D printed scaffolds were characterized by micro-computed tomography (micro-CT), scanning 

electron microscopy (SEM), and mechanical testing. 

 

12.3. Materials and Methods 

12.3.1. MRI Segmentation and 3D Model Reconstruction of the Human Meniscus Tissue  

Five healthy male volunteer subjects underwent static MRI scans with the use of a PET/MRI 

hybrid device, preinstalled with the software version 3.2.2.0 (Ingenuity TF PET/MR, Philips Healthcare, 

Best, The Netherlands) and a 3T scanner on the MRI side. The right legs of the subjects were scanned 

in feet first-supine (FFS) position using a two element 16-channel SENSE XL Torso coil provided by 

Philips. The specific imaging protocol implemented was a T2-weighted WIP 3D DP isotropic sequence 

VISTA (volume isotropic turbo spin echo acquisition) SPAIR Spectrally Adiabatic Inversion SENSE 

(sensitivity encoding) with a SENSE factor of 2. A total of five Digital Imaging and Communication in 

Medicine (DICOM) datasets with high spatial-resolution were obtained, and the acquisition plane was 

sagittal. Each dataset had 458 slices with a voxel size of 0.33 x 0.33 x 0.35 mm3 and slice thickness of 
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0.7 mm, with space between slices of 0.35 mm, Repetition Time (TR) of 1300 ms, an Echo Time (TE) 

of 32.2 ms, and an Echo Train Length of 65. The mean age of the subjects was 26.8 years with the 

range between 25 and 32 years, and their mean body mass index (BMI) was 22.4 with the range 

between 19.4 and 27.8. Ethical approval for the study was obtained from the Ethical Committee for 

Research on Humans (CEREH) of the Geneva University Hospitals and the Swiss Agency for 

Therapeutic Products. All the volunteers signed an informed consent form.  

Our 3D model generation process involved four main steps: (i) Image pre-processing: some 

datasets required some image pre-processing, such as removing unwanted artifacts from the images 

due to scanning irregularities, i.e., removing high-intensity values and keeping grayscale range between 

0-4095. For this step, a custom piece of software was developed, using the Insight Segmentation and 

Registration Toolkit open source libraries [45]; (ii) Image segmentation: we used a proprietary software 

application called RheumaSCORE (v 0.1.16), developed by Softeco Sismat S.r.l., for the segmentation 

of the MR images. RheumaSCORE is based on an algorithm that is interactive and real-time (iii) Manual 

corrections on the segmented images: some manual refinements were needed on occasion to improve 

the accuracy of the segmented images; and (iv) 3D reconstruction: the 3D model reconstruction was 

obtained by the segmented images using the software. The segmentations were performed by a single 

operator using RheumaSCORE and then reviewed and validated by two experienced segmenters. The 

segmentation tool interface provides simultaneous 2D slice-by-slice visualization of original data, using 

different views, i.e., sagittal, coronal, and axial, segmentation results, as well as the 3D surface 

rendering of the segmented elements. The segmentation process is user-driven, interactive and can 

iteratively converge to the desired outcome. The user can switch from the interactive mode to the 

draw/erase mode at any time and perform manual slice-by-slice corrections. The user can also 

influence the algorithm evolution by changing the default speed function parameters such as the mean 

and standard deviation of gray level distribution in the input data, which are otherwise automatically 

estimated and dynamically updated. This makes the procedure easier, and more user-friendly as no 

parameters are required by the user. In general, the user interface has been designed to make 

segmentation as easy as possible, even for non-expert or less experienced users. 

The resulting 3D model from the above process is a triangle mesh in Visualization Toolkit file 

format since RheumaSCORE is internally using the Visualization Toolkit - open source libraries [46]. At 

this stage, we did not perform any additional corrections to the 3D model such as fixing spikes or filling 

any holes. In general, 3D models reconstructed from medical image segmentations are rarely corrected 

given that we want to remain as close as possible to the “real” tissue shape and size. However, due to 

the 3D printer limitations and technical/practical issues regarding the printing materials, we used the 

MeshLab software [47] to further smoothen the 3D model and fill some minor holes that could cause 
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problems during the printing, e.g., in order to strengthen the structural integrity of the models. We 

consider this post-processing action as a necessary extra step to the whole process. Also, again by 

using the MeshLab software, the 3D model was converted into stereolithography (STL) format that is 

the standard format that most 3D printers require as an input format for the 3D model. 

The method proposed herein does not require prior identification of the bones (femur and tibia) 

or articular cartilages within the knee. However, the identification of these elements and the definition of 

a region of interest (ROI) are recommended for more accurate and faster menisci segmentation. In our 

case, all knee bones and cartilages were segmented but not used for the menisci segmentation. 

 

12.3.2. Fabrication of Patient-Specific Meniscal Scaffolds 

The fabrication process of the patient-specific meniscal scaffolds has three main steps: (i) 3D 

alignment and slicing of the 3D model into layers, (ii) defining the architecture for the model, and (iii) 

defining the printing parameters. The 3D models that were obtained by the post-processing of the initial 

3D reconstructed models were virtually aligned in all three axes (X, Y, and Z) on the printing platform, 

and sliced into 0.167 mm thick layers with the Bioplotter RP software (version 3.0.713.1406) provided 

by EnvisionTec GmbH. After the 3D alignment and slicing, the inner structure patterns were defined 

using the VisualMachines software (version 2.8.115) (Infotech AG). The overall architecture of the 

scaffold is determined by the layer-wise inner structure pattern that was defined. Each layer always had 

parallel strands that were 1 mm apart from each other, and the strand had one of these four directions: 

0°, 45°, 90°, and 135°. The layer-wise inner structure patterns were arranged in a way that the 3D 

printed scaffolds had two distinct internal architectures, i.e., a 3D grid pattern with alternating strand 

directions either as 90°/0° (architecture A) or 90°/45°/0°/135° strand (architecture B). PCL 

(average Mn 45,000) purchased from Sigma–Aldrich (St Louis, MO, USA) was processed at 110°C in 

the high-temperature cartridge of a 4th Generation 3D-Bioplotter (EnvisionTec GmbH,  Germany) that has 

an axis resolution of 0.001 mm. The printing parameters were set with the VisualMachines software. 

These parameters include the dispensing pressure, temperature, and speed. Finally, the PCL was 

dispensed layer by layer through a 22G metallic needle with a speed of 5 mm/s under the dispensing 

pressure of 5.5 bars. 

 

12.3.3. Characterization of 3D Fabricated Scaffolds 

12.3.3.1. Micro-Computed Tomography (micro-CT) Analysis 

For the 3D morphometric analysis, three samples for each architecture were scanned with a 

high-resolution desktop X-ray micro-CT system, SkyScan 1272 scanner (Bruker Micro-CT, Belgium) 

having a microfocus sealed X-ray source of 20-100kV / 10W, a 16Mp X-ray detector, and a 14-bit 
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cooled CCD fiber-optically coupled to the scintillator. The X-ray source voltage and current were set at 

50 kV and 200 μA, respectively, and no filter was used. For each sample, projections (n=800) with the 

isotropic pixel size of 10 μm were acquired over a rotation range of 360° with a rotation step of 0.45° 

and an exposure time of 160 ms. The acquired images were 1224 x 820 pixels. The NRecon software 

(version 1.6.10.2) supplied by the Bruker Micro-CT, Belgium that implements the Feldkamp algorithm, 

was used to reconstruct the cross-sectional images (axial) from the X-ray projections. As a part of the 

reconstruction process, the range of the attenuation coefficients was automatically defined and used by 

the software from a previewed image. The reconstructed images were 1224 x 1224 pixels with a 

horizontal and vertical resolution of 2540 ppi (pixels per inch). The CT Analyser software (version 

1.15.4.0) supplied by Bruker Micro-CT was used to define a region of interest on the 2D images to 

obtain a volume of interest dataset and to convert the images into binary images after applying a 

grayscale threshold of 55-255. The binary images of the volume of interest dataset were used for the 

3D morphometric analysis with the CT Analyser software. 

 

12.3.3.2. Mechanical Testing 

The scaffolds with the height of 6 mm (n=10 for each architecture) were tested in a universal 

mechanical testing machine (Instron 5543, USA) for the evaluation of compressive modulus. The 

crosshead speed was set at 1 mm/minute at room temperature. The compressive modulus was 

obtained from the linear region of the stress-strain curve. The compressive stress was calculated by 

dividing the load by the initial cross-sectional area. The strain was calculated by dividing the absolute 

value of the change in the height of the scaffold to the original height of the scaffold. 

 

12.3.3.3. Scanning Electron Microscopy (SEM) Analysis 

The scaffolds were coated with gold using a sputter coater. The SEM analysis was performed 

using the equipment Auriga Compact - High-Resolution Field Emission Scanning Electron Microscope 

with Focused Ion Beam (ZEISS, Germany) operating at 10 kV. 

 

12.3.4. Statistical Analysis 

Statistical analysis was performed using the SPSS® (IBM® SPSS® Statistics version 23.0, IBM, 

USA). Independent samples t-tests were performed to investigate whether the differences in mechanical 

and structural properties between the scaffolds with different architectures are statistically significant. 

The differences were taken to be significant if p < 0.05. Cohen’s d values were calculated by dividing 

the difference between the means of the groups to the value of their pooled standard deviation [48]. 
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12.4. Results and Discussion 

12.4.1. MRI Segmentation and 3D Model Reconstruction of the Human Meniscus TissueOne DICOM 

dataset having 458 sagittal 3D T2-weighted MRI images with a voxel size of 0.33 x 0.33 x 0.35 mm3 

was obtained for each patient. Fig. 12.1 shows the MRI images of subject 1 from different planes. The 

DICOM datasets were used in the 3D model generation process with RheumaSCORE, and a 3D surface 

model was reconstructed from the final image segmentation results (Fig. 12.2). Fig. 12.3 shows the 

highlights of our knee MRI segmentation process, the produced 3D models of the menisci and the final 

3D reconstructed model of the lateral meniscus of subject 1. Higher quality 3D models require having 

isotropic MR images, i.e., having volumetric images with identical resolution in all dimensions. The 

acquired images from our subjects were almost isotropic and with high spatial-resolution as reported in 

the previous section. Therefore, our results are considered accurate and very close to the geometric 

characteristics and structure of the actual menisci as depicted in Figs. 12.2 and 12.3A-C.  

 

 

Fig. 12.1. The MRI images of the knee of the subject 1 from the axial (A), sagittal (B), and coronal (C) 

planes. The scale bars indicate 2 cm. 
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Fig. 12.2. The RheumaSCORE segmentation environment: the segmented femur and menisci of subject 

1 are displayed on the left and the automatically generated 3D models are shown on the right. 

 

 

Fig. 12.3. Highlights of the segmentation and reconstruction process: segmented knee MRI (A), the 

reconstructed 3D models of the medial meniscus (B), and the lateral (C) meniscus of subject 1, and the 

final (smoothed) 3D model of the lateral meniscus of subject 1 that was used in the 3D printing 
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process. The final model was composed of 22860 vertices and 45716 triangles (D). The numbers 

shown are in mm. 

 

Imaging has become an indispensable component in most fields of medical and laboratory 

research and clinical practice [49], and the analysis of these images requires sophisticated 

computerized segmentation and visualization tools. The acquisition of detailed data on the structure of 

menisci through MRI segmentation and 3D reconstruction offers increased precision for investigating 

the in vivo morphological characteristics. Manual segmentation of the menisci from MRI datasets is very 

time consuming and requires extensive expertise and experience. In the present study, a semi-

automatic segmentation method has been proposed to avoid the quality control procedures required for 

detecting possible segmentation failures or mistakes of fully automatic methods. 

 However, there are some limitations with the present research. First of all, our method was only 

tested with a small number of healthy subjects, and pathological OA datasets should also be 

considered. Regarding the performance of the method on the MRI images, another possible limitation of 

the method is the increased overall segmentation time due to the manual corrections step introduced in 

the semi-automatic segmentation. Having T1-weighted images instead of T2-weighted images could 

increase the accuracy of our algorithm and could decrease the manual corrections needed, therefore 

reducing the total segmentation time. 

 

12.4.2. 3D Fabrication of Patient-Specific Meniscal Scaffolds 

The 3D models that were obtained by the segmentation of the MRI datasets were sliced into 

0.167 mm thick layers as shown in Figs. 12.4 A-B. Two distinct internal architectures (i.e., 3D grid 

patterns) were obtained by using one of the four different strand structures for each layer as shown in 

Figs. 12.4 C-F. The architecture A was composed of  90° and 0° strand structures, and the 

architecture  B was composed of 90°, 45°, 0°, and 135° strand structures with 1 mm distance from 

each other for both architectures. The printing process of a model took around 80 minutes. Fig. 12.5 

shows typical 3D printed patient-specific scaffolds. 

 

 

 

 

 

 

 



332 
 

 

 

Fig. 12.4. The layers of the final 3D model of the lateral meniscus of the subject 1 after slicing of the 

3D model into layers: viewed from the top (A), and the side (B) with colors changing from blue to red 

indicating the bottom and the top layer, respectively. The layer-wise inner structure pattern defined for 

each layer that was designed with one of the four strand orientations: 0° (C), 45° (D), 90° (E), or 135° 

(F).  

 

 

Fig. 12.5. The photographs of the 3D fabricated scaffolds based on the 3D model of lateral meniscus of 

the subject 1 with the internal architecture of A (90°/0° strand structure) is shown on the left (A), and 

architecture B (90°/45°/0°/135° strand structure) is shown on the right (B). The scale bar (bottom 

right) indicates the size of 1 cm. 
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12.4.3. Characterization of 3D Fabricated Scaffolds 

The structural, mechanical, and morphometric features of the 3D fabricated samples were 

characterized by micro-CT, compression testing, and SEM, respectively. Fig. 12.6 presents the 

microscopically clear-cut morphology of the scaffolds with the two distinct architectures at two different 

magnifications 70x and 200x. The structural and mechanical properties are summarized in Table 12.1.  

Independent samples t-tests were carried out to investigate if there are any statistically 

significant differences in the structural and mechanical features between the scaffolds with different 

architectures. The micro-CT analysis revealed that the mean porosity percentage of the scaffolds with 

the architecture A (mean (M) = 50.34, standard error (SE) = 1.00) was higher than that of the scaffolds 

with the architecture B (M = 49.72, SE = 1.24). However, no statistically significant difference between 

the architectures was found regarding the mean porosity, p > 0.05. The mean pore sizes were also 

determined with the micro-CT analysis. The mean pore size [mm] of the scaffolds with architecture A (M 

= 0.54, SE = 0.01) was higher than that of the scaffolds with the architecture B (M = 0.44, SE = 0.01). 

A statistically significant difference of 0.10 mm (95% CI, 0.07 to 0.13), t(4) = 9.5, p = 0.001, d = 7.75 

in pore size was found between scaffolds of different architectures.  

 

 

Fig. 12. 6. The SEM images demonstrate the morphology of the scaffolds with the two distinct internal 

architectures of A (90°/0° strand structure) (top row), and B (90°/45°/0°/135° strand structure) 

(bottom row) at the magnifications of 70x and 200x. The white scale bars (bottom left of each image) 

indicate 200 µm (left panel) and 100 µm (right panel). 
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Table 12.1. The structural and mechanical properties of the scaffolds with the two distinct internal 

architectures of A (90°/0° strand structure), and B (90°/45°/0°/135° strand structure). 

Internal 

architecture 

Mean porosity [%] 

M (SE) 

Mean pore size [mm] 

M (SE) 

Compressive modulus [MPa] 

M (SE) 

A 50.34 (1.00) 0.54 (0.01) 124.08 (3.92) 

B 49.72 (1.24) 0.44 (0.01) 67.07 (3.77) 

 

In addition to the difference in the mean pore size, the distribution of the mean pore size of the 

scaffolds with the two distinct architectures is also different as shown in Fig. 12.7. Both 2D and 3D 

micro-CT images of the samples are illustrated in Fig. 12.8. It is well known that the size of the pores of 

a scaffold affects the attachment, proliferation, and extracellular matrix synthesis of the cells [50-53]. 

Thus, having different volume ratios of pores having a particular range of size affects the cell behavior 

and eventually the biological performance of the scaffold.  

 

 

Fig. 12.7. The mean pore size distribution of the scaffolds with the two distinct internal architectures: A 

(90°/0° strand structure), and B (90°/45°/0°/135° strand structure). 
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Fig. 12.8. The micro-CT images of the 3D fabricated samples with the two distinct internal architectures 

of A (90°/0° strand structure) (top row), and B (90°/45°/0°/135° strand structure) (bottom row): 

The x-ray images acquired with a high-resolution micro-CT system, SkyScan 1272 scanner (Bruker 

Micro-CT, Belgium) (A and E), the 2D reconstructed micro-CT images (B and F), the 3D reconstructed 

images showing the structures from top (C and G), and side (D and H). The white scale bars (bottom 

right of each image) indicate the size of 1 mm. 

 

The compression test was performed on 10 scaffolds for each architectural design. The test 

results revealed that the scaffolds with the architecture A had higher compressive modulus [MPa] (M = 

53.97, SE = 1.89) than that of the scaffolds with the architecture B (M = 29.65, SE = 1.56). A 

statistically significant difference of 24.32 (95% CI, 19.18 to 29.47), t(18) = 9.94, p < 0.0005, d = 

4.44. Based on Cohen’s effect size benchmarks [54,48], the d values of 0.20, 0.50 and 0.80 

correspond to small, medium and large effect size classes, respectively. Therefore, all reported d values 

in the present study were in the large effect size class by being greater than 0.80. 

To ensure statistically valid results, the data were analyzed to verify whether the assumptions 

that underlie the independent samples t-tests were met for each dependent factor. There were no 

outliers in the data for each dependent factor revealed by the examination of a box plot for values > 1.5 

box-lengths from the edge of the box. All of the dependent factors were normally distributed as 

evaluated by Shapiro–Wilk’s test (p > 0.05). The homogeneity of variances of the mean porosity 

percentage (p = 0.794), mean pore size (p = 0.708), and compressive modulus (p = 0.736) were 

determined by Levene’s test for equality of variances. 

 The null hypothesis in the independent samples t-tests was that the means of the two 

populations, i.e., architecture A and B, are equal, and the alternative hypothesis was that the means are 

not equal. The null hypothesis was rejected, and the alternative hypothesis was accepted for all 
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dependent factors except the mean porosity percentage. For the mean porosity percentage, the null 

hypothesis failed to be rejected, and the alternative hypothesis was rejected. 

This work presents a step by step workflow from MRI acquisition to the 3D printed scaffolds 

from PCL. Since the solidification of PCL is thermally induced, it is a relatively convenient material for 

3D printing; and optimization of printing parameters was initially performed before printing the patient-

specific scaffolds. The grids with basic 90°/0° or 90°/45°/0°/135° strand structures were used in 

this work, and thus, the architectures of the scaffolds were non-complex and homogenous, and 

therefore, these architectures cannot mimic the entire meniscus tissue because it is a non-uniform and 

heterogeneous tissue [55]. A homogeneous scaffold cannot perform this biomimicry. Our work 

delineates a framework where patterns with more complexity and heterogeneity can find a use while 

keeping the scaffold always patient-specific. It is also possible to tailor the architecture based on patient-

specific parameters and characteristics other than the real size and shape. Such parameters can be the 

age, gender, laterality, lifestyle, and physical condition of the patient. This means that patient specificity 

can persist even after the generation of the 3D model, and be embedded in the custom architectural 

design for each patient. The mechanical and structural properties of a scaffold can be further 

customized by the modulation of the pore network size and architecture [56]. A greater number of 

different internal architectures, which are preferably segment- and region-specific, could be designed 

and implemented to determine the most suitable architecture emulating the native meniscus. Since the 

meniscus is a non-uniform tissue regarding the cellularity [10], vascularity, structural and 

biomechanical properties [23], the segmental patterns of the fresh meniscus should be taken into 

account for the design of the scaffold architecture and must be studied further. Our team has ongoing 

and unpublished work on several different and more advanced/complex architectures of scaffolds from 

PCL and other biomaterials including silk fibroin as well as cell printing (human adipose-derived stem 

cells and human meniscocytes) to mimic the native biological, biomechanical and structural features of 

the meniscus [10,23]. Moreover, the meniscus is anchored to the tibial plateau by the horns, and 

several ligaments ensure the stability of meniscus [57-59]. Future studies should also investigate these 

features by developing appropriate scaffold structures to improve the suturability and fixation of 

meniscal implants. 

 

12.5. Conclusions 

This study demonstrated a semi-automatic methodology of segmenting meniscus tissues from 

volumetric MRI datasets and reconstructing 3D models of the menisci, using an advanced segmentation 

software. These 3D models were used for reverse engineering purposes, i.e., the fabrication of 3D 

printed patient-specific tissue engineered scaffolds with different internal architectures. This work brings 
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us a step closer to the development of patient-specific meniscal implants and translation of 

personalized tissue engineering into daily clinical approaches when treatment of meniscus lesions is 

envisioned. 
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CHAPTER 13.  

Major Conclusions and Future Perspectives 

Meniscus lesions are the most frequent lesions in the human knee. Given its critical functions 

in the knee joint, i.e., chondroprotection, kinematics, and homeostasis, the absence of a functional 

meniscus between the femur and tibial plateau can cause articular cartilage degeneration leading to 

osteoarthritis development and progression. The prognosis and treatment of the meniscus lesions are 

linked with the lesion pattern and type, and the condition of the patient. Thanks to the extended 

understanding of the meniscus and the consequences of meniscectomy, the algorithm for treatment of 

meniscus lesions has significantly changed in the last few decades towards favoring repair or 

substitution if possible. With certain clinical indications and limitations, tissue engineering strategies can 

provide new options to manage meniscus lesions. Meniscus tissue engineering has outstanding 

challenges some of which were addressed in this doctoral thesis. Herein, several works were performed 

regarding human meniscus and meniscus tissue engineering as well as micro-computed tomography 

(micro-CT) characterization of scaffolds for tissue engineering applications (Chapters 8-12).  

Since cellularity is one of the most important biological parameters that must be taken into 

account in regenerative strategies, studying the 3D cellularity of the human meniscus is valuable for 

meniscus tissue engineering. Thus, we addressed important aspects related to the 3D cellular density 

of the human meniscus by quantitatively investigating the human meniscus was for the cell 

morphology-specific 3D cellular density in a segmental and regional manner with respect to the 

laterality (Chapter 8). To the best of our knowledge, this is the first study on 3D quantification of the 

cells in the human meniscus. The results provided useful information for meniscus tissue engineering 

by indicating the cellular density with respect to the ratio of cell populations with distinct cell 

morphologies. These valuable insights on the 3D cellularity of the meniscus can open up the 

development of cell-based strategies in order to emulate the native tissue and manage meniscus 

regeneration adequately. 

Micro-structure analysis of scaffolds is of key importance in tissue engineering since the 

biological and biomechanical performance of the scaffold is associated with its micro-structure. To 

assess the effects of the acquisition parameters on the obtained results of micro-CT characterization, 

we comprehensively compared the quantitative results of different scaffolds using a wide range of 

acquisition scenarios and demonstrated the significant differences in quantitative and qualitative results 

of the micro-CT characterization (Chapter 9). To the best of our knowledge, this is the first study 

examining the effects of such a wide range of micro-CT acquisition scenarios on the 3D micro-structure 

analysis of scaffolds, while also providing detailed information about the characterization time and data 
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storage. The effects vary with the scaffold type; however, there is a general trend of a decreased mean 

porosity, and increased mean pore size and mean wall thickness with increasing pixel size. The effect of 

the rotation step depends on the used pixel size. When comparing the acquisition scenarios, the 

difference in the mean porosity can be as high as 24%, and the difference in the required time per 

sample up to 19.5 hours that can be even much higher if the volume of interest is higher. The 

important findings of this work can notably help to refine the practice of micro-CT characterization of 

scaffolds and economize the related resources.  

In this thesis, we have proposed novel scaffolds for meniscus tissue engineering applications. 

These include the Entrapped in Cage (EiC) scaffolds of polycaprolactone (PCL) and silk fibroin (Chapter 

10), and suturable mesh reinforced silk fibroin scaffolds (Chapter 11). The EiC scaffolds were seeded 

with meniscocytes or Hoffa’s fat pad-derived stem cells isolated from human tissues, and characterized 

in vitro and in vivo (Chapter 10). The results suggest the confirmation of the hypotheses that inclusion 

of silk fibroin into PCL cage scaffolds improved the performance of the scaffolds in vitro and in vivo, 

and, neotissue formation and neovascularization have been achieved for the scaffolds either seeded 

with human meniscocytes or stem cells. Moreover, the design of the EiC scaffolds is readily adaptable 

for the production of scaffolds in anatomically correct shape and size for a future in vivo lagomorph 

model, and a large animal model experiments are needed to confirm the orthotopic performance of the 

scaffolds. 

The mesh reinforced scaffolds were composed of suturable porous silk fibroin that is reinforced 

with 3D-printed PCL mesh in the middle, on the transverse plane of the scaffold by combining 3D-

printing and salt-leaching methods (Chapter 11). The inclusion of the PCL mesh led the suture retention 

strength up to 400% of the silk fibroin scaffolds. The scaffolds had suitable micro-structure with over 

99% interconnectivity, and excellent water-uptake properties. The in vivo results showed that all cell-

scaffold constructs were highly infiltrated by new tissue and blood vessels. The findings favor the 

acceptance of the hypotheses that reinforcement of silk fibroin scaffolds with 3D-printed PCL mesh 

significantly enhanced the suturability while similarly good in vivo results, i.e., tissue infiltration, blood 

vessels formation when seeded with primary human meniscocytes or stem cells. These data suggest 

that inclusion of 3D-printed PCL mesh to silk fibroin scaffold improved its performance, and thus the 

suturable silk fibroin scaffold deserves further studies using an orthotopic model. 

Patient-specificity and suturability of the scaffolds are two of the main surgical requirements 

which are for the dimensional fit of the implant, fixation of the implant, and avoidance of the post-

operative extrusion of the implant. We have demonstrated a methodology for manufacturing patient-

specific meniscal scaffolds from patients’ volumetric knee MRI dataset (Chapter 12). Once, to the best 

of our knowledge, this is the first study on patient-specific meniscal scaffolds produced by 3D-printing 
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using the patients’ knee MRI data. Besides, the scaffold manufacture methods described in this thesis 

(Chapters 10 and 11) are also suitable for fabricating patient-specific implants or implants with the 

desired size and shape for future experiments with a larger animal model.  

The works in this thesis, contributed to gain deeper knowledge on the micro-CT characterization 

of scaffolds, meniscus, and meniscus tissue engineering, and bring us a step closer to the development 

of patient-specific meniscal implants and their translation into the clinics when treatment of meniscus 

lesions is envisioned. As a progressive work on meniscus tissue engineering, the future studies may 

initially explore the following research directions: 

(i) The direct 3D-bioprinting of cell-scaffold or cell-hydrogel constructs to emulate the 3D 

cellular density of human meniscus (builds on the Chapters 8 and 12). 

(ii) Combination of the scaffolds with bioactive agents for controlling the vascularization 

and innervation (builds on the Chapters 10 and 11). 

(iii) The design of a novel 3D-printable scaffold to emulate the vascularity of adult human 

meniscus (builds on the Chapters 10 and 12). 

(iv) Differentiation of human Hoffa’s fat pad-derived stem cells into meniscocytes (builds on 

the Chapters 10 and 11). 

(v) Tuning the biodegradation of the scaffolds (builds on the Chapters 10 and 11). 

(vi) The design of a novel 3D-printable scaffold to emulate the micro-structure and  

biomechanics of the human meniscus (builds on chapters 9 and 11, and our previous work: 

Pereira H., Caridade S., Frias A.M., Silva-Correia J., Pereira D.R., Cengiz I.F., Mano J.F., 

Oliveira J.M., Espregueira-Mendes J., Reis R. L. "Biomechanical and Cellular Segmental 

Characterization of Human Meniscus: Building the Basis for Tissue Engineering 

Therapies." Osteoarthritis and Cartilage 22.9 (2014): 1271-1281). 

(vii) Improving the anchoring of the scaffolds (builds on the Chapters 10, 11, and 12). 

(viii) Orthotopic implantation of meniscal cell-scaffold constructs using rabbit and 

sheep/goat model (builds on the Chapters 10, 11, and 12). 
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