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Abstract 

Ligament/tendon disorders and injuries are among the most 

common health problem influencing the adult and sport 

population. Anterior cruciate ligament (ACL), is one of the 

ligaments most injured in the knee, and the soft-to-hard tissue 

integration (enthesis) shows high rupture rates. To overcome 

problems related to therapies currently used in medical practice, 

tissue engineering (TE) has recently emerged as an alternative 

strategy. TE is a field that applies principles of biology, 

engineering and medicine toward the development of biological 

tissue substitutes to restore, repair or improve damaged tissues. 

Ligament/tendon TE focuses on the combination of specific cell 

types with a biodegradable scaffold. Once implanted, the 

scaffold has gradually to degrade, while the tissue is 

regenerating. The scaffold should be able to promote cell 

adhesion, differentiation, proliferation and extracellular matrix 

(ECM) production. Different scaffold materials have been 

successfully studied for TE application, and among them, silk 

fibroin has emerged as a promising one. 

In this work, silk fibroin has been used to fabricate a ligament 

scaffold comprising the ligamentous part and the enthesis. The 

enthesis was fabricated with fibroin sponges with a region of 

anisotropic porosity (ligament site) and a region of isotropic 
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porosity (bone site). The enthesis construct was functionalized 

with heparin molecules to increase the growth factors affinity. 

Specifically, the effects of TGF-β2 and GDF5 combined with the 

structural features of the scaffold led to differentiation of 

AdMSCs. The alignment of the pores and the biological cues 

synergistically influenced the gene expression and the protein 

expression. In fact, the tendon/ligament markers were promoted 

in the anisotropic part of the construct, as well as the cartilage 

and the enthesis markers in the isotropic and transition part, 

respectively. 

The central part of the ligament was realized with a composite of 

silk fibroin yarns in a spongeous matrix of silk fibroin, where the 

yarns have the role to sustain the applied load and the fibroin 

sponge the role of allowing cell penetration, organization and 

ECM production. The amount of yarns was decided on the basis 

of the reported loading of the ligament scaffold after a surgery 

and during rehabilitation.  

A homemade perfusion bioreactor was used to evaluate cell 

penetration and activity in the scaffold. It was proven that cell 

culture perfusion stimulation induced cells to populate the model 

scaffold and to produce ECM components, especially with the 

presence of TGF-β2 growth factor, indicating the starting point of 

the regeneration process. Additionally, animal studies have been 

performed and the inflammatory response was evaluated.  
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Even if not final, the results indicate that the above strategy could 

be explored for the fabrication of a full ligament TE scaffold able 

to bear the physiological loads until the ligament regenerates. 
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Preface 

This thesis reports the research activities conducted during my 

PhD program, at the BIOtech Research Center and Industrial 

Engineering Department of the University of Trento, under the 

supervision of Professor Antonella Motta and Professor Claudio 

Migliaresi. Parts of the research were performed in collaboration 

with Trauma Lab (Munich, Germany) under the supervision of 

Professor Doctor Matijn Van Griensven and Doctor Elizabeth 

Rosado Balmayor, and at the Department of Engineering of 

Chonbuck National University (Jeonju, South Korea) under the 

supervision of Professor Gilson Khang. 

The general aim of this work was to develop a silk fibroin model 

scaffold for ligament tissue engineering. The thesis illustrates the 

materials and methods adopted, the experiments performed and 

the results obtained, following the structured chapters: 

- Chapter I: Introduction. In the first part, an overview of 

the anatomical structure of anterior cruciate ligament 

and the interface of ligament-to-bone tissue is reported, 

with structural and mechanical properties, and their 

treatments in the current strategies of surgery. In the 

second part the role of tissue engineering is described, 

in details related to the regeneration of the ligament and 

of the interphase between the soft and the hard tissue. 
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Particular attention is given to silk fibroin, its properties 

and biomedical applications. 

- Chapter II: Rationale, aims and design of the research 

activity. In this chapter, the outline and the aims of the 

research work are presented to expose the rationality of 

the thesis.  

- Chapter III: Tissue engineering of tendon/ligament-to-

bone insertion. This chapter describes the work done in 

collaboration with the group of prof. Van Griensven 

about a novel strategy for the regeneration of enthesis 

based on the development of integrated tissue-

engineered tendon/ligament-to-bone constructs 

(scaffolds). The results obtained show the impact of the 

synergistic effect between the fabrication parameters on 

the structural properties (porosity gradient) of the 

constructs and the biochemical cues (growth factors), on 

cell behaviour and expression of tendon/ligament 

markers.  

- Chapter IV: A multicomponent model for Anterior 

Cruciate Ligament (ACL). This chapter focuses on the 

development of a multicomponent model scaffold able 

to mimic the central ligament part of ACL. The results 

obtained show the impact of the structural properties on 

the mechanical role of the scaffold and the biological 
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effects influenced by a perfusion bioreactor, specifically 

homemade designed for this purpose, combined with 

growth factor functionalization.  

- Chapter V: Final remarks and future perspectives. The 

conclusions are discussed and possible future 

developments for ligament tissue engineering 

applications are suggested. 
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Chapter I. Introduction 

1.1. Anterior Cruciate Ligament (ACL) 

Disorders and injuries of ligament tissue are among the most 

common health problem influencing the adult population and 

athletes 1,2. In the United States around 200000 cases of surgical 

ACL interventions happen every year, and this number may be 

in expansion considering that the participation in sport activities 

is increasing 1,3. Anterior cruciate ligament (ACL) is one of the 

most studied ligaments in medical history. Descriptions about 

injuries to ACL are dating back centuries 4. 

1.1.1. Structure of ACL 

Ligament is a connective tissue that binds bone-to-bone and has 

the main role in joint stability and locomotion 5,6. In the case of 

anterior cruciate ligament (ACL), it binds femur and tibia, its 

length has a range between 22 and 41 mm and its diameter 

between 7 and 12 mm, according to age and gender 5,7. It is a 

fundamental component of the knee for its remarkable structural 

properties 5, and it is organized in a multi-unit hierarchical 

structure composed of collagen molecules, fibrils (150-250 nm), 

fibre bundles (1-20 µm), subfascicular units (100-250 µm) 

mainly arranged along their longitudinal axes 6,8. Subfasciculi, 
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formed of groups of subfascicular units, are surrounded by loose 

connective tissue called endotenon, forming fasciculi, mainly 

composed of collagen II. Groups of fasciculi form fascicles 

surrounded by epitenon, reaching several millimetres in 

diameter, and groups of fascicles are delimited by a connective 

tissue called paratenon 5,8–10, Figure 1. The hierarchical structure 

surrounded by loose connective tissue allows the ligament to 

tolerate multiple axial stress and non-linear mechanical 

deformation 5,9,11. 

 

Figure 1: schematic hierarchical structure of ligament (on the left), imaged 

used with permission. Copyright Vicky Earle, Medical Illustrator. SEM image 

of smaller subfascicular units (Sf) of human ACL with their connective tissue 

endotenon (En) and external epitenon (Ep), adapted from 8 (on the right). 

The organization of the extracellular matrix (ECM) molecules of 

ligament at nanometric and micrometric levels is the principal 

determinant of the physiological function and the mechanical 

strength of the tissue 6. Also the biochemical composition gives 

a contribution to the viscoelastic behaviour and the cellular 
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composition of the tissue, in fact, as Frank 9 says: “ligaments are 

approximately two-thirds water and one-third solid”. The principal 

and the major constituent of the solid part is collagen (primarily 

composed of collagen I) together with proteoglycans, elastin and 

other glycoproteins 9,12. Moreover, the presence of blood vessels 

is not homogeneous in ligament tissue, which is generally 

considered a low vascularized tissue, leading to a poor healing 

capacity 5,13–15. Another structural characteristic that can impact 

ligament mechanical behaviour, is the presence of crimps. 

Crimps are collagen bundle fibres showing a morphological 

“waviness” along the axis length. In relation to the ligament 

region and position (for example: anterior-medial (AM) vs 

posterior-lateral (PL)), it is possible to observe different crimp 

pattern. According to the crimp angle and length, the biochemical 

role of the ligament can result in a different behaviour, in fact, 

crimps contribute to the formation of “toe” region typical of a 

stress-strain curve, once the ligament is tensed from the rest 

state 9,12,16–20 . 

1.1.1.1. Enthesis structure, function and 

mechanical properties 

Considering the whole structure of ACL, particular attention has 

to be given to the insertion site of the ligament in to the bone. 
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The interface between tendon/ligament-to-bone is a specialized 

tissue called “enthesis”. 

According to the bony insertion, the enthesis can consist of a 

direct or indirect attachment, respectively defined also as 

fibrocartilaginous or fibrous enthesis 21–23. Since the former 

typology has more relevance in the clinical scenario, the current 

section is describing that type of insertion. A fibrocartilaginous 

enthesis can be histologically divided in four areas: 

tendon/ligament (pure dense fibrous connective tissue), 

unmineralized fibrocartilage (UF), mineralized fibrocartilage (MF) 

and bone (Figure 2). 

 

Figure 2: a) anterior cruciate ligament (ACL) example of ligament-to-bone 

interphase where the gradual fibrocartilaginous transition is visible. The 

histological image reports a stained section of a bovine ACL; image taken 

from 24. b) fibrocartilage enthesis representation with schematic structure and 

composition, where is possible to observe the four zones composing the 

enthesis ECM. The ligament zone consists of fibroblasts and collagen I fibers 
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highly organized and aligned. The unmineralized fibrocartilage (UF) zone 

consists of fibrochondrocytes, collagen II and III. The mineralized 

fibrocartilage (MF) consists of fibrochondrocytes and mainly collagen II, but 

also collagen X. The mineral content starts to increase moving towards the 

bone area, with different fibers organization and porosity. This fourth zone 

consists of mineralized collagen I, osteoblasts and osteocytes. Image 

adapted from 21.  

The extracellular matrix along the four regions is non-

homogenous, it is characterized by various cell types, structure, 

composition and mechanical properties. In fact, the whole 

enthesis is represented by different collagen fiber alignment 

organization and mineral content. The former gradually 

increases from the bone area to the ligament one, while the 

mineralization steadily increases toward the bone region. The 

gradient formed by the collagen organization and the mineral 

content at the microscale is responsible for the gradual transition 

in force transmission, defining the mechanical properties of the 

enthesis 21,22,25–27 (Figure 2b). As mentioned by Genin et al. 28, the 

mineral content is also important for the value of stiffness across 

the insertion. They also reported that the tissue tensile modulus 

changes along the enthesis from ~0.45 GPa in the 

tendon/ligament to ~20 GPa in the bone, nearly two orders of 

magnitude mismatch. The mineralization is higher at the 

interphase compared to the tendon/ligament. Nevertheless, it is 

the interconnectivity between mineral particles that affects the 
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mineral content, causing an increase in stiffness. In fact, stress 

can be transferred through the mineral phase, when the amount 

of mineral particles create enough contact between particles in 

collagen fibers 28. 

1.1.2. Mechanical properties of ACL 

The role of ligament and its hierarchical structure is to withstand 

loads, to perform torsions and elongations. In reality, the 

biomechanical behaviour of the ACL is characterized by its 

structural properties. In fact, Woo at al 29 investigated the tensile 

properties of the complex femur-ACL-tibia (from human cadaver) 

and they found out that tensile mechanical properties change 

according to specimen age and orientation. In the Table 1, it is 

possible to read the collected data in two different orientations 

(anatomical and tibial) and in three age groups. It is possible to 

observe that over the course of the age, stiffness and ultimate 

load significantly decrease in both orientations, that can be 

explained accordingly to the decrease of the physical condition 

of the donors. Also the two orientations show differences, but the 

authors consider the anatomical one, “the realistic 

representation of the strength of the ACL” 29. 
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Age group 
Specimen 

orientation 
Stiffness (N/mm) Ultimate load (N) 

Younger (22-35) 
Anatomical 242 ± 28 2160 ± 157 

Tibial 218 ± 27 1602 ± 167 

Middle (40-50) 
Anatomical 220 ± 24 1503 ± 83 

Tibial 192 ± 17 1160 ± 104 

Older (60-97) 
Anatomical 180 ± 25 658 ± 129 

Tibial 124 ± 16 495 ± 85 

Table 1: stiffness and ultimate load values of specimen with different age and 

different test orientation, adapted from 29. 

However, the typical representation of the mechanical properties 

and the viscoelastic behaviour of ligaments subjected to tensile 

force is a stress-strain curve. An example can be found in Figure 

3, in which in the initial non-linear region, it possible to identify 

the so-called “toe” region, typically representing the effect of the 

crimp pattern on the rest state of the ligament tissue 16,30. The toe 

region is followed by the linear region, in which the crimp patterns 

of collagen bundles are stretched, whose slope can be analysed 

to determine the ligament stiffness (N/mm) and Young’s modulus 

(Pa). Continuing to increase the load applied, then the ultimate 

load is reached and followed by the rupture of the ligament 6,15,31. 



11 

 

Figure 3: typical ligament stress-strain curve, image from 6. 

1.1.3. Current strategies in surgery for ACL 

treatment 

When damages and injuries occur to ligaments, nowadays the 

common medical procedure adopted is related to the surgical 

reconstruction 5,32. As already mentioned, since ligament tissue 

is low vascularized, the process of regeneration and 

consequently the healing capacity is practically absent, so the 

aim is trying to restore the functionality of the tissue as much as 

possible 33. For this reason, the current strategies are mainly 

focused on autografts and allografts 1,7,13,33–36. The former consist 

of grafts of tissue from the patient him/herself. Generally, they 

are preferred to allografts for their availability and ability to 

reproduce the biomechanical properties of the tissue 1,13. 
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Sometimes, they can overcome strength and stiffness of natural 

ACL to succeed complications during healing 37. Since they are 

auto-grafts, they reduce immunological rejection but they have 

higher probability to cause donor site morbidity with 

consequently complications and pain 1,13. Normally, they are 

performed with patellar tendon (PT), also known as bone-patellar 

tendon-bone (BPTB), or hamstring tendons (HT) 1,32,33. On the 

other hand, allografts consist of grafts coming from a source 

different from the patient him/herself, for example another patient 

or a cadaver. They are considered more suitable grafts for the 

shorter clinical time needed during surgical operation and for the 

lower probability to cause donor site morbidity. Nevertheless, 

they are related to a more frequent immunological response of 

the patient and to a higher failure rate compared with autografts, 

besides showing the risk of lack of donors. Usually they are 

performed with Achilles and tibia tendons 1,13,33. From the 50s, 

synthetic materials such as Supramid, Teflon or Dacron, 

Proplast, carbon fiber graft, ABC graft, Kennedy-LAD, Trevia, 

Leeds-Keio, Gore-Tex, PDS, EULIT, Polyflex or LARS, have 

been proposed as alternative grafts for ACL replacement. 

However, many of them showed high failure rates, making the 

choice of a synthetic grafts questionable 38. 
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1.2. Tissue engineering strategy 

As mentioned before, allografts and autografts are the most 

adopted techniques in surgery for ACL repair, even if they are 

presenting some limitations. Since some decades ago, tissue 

engineering (TE) has emerged as an alternative solution to 

overcome problems related to the therapies currently used in 

medical practice to treat tissue/organ failure. Tissue engineering 

is a multidisciplinary field that proposes to apply principles of 

biology, engineering and medicine toward the development of 

biological tissue substitutes to restore, repair or improve 

diseased or damaged tissues 39,40. It can offer potential 

alternatives managing, in this case, ligament disorders and 

injuries. The main idea behind tissue engineering is to 

incorporate specific cell types into a biodegradable scaffold 

closely resembling the original extracellular matrix (ECM) of the 

tissue, which can be implanted into a defect and then gradually 

degrade, while the tissue is regenerating and restoring its 

functionalities 14. 

Tissue engineering is related to a new tissue formation for 

therapeutic reconstruction through a systematic combination of 

molecular and mechanical signals. These principles can be 

schematically resumed in Figure 4. The ability of the human body 

to repair itself under some limited conditions (tissue/size) 
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generally concerns nonspecific reparative tissue with 

subsequent scar formation instead of the regeneration of the 

specific functional tissue that has been affected. As Williams 

said: “Tissue engineering is the persuasion of the body to heal 

itself, achieved by the delivery to the appropriate site of cells, 

biomolecules and supporting structures: the scaffold” 41. A 

scaffold is a temporary supporting structure that provides cells 

attachment, proliferation and matrix production. It has to 

biologically function in the implant site and it needs to have 

specific properties to work as a substitute for the ECM, promoting 

cellular adhesion and proliferation. Some specific properties that 

a scaffold should exhibit include biocompatibility, three-

dimensionality, porosity, high surface area, appropriate 

mechanical properties and biodegradability. Biocompatibility 

refers to the ability of a material to perform with an appropriate 

host response in a specific situation 42. The biocompatibility is 

also affected by the physical morphology and properties that are 

particularly important in the regulation of cellular activities. The 

scaffold can also be loaded with growth factors that promote a 

specific cellular or tissue response that enhances the 

regenerative process. In such cases, the success of the tissue 

engineering scaffold will also depend on the ability to provide 

adequate release kinetics of the various growth factors on 

multiple timescales referring to their temporal and spatial 
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expression within complex tissue defects during the healing 

cascade 43. Moreover scaffolds should not degrade into harmful 

residues that could decrease the replicative capacity of the 

seeded cells and remain stable until a continuous network of 

ECM is present and then degrade as the network matures 44. 

 

Figure 4: the essential principles for tissue engineering. For the successful 

generation of functional tissue, the different components (cells, medium and 

growth factors, scaffold material) must be provided in a suitable environment 

(formation of cell-cell contacts, mechanical loading, and bioreactor). 

1.2.1. Ligament tissue engineering 

One of the most important challenges in ligament tissue 

engineering is to develop scaffolds that mimic the three-

dimensional structure of the natural ligament extracellular matrix, 
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which is a complex fibrous network (from 150 nm to 20 µm 

diameter fibers). For this reason, a fibrous scaffold is considered 

the best option to mimic the structure and the mechanical 

properties for ligament tissue engineering 45–47. Moreover, the 

scaffold should be able to promote cell adhesion and 

differentiation, especially when growth factor and/or bioreactor 

are combined to trigger cell response into ligament lineage 46–49. 

Ligament tissue engineering focuses on the fabrication of 

scaffold biomaterials that can mimic the hierarchical structure of 

the ligament to balance the biomechanical properties and the 

biological performances of the native tissue. Along the time, as 

mentioned in the article of Nau et al., different types of scaffolds 

have been developed using natural and synthetic materials, or 

composite of both of them for ACL TE 47. In general, synthetic 

polymers show advantages in the ease of processing and in the 

higher mechanical properties compared to the ones of natural 

polymers. On the other hand, natural polymers are used for their 

biocompatibility, biodegradability, non-toxicity, anti-microbial 

activity and cell affinity, all properties that are widely used and 

required in the biomedical field 14,48,50,51. Petrigliano et al. 

reviewed the characteristics that a biocompatible scaffold should 

have, considering the advantages of synthetic and natural 

polymers in combination with mechanical properties, cellular 

response and degradation rate, able to provide durable and 
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compatible constructs 52. For ligament tissue engineering, Lu et 

al. made a comparison of different synthetic braided materials 

and poly L-lactic acid (PLLA) resulted to be the best synthetic 

polymer in mechanical properties as well as in cell proliferation 

for ACL TE 53. Also Cooper et al. focused on PLLA polymer, 

developing a three-dimensional braided scaffold showing the 

macrostructure of the whole ACL, from the bony attachment to 

the intra articular zone, with the exhibition of an optimal porosity 

for tissue ingrowth 54. Moreover, they further demonstrated that 

a braid-twist PLLA scaffold could show viscoelastic properties 

similar to natural ACL 55. Buma et al. studied the reconstruction 

of ACL in an in vivo animal study using a braided polydioxanone 

(PDS) scaffold, but they reported an early loss of mechanical 

properties not attractive for clinical applications 56. Liljensten at 

al. proposed the poly(urethane urea) (PUUR) polymer, because 

it was shown to have similar loading profile as the human ACL 

tested post-mortem 57, and also because the PUUR implanted 

allowed cell migration and neovascularization, indicating 

tolerance by the host 58. 

Besides all these applications of synthetic polymers, there are 

different natural materials used for ACL TE, for example, 

collagen, hyaluronic acid (HA), poly(3-hydroxybutyrate) (PHB), 

poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(3-

hydroxyundecenoate) (PHUE-O3) and silk fibroin (SF) used with 
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interesting but controversial results for ligament tissue 

engineering 48,59. Irie at al. evaluated an innovative fibrous 

scaffold for ligament engineering composed of chitosan and 

hyaluronan that improved the collagen I production and the 

mechanical strength in in vivo studies 60. Yilgor at al. reported 

several studies in which collagen, since it is one of the 

component of the native tissue, is used as scaffold material able 

to stimulate fibroblast growth and help ligament regeneration 48. 

Silk has become of notably importance for ACL TE. In various 

studies, silk alone or combined with other biopolymers, and in 

different shapes, has been used for its remarkable properties, 

from the mechanical and the biological point of view, compared 

to all the other materials 46,47,61,62. 

1.2.1.1. Enthesis tissue engineering 

All the characteristics aforementioned have to be considered 

also for enthesis tissue regeneration (TE), to be emerged as an 

alternative strategy compared to the limitations that the existing 

approaches in surgery show. For TE is important to investigate 

the tissue structure and its function 27, to mimic the damaged 

tissue that has to be repaired. In the enthesis case, the typical 

structure adopted is a stratified or multiphase scaffold, able to 

mimic the diverse organization of the native tissue 24. Particular 

attention has to be paid to size and alignment of scaffold pores, 



19 

morphology, or fibers, which are all elements that have been 

shown to influence mechanical properties, and overall the cell 

behaviour 63. In fact, it has been shown that topographical cues 

can affect cell proliferation, morphology, and gene expression 63. 

Several research groups tried to fix the enthesis tissue. For 

example, Ishikawa et al. mixed collagen gel and hydroxyapatite 

(HA) powder to fix tendon into a bone tunnel. Histological results 

showed that grafted tendon resulted in direct contact with the 

new bone (in rabbit), demonstrating that the mix of HA and 

collagen can be a promising bone substitute 64. Robertson et al. 

tried similar technique (in porcine model) but using α-BSM 

calcium phosphate cement, that could help the fixation of tendon 

to the bone during the initial phase of healing, able also to 

increase the stiffness of the graft 65. Paxton et al. investigated the 

effect of HA with RGD peptide in polyethylene glycol (PEG) 

hydrogel to create an in vitro tissue interface, which resulted in a 

construct with no increased mechanical properties, but showed 

the potential to induce and increase cell adhesion 66. Spalazzi et 

al. fabricated a triphasic scaffold with PLGA and a co-culture of 

osteoblast-fibroblast for ligament-to-bone interface, in vitro and 

in vivo (rats), demonstrating the suitability of the scaffold to a 

multi-tissue regeneration, promoting cell infiltration and matrix 

production 67,68. 
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Not only the structure, but also the polymer used to fabricate the 

scaffold is a relevant feature to consider 69. As already mentioned 

in the previous paragraph, silk fibroin has been proven to have a 

great potential as material for TERM applications 70 and there are 

also numerous works that demonstrate its use for ligament 

regeneration 46,47. Due to its biocompatibility, biodegradability 

and bioactivity, silk fibroin has been proposed also for enthesis 

repair 25,71. In a recent work, Font Tellado et al. 25 combined 

different topographical cues to study the response of human 

adipose-derived mesenchymal stem cells (AdMSCs). Changing 

different pore alignment and morphology, they studied the 

influence on the cytoskeleton alignment and on the gene 

expression of AdMSCs. However, in accordance with the 

principle of tissue engineering 41, tissue regeneration starts not 

only thanks to the effect of the topographical cues and the 

biological response of the material, but also with molecular and 

chemical signals, that can derived from small molecules, 

peptides, DNA or growth factors (GFs) 21,72. The latter ones are 

effective molecules to guide stem cell fate during the 

regeneration improvement 73.  

1.3. Silk as biomaterial 

Among the natural materials aforementioned, silk emerged as a 

good candidate for tissue engineering. 
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Silk is a natural material of animal origin, produced by various 

insects (Lepidoptera family) and arachnids to serve for a variety 

of functions, in different periods of their lifecycles74. The 

domesticated mulberry silkworm Bombyx mori is the species that 

produces most of the silk fibers used nowadays 75,76. When the 

silkworm reaches the larvae stage, it starts to extrude the silk 

‘bave’ by spinning glands to build up the cocoon in a continuous 

way with a unique silk strand almost long 2000 m 74. The silk 

bave is composed of two core filaments of fibroin (about 75% in 

weight), surrounded by a sericin film (20-25% in weight) that 

coats and sticks together fibroin proteins forming the folded silk 

strand 74,76, Figure 5. The purity of the silk strand is expressed by 

fineness into denier (D), that is defined as the mass of 9 km fibers 

in grams 74. Fibroin is a fibrillar molecule, made of two protein 

chains, a light chain (about 26 kDa) and a heavy chain (about 

390 kDa) in a ratio 1:1. They are joined by disulphide bonds 

between two cysteine amino acids 70. On the other hand, sericin 

is a globular protein, with molecular weight ranging between 10 

to 300 kDa. It is known that sericin can cause immunogenic 

reaction 77, but with a boiling procedure, known as degumming, 

it is possible to easily remove this glue-like protein and obtain 

only fibroin filament 78. After degumming, silk fibroin can be 

processed in different ways according to its application. Anyway, 

silk fibroin can exist in different polymorphic state according to 
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the amount of different secondary structure combined to form the 

overall protein “architecture”. Fibroin is water soluble when it has 

a random coil structure, namely Silk I. To avoid solubilisation, 

fibroin can be easily crystallized into β-sheet structure (Silk II) with 

heat or methanol treatment, shear stress, water vapour 

annealing 70,79. Recently, another insoluble structure of distorted 

three-fold helices and sheet-like structures was determined (Silk 

III), at the air/water interface of thin fibroin cast films 80. The 

crystalline structure influences also the degradation rate of 

fibroin, depending on the amount of β-structure 81. Therefore, 

different processes induce fibroin structural changes that can 

result in variation of degradation and mechanical properties as 

well as bioactivity and biological behaviour of the resulting 

material 82. These properties make silk fibroin a good candidate 

for a scaffold material with high potential to overcome the 

surgical limitations that affect autografts, allograft and synthetic 

materials based prostheses. 
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Figure 5: SEM image of silk fiber cross-section (photo courtesy of Rungnapha 

Yamdech, adapted from www.chulapedia.chula.ac.th). 

1.3.1. Silk-based system for ACL tissue 

engineering 

Although natural polymers are usually characterized by weak 

mechanical properties, unexpectedly silk has shown interesting 

mechanical properties suitable for ACL tissue engineering. 

Laurent at al. 46. and Nau et al. 47 in their recent paper work 

mentioned studies in which silk is used as biomaterial scaffold to 

help ligament regeneration, as an effective material for its 

mechanical properties and for its slow long-term degradation. 

Altman and Kaplan investigated all the characteristics that make 

silk an interesting candidate for ACL TE, and particularly they 

demonstrated that scaffolds fabricated with twisted fibers can 

mimic the mechanical properties of the native human ACL 83,84. 

Combining different textile methods (twisting, braiding, etc.), they 
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designed SeriACL, a bioengineered silk fibroin graft tested in 

vivo in large animals up to 12 months, indicating stability and 

promising effect in clinical study 85.  

Also Teuschl and colleagues developed a silk-based system to 

help ACL regeneration: they focused on a method to remove 

sericin from the ordered matrix of raw silk fiber, which can 

provoke unfavourable immune responses 77, and on a 

construction of fiber graft using a wire rope 86. On the other hand, 

there are few studies in which silk material is tested in vivo as 

ligament grafts, using small animal models (usually rabbits) 87–90. 

However, it should be noted that to transfer the findings from 

animal in vivo experiment to grafts or scaffolds to regenerate 

human ACL, large animal studies, like pig, goat or sheep models, 

are preferred to better compare the needed requirements. There 

are few studies that already tested silk-based systems in large 

animal studies for ACL grafts 91,92. For example, Fan at al. tested, 

in a pig animal model, a silk ligament scaffold seeded with MSCs 

that resulted in a ligament regeneration after 24 weeks post 

implantation. Indeed, they were able to obtain ECM component 

production and the insertion to the bone, beside a tensile 

strength comparable to ACL native one 91. Also Nau et al. 

evaluated the ligament regeneration on sheep study, and upon 

12 months they observed not complete silk scaffold degradation, 

but ECM deposition and cell ingrowth 61. 
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In conclusion, all these examples of silk applications for ACL 

regeneration, has given a great potential to this natural material, 

also for the possible translation into clinical applications. 
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Chapter II: Rationale, aims and design of 

the research activity 

The wide range of biomedical applications in which silk fibroin-

based systems are involved, have demonstrated the versatility 

of fibroin and the biocompatibility of fibroin-based systems in 

many studies conducted all around the world. 

The aim of this PhD work has been to investigate the use of silk 

fibroin for the fabrication of a multicomponent model scaffold for 

ligament tissue engineering application. The dissertation aims to 

demonstrate that the structural cues that can be obtained during 

the fabrication of fibroin material, in combination with bioactive 

molecules (such as growth factor) that can give biochemical 

signals, can provide additional properties and functionalities. 

Moreover, the improvement of the mechanical properties and the 

dynamic stimulation of the constructs can actively control the 

metabolism of cells on the material, promoting healing 

outcomes. The experimental activities in this work have been 

divided in two main lines. The research activities consisted of: 

1) Preparation and characterization of silk fibroin scaffold 

with a porosity gradient to mimic the ligament-to-bone 

interphase. The use of salt-leaching technique 

combined with directional freezing and freeze-drying, 

was optimized to fabricate a scaffold with a gradient 



27 

porous structure, from isotropic to anisotropic. Then, a 

strategy to functionalize the scaffold with heparin was 

designed and applied to obtain a controlled release of 

the growth factors. The scaffold was tested in in vitro 

experiments to evaluate the effect of structural cues 

combined with biochemical cues to induce cell 

differentiation toward tenogenic/ligamentogenic 

phenotype. This study was done in collaboration with 

prof. Van Griensven from Trauma lab, Munich. 

2) Design and fabrication of a multicomponent model 

scaffold able to mimic the central ligament part. The 

scaffold consisted in silk fibroin yarns reinforcing an 

anisotropic oriented pores fibroin sponge. The scaffold 

was stimulated in in vitro experiment using a perfusion 

bioreactor to study the effect of dynamic stimulation on 

cell penetration and differentiation within the sponge, 

also with the incorporation of TGF-β2 growth factor to 

trigger AdMSCs differentiation ligament-specific. 

Preliminary studies after subcutaneous implantation in 

rats were done to verify the material inflammation 

process and cell infiltration. This last in vivo evaluation 

was done at Chonbuk University in the lab of Prof. 

Gilson Khang. 



28 

Chapter III. Tissue engineering of 

tendon/ligament-to-bone insertion 

Part of this chapter is published in: 93 

          

 

Sònia Font Tellado, Silvia Chiera, Walter Bonani, Patrina S.P. Poh, Claudio 

Migliaresi, Antonella Motta, Elizabeth R. Balmayor, Martijn Van Griensven 

Heparin functionalization increases retention of TGF-b2 and 

GDF5 on biphasic silk fibroin scaffolds for tendon/ligament-

to-bone tissue engineering 

Acta Biomaterialia 72 (2018) 150-166 

 

In this chapter a novel approach to regenerate the enthesis 

tissue based on the synergistic effect of a biomimetic scaffold, 

stem cells and heparin-based delivery of growth factor is 

proposed. 

 

My main role in this activity was the confocal imaging evaluation 

of the cell seeded scaffolds. Moreover, I collaborated to the 

functionalization and biological evaluation of scaffolds. 
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3.1. Introduction 

In the study area of anterior cruciate ligament repair, the insertion 

of engineered ligament into bone is a significant concern in the 

clinical challenge. The interface between tendon/ligament-to-

bone is a specialized tissue called “enthesis”, which was 

discussed in detail in Chapter I. It is an example of soft-to-hard 

tissue in which tissue engineering and regenerative medicine 

(TERM) are focusing with promising strategies to allow tissue 

regeneration 21,24,94. 

This specialized tissue interface is necessary to simplify the joint 

motion and for this reason, its mechanical properties and its 

tissue arrangement are very important and challenging 

parameters to be considered for tissue regeneration 22. The 

extracellular matrix (ECM) of the enthesis is characterized by a 

structural gradient, that mainly consists on a mineral gradient 

and different porosity grade, but also on different type of cells. 

These components have to be combined to mimic the multi-

tissue interface organization. Considering the characteristics just 

mentioned, the scaffold design has to combine biological and 

structural cues resembling the properties of the native tissue. 

Recently, in the current tissue engineering approaches, the use 

of molecular and chemical signals derived from small molecules, 

peptides, DNA or growth factors (GFs), are combined in addition 
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to the effect of the topographical cues and of the biological 

response of the scaffold material 21,72,73. Especially growth factors 

are seen to be effective molecules to guide stem cells 

differentiation that can improve the regeneration 73. 

3.1.1. The role of growth factors 

Several studies reported in the review of Font Tellado et al. 21 

have addressed the synergistic effect of growth factors on stem 

cell differentiation for cartilage and bone tissue engineering 

applications. For example, Cicione et al. obtained chondrogenic 

differentiation of bone marrow mesenchymal stem cells (MSCs) 

thanks to the effect of BMP-2, BMP-7 and TGF-β3 95. The effects 

of growth factors on tendon/ligament and fibrocartilage 

differentiation have been less studied, but there is high 

probability that tenogenic/ligamentogenic and chondrogenic 

factors are involved in fibrochondrogenic differentiation of MSCs 

24. Usually, growth factors show some disadvantages such as 

short half-life, supraphysiological and repeated doses that are 

required to get therapeutic benefits 73. To avoid these side effects 

that lead to high amount of proteins and associated costs, it is 

necessary to develop and optimize an appropriate delivery 

system that allows a limited and continued delivery of slight 

doses of growth factors 96. 
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Scaffolds can function as platforms to carry growth factors to the 

injury site 72,97. Different mechanisms can be adopted to 

incorporate GFs on scaffolds, such as protein adsorption, 

surface immobilization and encapsulation into micro- or 

nanoparticles 21. Two strategies can be proposed to bind GFs to 

the biomaterial scaffolds: chemical immobilization and physical 

encapsulation 98. The chemical immobilization approach focuses 

on non-covalent and covalent bonds. In the former case, the 

bond between GFs and matrix operates between charges or 

other secondary interactions. The use of proteins, such as 

heparin, that can be used to chemically or physically modify the 

surface of the material/scaffold, gives specific biological sites to 

immobilise GFs. In this way the GFs release rate depends on the 

electrostatic bonds between molecules and on the 

environmental conditions. In the covalent incorporation instead, 

the immobilization is obtained by chemical treatment, resulting in 

stronger interactions compared to the physical one. The latter 

approach focuses on the encapsulation, diffusion and pre-

programmed release of growth factor from substrate into the 

surrounding tissue 98. 

Since the ECM contains growth factors in the native tissue, 

recently, it has been suggested that ECM can be used as a 

releasing system of GFs in response to specific signals 99. Thus, 

the ECM can be an option to tightly control growth factor 
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availability, spatial localization and diffusion 96,99. Naturally, ECM 

operates as a storage of GFs and contains the sulfated 

glycosaminoglycans (GAGs), like heparin, and heparan sulfate 

which are responsible for and have the ability to bind and release 

growth factors and also to conserve them from proteolysis 96. 

Heparin and heparan sulfate have very similar structure but they 

differ in the grade of sulfation. Heparin is more sulfated and 

consequently it has greater negative charges. Heparan sulfate is 

a proteoglycan naturally present in the ECM of various tissues. 

Growth factors show specific protein domains called “heparin 

binding domains”, which allow the GFs to bind heparin through 

electrostatic bonds. When GFs bind heparin, they increase their 

half-lives and their biological activity, since their bindings are 

facilitated to cell surface receptors, avoiding proteolytic 

degradation 100. Many studies indicate that various growth factors 

can be released control by heparin-based delivery systems 93. 

3.1.2. Growth factor and TGF-β family 

TGF-β (Transforming Growth Factor-β2) family of growth factors 

has been widely investigated for its role on musculoskeletal 

development, especially for their pro-tenogenic and pro-

chondrogenic effects 101. TGF-β1 and TGF-β3 are key regulators 

by binding to TGF-β type I and II serine/threonine kinase 

transmembrane cell receptors 102. TGF-β family growth factors 
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can induce different effects on cells depending on their molecular 

background and level of differentiation. It has been shown that 

TGF-β2 and 3 signalling is necessary for tendon development in 

mice embryos 101 and, in mouse, they induce scleraxis (scx) 

expression, which is a transcription factor responsible for 

enthesis development 103,104. To the TGF-β family belong also 

BMPs (Bone Morphogenetic Proteins), which bind to type I and 

II TGF-β receptors 101,102. Among them, BMP2, 6 and 7 can 

promote both cartilage and bone formation. A subfamily of BMPs 

showed to have pro-chondrogenic as well as pro-

tenogenic/ligamentogenic effects (but only at late phases of 

tendon development), in particular BMP13 (also known as 

growth/differentiation factor 5, GDF5) and BMP12 (GDF7) 101. 

Interestingly, GDF5 seemed to play an important role during 

enthesis development and is expressed by enthesis progenitors 

105. Nevertheless, the combination of TGF-β2 and GDF5 factors 

to evaluate the effect on mesenchymal stem cell differentiation 

in tissue engineering is less studied compared to the other 

growth factors in the TGF-β family. 

 

 3.2. Materials and Methods 

All materials were purchased from Sigma-Aldrich (USA) unless 

otherwise stated. 
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3.2.1. Preparation of silk fibroin aqueous 

solution 

Silk fibroin was extracted from white polyhybrid Bombyx mori 

cocoons (Chul Thai Silk Company, Thailand). The cocoons were 

delaminated and cut in small pieces, submerged in two 

consecutive alkaline baths (1.5 h in each bath) at 98°C 

containing 1.1 and 0.4 g/L sodium carbonate (Na2CO3) 

respectively, to remove sericin (degumming). Then, fibroin fibers 

were washed with deionized water (DI water, produced by using 

the Elix® Reference 5 water purification system, Merck KGaA, 

Darmstadt, Germany) and dried overnight under the fume hood. 

After drying process, fibroin has to show a loss in weight about 

25 to 30% to verify the complete removal of sericin. Degummed 

silk fibers were stored at room temperature and pressure, and 

low humidity. To prepare fibroin solution in water, silk fibroin was 

solubilized in 9.3 M lithium bromide (LiBr) solution for 4 h at 

65°C. The obtained fibroin solution, appeared as a yellowish, 

limpid and viscous liquid, was dialyzed against DI H2O for 3 days 

using 3,5 kDa MWCO Slide-A-Lyzer dialysis cassettes (Thermo 

Fisher Scientific, USA), with regular water changes (3 

times/day). After dialysis, to concentrate fibroin solution up to 

8%, the cassettes were immersed in 25% polyethylene glycol 

(PEG) (molecular weight = 10kDa). The solution concentration 
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was measured using NanoDrop (NanoDrop tech, USA). To 

remove impurities, fibroin solution was centrifuged at 12700 g 

(Eppendorf 5810R, Eppendorf, Germany) for 20 min at 4°C. 

Finally, SF aqueous solution was filtered using a glass porous 

septum to eliminate any solid residue still present. The pH of SF 

was measured with a Crison pHmeter (Hach Lange, Spain), to 

assess the typical pH of aqueous fibroin solutions at around 6.5. 

The process of silk fibroin extraction and processing is 

summarized in Figure 6, adapted from 78.  

 

Figure 6: schematic representation of silk fibroin extraction, adapted from 78. 
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3.2.2. Preparation of biphasic silk fibroin 

scaffolds 

The silk fibroin scaffolds were defined ‘biphasic’ since they were 

designed to have aligned (anisotropic) pores mimicking the 

tendon/ligament-like region and non-aligned (isotropic) pores 

mimicking the cartilage/bone-like region. The transition area, 

where a gradual change in pore alignment was expected, should 

resemble the enthesis-like region. 

Biphasic silk fibroin scaffolds were fabricated following the two-

step protocol, described in 25, using 8% silk fibroin solution. In 

summary, in the first step, the isotropic part of the scaffold was 

produced by solvent casting/particulate leaching using 0,2 gr of 

NaCl salt crystals (400 - 800 µm) as porogen, that will lead to 

final pore size of 200 - 300 µm. 200 µl of fibroin solution were 

poured on NaCl crystals and left at RT to allow gelation. After 

that, NaCl particles were leached for 3 days in DI water, frozen 

at -20°C and freeze-dried for 24 hours. Scaffolds obtained were 

cut in a disc-shape with 8 mm diameter and 5 mm thickness, and 

were placed at the bottom of a polypropylene (PP) cylinder with 

8 mm diameter to start the second step of the protocol. Scaffolds 

in the PP cylinder were covered with 800 µl of 8% fibroin solution 

and tightly inserted in a cylindrical polystyrene foam mold, 

covering only the lateral surface of the cylinder, and placed at -
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20°C for 24 h. The polystyrene mold acted as a thermal insulator, 

generating a temperature gradient along the cylinder, starting 

from the upper exposed free surface of the fibroin solution. This 

induced the formation of vertically oriented ice crystals by 

directional freezing along the main axis of the cylinder. Finally, 

the frozen scaffolds were lyophilized in an Alpha 1-2 LDplus 

freeze-dryer (Martin Christ, Germany) for 48 h. The complete 

biphasic scaffolds (8 mm diameter x 10 mm length) presenting 

anisotropic and isotropic porosities were treated with 80% 

methanol (MeOH) to induce a protein conformational change 

from the silk I to the silk II structure. After treatment, scaffolds 

were subjected to washes with ddH2O, another freezing and 

freeze-drying cycle, they were punched to a final dimension of 4 

mm diameter x 8 mm length using biopsy punches (Stiefel, USA) 

and sterilized with 70% ethanol (EtOH). 

3.2.3. Structural characterization of biphasic 

silk fibroin scaffold 

The characterization of the morphology of the scaffold and the 

alignment of the pores of biphasic silk fibroin scaffolds was 

performed by micro-computed tomography (µCT) 

(Skyscan1176, Bruker, Belgium), scanning electron microscopy 

(FE-SEM) (Phenom Pro, LOT-Quantum Design, Germany) and 

fluorescent microscopy (BZ-9000, Keyence, Japan). 
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The equipment used for micro-computed tomography was a 

Skyscan1176 µCT (Bruker, USA), at 40kV with a voxel size of 

9µm. Scaffold dimensions were of 8mm diameter x 10mm length 

(n=6). To measure scaffold porosity, a built-in algorithm of µCT 

software (Bruker, USA) was used to create 3D images and then 

consequently perform the analysis. The structure of the scaffolds 

was also characterized by FE-SEM, performing transversal or 

longitudinal cross-sections. Prior to imaging, scaffolds were 

placed on stubs and coated with Pt/Pd alloy (80/20) using a 

Q150R sputter coater (LOT-Quantum Design, Germany). Pore 

morphology and alignment of both anisotropic and isotropic silk 

fibroin scaffolds were observed by staining with DAPI (4',6-

diamidino-2-phenylindole) following the manufacturer’s 

instructions, using fluorescence microscopy. 

3.2.4. Functionalization of biphasic silk fibroin 

scaffolds with heparin 

Biphasic silk fibroin scaffolds were functionalized using heparin 

sodium salt from porcine intestinal mucosa. Covalent binding 

between carboxyl groups in heparin and primary amines in 

fibroin was performed with carbodiimide chemistry. The 

crosslinkers used were 1-ethyl-3-(3dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) (Carl Roth, Germany). First, scaffolds were incubated in 



39 

0.1 M 2-(N-morpholino) ethanesulfonic acid (MES) buffer (pH 

5.8) for 30 min at room temperature (RT) under shaking. Next, 

heparin was dissolved to a final concentration of 3% in MES 

buffer and sterilely filtered using 0.2 µm filters (Sarstedt, 

Germany). EDC and NHS were added at a final concentration of 

0.25 M and 0.125 M, respectively, to activate carboxyl groups in 

heparin molecules. The reaction was conducted for 15 min at RT 

under shaking and quenched with 0.2 M 2-mercaptoethanol. 

Subsequently, each scaffold reacted with 1 ml of 3% activated 

heparin solution for 4 h at RT under shaking. Scaffolds having 

reacted with activated heparin are hereafter termed “scaffolds 

crosslinked with heparin” or “heparin-crosslinked scaffolds”. 

Naked scaffolds (termed “unmodified scaffolds”) and scaffolds 

having reacted with 3% non-activated heparin solution (without 

EDC/NHS, termed “scaffolds non-crosslinked with heparin” or 

“non-crosslinked scaffolds”) were used as controls. All scaffolds 

were washed 5 times with MES buffer and 3 times with ddH2O to 

remove excess of heparin. Scaffolds used for growth factor 

loading and cell culture were additionally incubated for 3 days in 

ddH2O to ensure complete removal of unbound heparin. All 

reactions and washing steps were performed in sterile 

conditions. 
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3.2.5. Quantification of heparin binding 

efficiency and release 

Heparin release was quantified after washing with MES buffer 

and ddH2O. Each scaffold was incubated in 1 ml of ddH2O and 

100 µl were taken after 1 h, 3 h, 1 d, 3 d and 7 d for quantification. 

100 µl of fresh ddH2O were replenished at every measuring 

point. Heparin quantification was done using a Blyscan Sulfated 

Glycosaminoglycan (GAG) assay (Bicolor, United Kingdom) 

according to the manufacturer’s instructions. Heparin binding 

efficiency and release were quantified in non-crosslinked and 

heparin-crosslinked scaffolds (n = 6 for each group). Heparin 

binding efficiency was determined indirectly by measuring the 

amount of unreacted heparin in MES buffer after the conjugation 

reaction (before washing). The amount of heparin released after 

3 days was used to estimate the amount of heparin remaining 

bound to scaffolds used for growth factor binding and cell culture 

after 3 days washing. This was done by subtracting the heparin 

released at 3 days from the total heparin incorporated after 

conjugation. 
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3.2.6. Growth factors binding to biphasic silk 

fibroin scaffolds 

Human recombinant TGF-β2 and GDF5 (Peprotech, USA) were 

added to the silk fibroin scaffolds (unmodified, non-crosslinked 

with heparin and crosslinked with heparin) (n = 3 for each group). 

Growth factor loading was performed by incubating the scaffolds 

in 500 µl of a PBS solution containing 200 ng/ml of TGF-β2 or 

GDF5 (single growth factor loading) or 100 ng/ml TGF-β2 plus 

100 ng/ml GDF5 (double growth factor loading). The reaction 

was performed at RT for 3 h under shaking.  

3.2.7. Quantification of TGF-β2/GDF5 binding 

efficiency and release 

Binding efficiency and release profile of TGF-β2/GDF5 from 

biphasic silk fibroin scaffolds (unmodified, non-crosslinked with 

heparin or crosslinked with heparin) (n = 3 for each group) were 

quantified by ELISA. Growth factor release was quantified by 

incubating each scaffold in 1 ml Dulbecco’s Modified Eagles 

Medium (DMEM) supplemented with 2% fetal calf serum (FCS) 

and 1% Penicillin/Streptomycin (P/S) at 37°C to simulate cell 

culture conditions. 100 µl of medium were taken for 

quantification after 1 h, 3 h, 1 d, 3 d, 7 d or 14 d and replenished 

with 100 µl fresh medium. TGF-β2 was quantified using a TGF-
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β2 ELISA kit (Diaclone, France) and GDF5 using a DuoSet 

DY853 GDF ELISA kit (R&D, USA) following the manufacturer’s 

instructions. Binding efficiency was calculated indirectly by 

quantifying the amount of unbound TGF-β2/GDF5 in PBS after 

the conjugation reaction. 

3.2.8. In vitro evaluations 

3.2.8.1. AdMSCs culture on biphasic silk fibroin 

scaffolds 

Biphasic silk fibroin scaffolds were punched to a final dimension 

of 4 mm diameter x 8 mm length using disposable biopsy 

punches (Integra Miltex, USA). Prior to cell culture, scaffolds 

were sterilized with 70% ethanol, washed with PBS and 

incubated in growth medium overnight at 37°C to improve cell 

attachment. Human adipose tissue was obtained from healthy 

donors after written informed patient’s consent according to the 

guidelines of the Local Ethics Committee of ‘‘Klinikum Rechts der 

Isar’’ at the Technical University of Munich, Germany. AdMSCs 

isolation was performed as described in Schneider et al. 106. 

AdMSCs were seeded on the scaffolds at a density of 4 x 105 

cells/scaffold. Seeding was performed in a small volume (60 µl) 

to improve seeding efficiency. To ensure homogenous cell 

distribution on the scaffolds, seeding was performed on both 
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scaffold sides (anisotropic and isotropic, 30 µl on each side). 

After seeding, scaffolds were incubated for 2 h at 37°C to 

facilitate cell attachment. Cells were cultured either in growth 

medium or in high glucose DMEM containing 2% FCS and 1% 

P/S (AdMSCs low serum medium). Since the aim of the project 

was more focused on evaluating AdMSCs differentiation, low 

serum medium was used to promote differentiation over 

proliferation. Medium was changed every 2 days. 

3.2.8.2. Immunofluorescence and confocal 

microscopy 

AdMSCs morphology, cytoskeletal alignment and distribution on 

biphasic silk fibroin scaffolds were analysed by 

immunofluorescence staining. In particular, the presence of 

collagens was evaluated to check the influence of the growth 

factor binding with the topographical surface of the scaffold. The 

presence of collagen types I, II and III was analysed in silk fibroin 

scaffolds crosslinked with heparin and unloaded or loaded with 

TGF-β2/GDF5.  

The following antibodies were used (Abcam, Germany). Primary: 

collagen I (ab34710, 1:500), collagen II (ab34712, 1:200) and 

collagen III (ab7778, 1:200). Secondary: IgG goat anti-rabbit, 

conjugated with Alexa Fluor 488 (ab150077, 1:1000). All 

antibodies were diluted in 1% bovine serum albumin (BSA) in 
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PBS. After 14 days of culture on scaffolds in low serum medium, 

AdMSCs were fixated with 4% formaldehyde in PBS for 30 min 

at RT and permeabilized with 0.2% Triton X-100 in PBS for 20 

min at RT. Next, scaffolds were incubated in 1% BSA in PBS for 

1 h at RT. Subsequently, scaffolds were cut in transversal 

sections (2mm thickness) and stained with primary antibodies 

overnight at 4°C. Next, samples were washed 3 times in PBS 

and stained with secondary antibody at RT for 1h. Finally, 

scaffolds were washed with PBS and stained with Alexa Fluor 

594 Phalloidin (Thermo Fisher Scientific, USA) and DAPI 

following the manufacturer’s instructions. 

3.2.8.3. Gene expression 

Gene expression of tendon/ligament, enthesis and cartilage 

differentiation markers was analysed in biphasic silk fibroin 

scaffolds. AdMSCs were cultured for 14 days on the scaffolds in 

growth medium or low serum medium (scaffolds crosslinked with 

heparin unloaded or loaded with TGF-β2/GDF5). Next, the 

scaffolds were washed in PBS and cut in 3 parts (anisotropic, 

transition, isotropic) to analyse gene expression in each region 

separately. The transition was defined as the region 0.5 mm up 

and 0.5 mm down from the detectable porosity change. Each 

part was cut in small pieces and stored at -80°C in TRIreagent 

for at least 24 h. Next, RNA isolation in TRIreagent was 
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performed by chloroform extraction following the manufacturer’s 

instructions. RNA quantity and quality was measured with 

NanoDrop. Reverse-transcription to cDNA was performed using 

a first strand cDNA synthesis kit (Thermo Scientific, USA) 

according to the manufacturer’s instructions. The thermocycler 

used was a C1000 Touch Thermal Cycler (Eppendorf, 

Germany). Quantitative analysis of gene expression was 

performed by quantitative polymerase chain reaction (qPCR). 30 

ng of sample cDNA were used per reaction. The thermocycler 

used was a CFX96 Real Time System thermocycler (BioRad, 

USA). Sso Fast EvaGreen supermix (BioRad, USA) was used as 

a detection reagent. The primers used and their sequences are 

shown in Table 2. Results from heparin-crosslinked scaffolds 

were expressed as fold change relative to the housekeeper and 

to unloaded scaffolds (heparin-crosslinked without growth 

factors) (2-ΔΔCT). 

 

Target gene Forward (5’ → 3’) Reverse (5’ → 3’) Function 

Aggrecan 
TCGAGGACAGCG

AGGCC 

TCGAGGGTGTAGC

GTGTAGAGA 

Major proteoglycan in 

the articular cartilage, 

responsible for 

chondrocyte interactions 

and for hydrated gel 

structure. 
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β-Tubulin 
GAGGGCGAGGAC

GAGGCTTA 

TCTAACAGAGGCAA

AACTGAGCACC 

Housekeeping gene, 

found in microtubules of 

cytoskeleton. 

Collagen I A1 

(Col I) 

AGCGGACGCTAA

CCCCCTCC 

CAGACGGGACAGC

ACTCGCC 

Col type I is a fibril-

forming collagen found 

in most connective 

tissues and is abundant 

in bone and tendon  

Collagen II 

(Col II) 

AACCAGATTGAGA

GCATCCG 

ACCTTCATGGCGTC

CAAG 

Major component of 

hyaline cartilage. 

Collagen III 

(Col III) 

TACTTCTCGCTCT

GCTTCATCC 

GAACGGATCCTGA

GTCACAGAC 

Fibrillar collagen 

extensively found in 

connective tissue. 

Mohawk 
TGGTTTGCTAATG

CAAGACG 

CCTTCGTTCATGTG

GGTTCT 

Important marker in 

tendon/ligament 

development 

Scleraxis 
CAGCCCAAACAG

ATCTGCACCTT 

CTGTCTTTCTGTCG

CGGTCCTT 

Transcription factor 

related to tenogenesis 

and upregulation of col I 

SRY-box 9 

(Sox9) 

GAGCCGAAAGCG

GAGCTGGAA 

ACAGCTGCCCGCT

CCAAGTG 

Transcription factor 

related to chondrogenic 

differentiation. 

Tenascin – C  
TCAAGGCTGCTA

CGCCTTAT 

GTTCTGGGCTGCCT

CTACTG 

Protein of 

tendon/ligament ECM 

and enthesis. 

Table 2: primers used for qPCR. Primer sequences used for quantitative 

polymerase chain reaction (qPCR). β-Tubulin was used as a housekeeper. 
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3.2.9. Statistical analysis  

Statistical analysis of quantitative data was performed using 

GraphPad Prism version 5.00 (GraphPad software, USA). 

Statistical significance was considered at p < 0.05. Data were 

analysed with One-way analysis of variance (ANOVA) and 

Tukey’s correction. 

3.3. Results and discussion 

3.3.1. Morphology and pore alignment of 

biphasic scaffolds 

The biphasic silk fibroin scaffold was fabricated as described in 

Materials and Methods, paragraph 3.2.2. The fabrication method 

was optimized by Font Tellado et al. in their previous work in 

2017 25, in which they showed that between the two protocols 

proposed for scaffold fabrication, the one starting with the 

fabrication of isotropic porosity (so called type B in 25) resulted in 

a continuous construct. 

In fact, the lamellar porosity penetrates more gradually the 

isotropic region, forming a mixed porosity identified as a 

transition region. This zone is able to mimic the enthesis area, 

and resemble the gradual changes of collagen molecule 

alignment in the native tissue. Plus, the biphasic silk fibroin 
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scaffold was composed of an anisotropic part with aligned 

porosity corresponding to the tendon/ligament, and of an 

isotropic area, with non-aligned pores, corresponding to the 

cartilage/bone part. The structure and its porosity is visible from 

SEM and confocal pictures reported in Figure 7. 

 

Figure 7: in this panel there are four images: the images on the left side show 

FE-SEM images, the images on the right side show fluorescence images by 

confocal microscopy. All images are about structure and pore morphology of 

anisotropic (upper part) and transition + isotropic (lower part) parts of the 

biphasic scaffold. The former structure shows an aligned porosity, whereas 

the latter shows a merge of aligned pores entering in a non-aligned and round 
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porosity, mimicking the transition region ligament/tendon-to-bone insertion. 

Scale bars = 300 µm (first and third images) or 500 µm (second and fourth 

images). Image adapted from 93. 

It is possible to notice that the anisotropic region is characterized 

by vertical aligned pores, obtained thanks to the directional 

freeze and freeze-drying technique 107, while the isotropic part 

shows round and open pores, obtained by salt leaching 

technique, more resembling the bone structure 108. Total porosity 

and pore sizes were measured along the Z axis of the scaffold 

using µCT scan and algorithm built-in for 3D structure analysis. 

From the data obtained in collaboration with Font Tellado et al. 

93, pore size distribution is similar in all three areas of the scaffold 

(anisotropic, transition, isotropic). On average, 80-90% of the 

pores ranged between 100-300 µm. The open porosity across 

the scaffold structure was maintained at 65-70% with irrelevant 

close porosity, indicating high interconnectivity among the pores 

(Figure 8). It is known that porosity can influence important 

parameters such as diffusion of oxygen and nutrients, and 

mechanical properties. It has also been shown that pores can 

directly affect cytoskeleton alignment and gene expression 25,109. 
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Figure 8: micro-computed tomography reconstruction of biphasic silk fibroin 

scaffold. Three different colours highlight the three areas characterising the 

biphasic scaffold: anisotropic (tendon/ligament, green), transition (enthesis, 

red) and isotropic (bone, blue). Image from 93. 

3.3.2. Heparin and growth factors binding 

evaluation 

The idea, developed in collaboration with the group of prof. Van 

Griensven 93, to functionalize silk fibroin scaffold with heparin 

was triggered from the wide use of heparin as a suitable 

molecule to immobilize various growth factors with reasonably 

elevated affinity, extensively reviewed in 110. This is the case of 

the used growth factors, TGF-β2 and GDF5, that display heparin-

binding domains. 
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The evaluation of heparin functionalization on the binding and 

release of TGF-β2 and GDF5 was done by comparing three 

groups: unmodified scaffolds, scaffolds non-crosslinked with 

heparin and scaffolds crosslinked with heparin. 

Heparin binding to fibroin was improved with the use of 

EDC/NHS crosslinkers, which thanks to the carbodiimide 

chemistry, resulted in a covalent binding between the carboxyl 

groups in heparin and primary amines in silk fibroin scaffold. 

Even after 3 days washing, the amount of heparin remaining 

bound to the scaffold (26%) was higher on the crosslinked 

scaffold compared to the non-crosslinked one (Graph 1). 

However, it was not possible to increase the efficiency of heparin 

binding probably because of the low availability of the primary 

amines in the silk fibroin scaffold 70. 

 

Graph 1: representation of heparin loading efficiency of non-crosslinked 

scaffold (without EDC/NHS) and crosslinked scaffold (with EDC/NHS). The 

graph also shows the bound heparin before and after 3 days washing in 
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ddH2O. The % of bound heparin is in relation to the initial amount used for 

conjugation (30 mg/ml); n = 6. Statistical significance is indicated with 

asterisks (***p < 0.001). Image from 93. 

With the aim to adopt the heparin as a delivery system for growth 

factors, it was important to measure the heparin release in 

ddH2O. Along 3 days of washing, the heparin release was faster 

in the non-crosslinked scaffolds compared to the crosslinked 

one, but not in a statistically significant way. Heparin release 

between 3 and 7 days was negligible, and for this reason, the 

scaffolds used for growth factor incorporation during the cell 

culture experiments were washed for 3 days in water to ensure 

complete removal of unbound heparin 93. 

The growth factors binding on scaffold showed high 

incorporation efficiency for all three groups of scaffold tested, but 

the growth factor kinetics were different among them. In fact, for 

TGF-β2, after 24 h the unmodified and the non-crosslinked 

scaffold released almost half of the growth factor incorporated, 

whereas the crosslinked scaffold released only 21%. The latter 

value just increased about 5 points until 14 days of release, 

meaning that the growth factor firmly bound to the heparin 

incorporated into the scaffold. 

The scaffolds unmodified and non-crosslinked with GDF5 

released almost the 80% after 24 h, while on the crosslinked 
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scaffold only 10% was released. Value that was quite maintained 

(18%) after 14 days (Graph 2). 

 

 

 

Graph 2: curve of growth factors release of three groups of scaffolds: 

unmodified, non-crosslinked and crosslinked with heparin. The two graphs 

show cumulative release corresponding to a) TGF-β2 growth factor and b) 

GDF5 in relation to the total amount of growth factor loaded; n = 3. Statistical 

significance is indicated with asterisks (***p < 0.001). Images from 93. 
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In general, TGF-β2 and GDF5 resulted incorporated with high 

efficiency on the three groups of scaffold tested, probably 

because of the electrostatic interactions between fibroin 

(negatively charged) and growth factors (positively charged). On 

the other hand, the three scaffold groups showed different 

release trends: in fact, unmodified and non-crosslinked scaffolds 

rapidly lost the growth factors, probably because the GFs quickly 

diffused out in presence of aqueous solution as a typical 

behaviour of proteins when adsorbed to porous matrices 111. On 

the contrary, the crosslinked scaffold lost a very low amount of 

growth factor, since the electrostatic interactions between 

heparin binding domains on TGF-β2/GDF5 and heparin 

molecules are strong and stable 96,100, and they can increase 

protein stability, retention and half-life 112. In particular, it is 

possible to notice that TGF-β2 was slightly more released 

compared to GDF5, suggesting that the latter GF has a higher 

affinity for heparin then TGF-β2 that may have a higher affinity for 

fibroin. Indeed, multiple parameters can influence interactions 

between proteins and other molecules, such as molecular weight 

and isoelectric point 112. However, similar results confirming the 

release trend of growth factor are reported in previous works 

113,114.  

Thanks to the results obtained, the crosslinked heparin scaffold 

was chosen for all the further in vitro evaluations. 
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3.3.3. Gene expression analysis of AdMSCs 

cultured up to 14 days on biphasic scaffolds 

The effect of TGF-β2, GDF5 and the combination of both, was 

evaluated through AdMSCs gene expression analysis. Gene 

expression data from growth factor-loaded scaffolds was 

expressed as fold change respect to unloaded scaffolds, for 

each scaffold region (anisotropic, transition and isotropic). For 

the analysis, genes related to tendon/ligament markers 

(scleraxis (scx), collagen I, mohwak and tenascin C), cartilage 

markers (SRY-box 9 (sox9), collagen II and aggrecan) and 

enthesis markers (sox9, scx, collagen II, collagen III, tenascin C 

and aggrecan) were tested. Figure 9 shows the expression of 

each gene in the three regions of the scaffold. The growth factor 

effect is represented by a colour (TGF-β2 = orange, GDF5 = blue, 

TGF-β2 + GDF5 = black), the GF influence on each region of the 

scaffold is represented by a shade of the colour chosen. 

The expression of scx was not significantly different in scaffolds 

loaded with TGF-β2/GDF5 compared to unloaded scaffolds along 

the 14 days, except at day 7 in the isotropic region loaded with 

both growth factors (Figure 9A). Despite scx is expressed in 

tendon/ligament tissues throughout development, on the 

anisotropic construct could not enhance its expression. A similar 

behaviour was observed by Caliari et al. 115, who did not find 
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positive interactions between scaffold anisotropy and treatment 

with GDF5 or GDF7 on scx expression. 

The expression of sox9 showed similar levels in unloaded 

scaffolds in most of the conditions and scaffold regions (Figure 

9E). At 7 days, sox9 displayed an upregulation (3-fold) in the 

isotropic region of scaffolds loaded with TGF-β2 and GDF5. At 14 

days, sox9 showed some upregulations but not statistically 

significant. The highest upregulation of sox9 expression 

happened in the transition region of scaffolds containing both 

growth factors in comparison to unloaded scaffolds. 

During the first 7 days, the expression of collagen I tended to be 

downregulated compared to unloaded scaffolds, although 

without statistically significance (Figure 9B). At 14 days, collagen 

I expression was upregulated (12-fold) in the anisotropic region 

of scaffolds containing TGF-β2. The combination of TGF-β2 and 

GDF5 resulted in a significantly downregulation in the isotropic 

compared to the anisotropic and transition regions of the 

scaffolds. The collagen I expression was significantly lower in the 

transition region of scaffolds loaded with GDF5. 

Collagen II showed upregulated expression (3-fold) at 7 and 14 

days in the isotropic region of scaffolds loaded with TGF-β2 and 

GDF5 (Figure 9F). Collagen II expression was also upregulated 

in the anisotropic area of scaffolds loaded with GDF5 or TGF-β2 
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and GDF5, and in the transition region of scaffolds loaded with 

TGF-β2 at day 14 (3-fold). 

The expression of mohawk showed a similar trend to collagen I, 

in fact, for the first time point, the mohawk expression was either 

downregulated or similar to unloaded scaffolds. At 14 days, the 

gene showed upregulation (3-fold) in the anisotropic region of 

scaffolds containing TGF-β2 and in the transition region of 

scaffolds containing TGF-β2 and GDF5 (6-fold) (Figure 9C). In 

addition, mohawk expression was downregulated in the isotropic 

region of scaffolds loaded with both growth factors without any 

statistically significant differences. 

Aggrecan expression was upregulated in all conditions of 

isotropic scaffold at day 7 (Figure 9G). There are differences 

statistically significant when comparing the anisotropic and 

isotropic regions of scaffolds loaded with TGF-β2 or TGF-β2 and 

GDF5 at day 7. In addition, aggrecan expression in the 

anisotropic region of scaffolds loaded with TGF-β2 and GDF5 

was significantly downregulated compared to the same region in 

unloaded scaffolds. On the contrary, aggrecan expression at 14 

days tended to be upregulated in all the conditions of anisotropic 

regions compared to unloaded scaffolds, although differences 

were not statistically significant. 

At 7 days, tenascin C expression followed a similar tendency to 

the other tendon/ligament markers (collagen I and mohawk) in 
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which expression levels were either similar or lower than in 

unloaded scaffolds (Figure 9D). In addition, the gene expression 

was significantly downregulated in the anisotropic part of 

scaffolds loaded with TGF-β2 and GDF5 compared to unloaded 

scaffolds. On the other hand, at 14 days, tenascin C was 

upregulated in the anisotropic region of scaffolds loaded with 

growth factors (all conditions). In addition, in scaffolds loaded 

with TGF-β2 and GDF5, tenascin C was significantly upregulated 

in the anisotropic compared to the transition and isotropic 

regions.  

The expression of collagen III was downregulated in all growth 

factor-loaded scaffolds at 7 days (Figure 9H). There were some 

statistically significant differences at the transition region of 

scaffolds loaded with TGF-β2 (p<0.05) and in all regions of 

scaffolds loaded with TGF-β2 and GDF5. At 14 days, collagen III 

expression was upregulated (3 to 5-fold) in the anisotropic region 

of scaffolds loaded with growth factors (all conditions). In 

addition, collagen III was also upregulated in the transition region 

of scaffolds containing TGF-β2 (6-fold) or TGF-β2 and GDF5 (7-

fold) and in the isotropic region of scaffolds containing TGF-β2 

and GDF5 (8-fold), without any statistically significant 

differences.  

Notably to said that, in presence of TGF-β2, upregulation of 

collagen I, mohawk and tenascin C has been observed in the 
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anisotropic part, corresponding to tendon/ligament-like region. 

On the other hand, the presence of GDF5 seemed to be 

correlated with collagen II production in the anisotropic region, 

indicating a possible pro-fibrochondrogenic effect.  

It is possible to assess that the combination of the two growth 

factors promoted the expression of sox9, collagen II, collagen III 

and aggrecan at the transition region (enthesis). TGF--β2 and 

GDF5 are key regulators of tendon/ligament and cartilage 

development, therefore they may be encouraging for 

fibrochondrogenic differentiation, since their combination seems 

to induce the expression of chondrogenic and 

tenogenic/ligamentogenic markers in the transition area. 
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Figure 9: gene expression analysis of AdMSCs culture up to 14 days, 

influenced by scaffold structure and growth factors. Target genes are 

scleraxis (A), collagen I (B), mohawk (C), tenascin C (D), SRY-box 9 (sox9) 

(E), collagen II (F), aggrecan (G) and collagen III (H). Housekeeper gene is β-

Tubulin. It was analysed the effect of each growth factor, and the combination 

of the two, on each one of the three groups in which the scaffold has been 

divided (anisotropic, transition, isotropic). The fold change was calculated 
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normalizing the target gene expression to the housekeeper gene in unloaded 

scaffolds (dashed line). Statistical significance is indicated with asterisks. *p 

< 0.05, **p < 0.01. Asterisks on top of a bar indicate statistical significance 

respect to unloaded scaffolds. Image from 93. 

3.3.4. Immunofluorescence analysis on 

collagen deposition on biphasic scaffold 

To check if the growth factors increased the deposition of 

collagens, immunofluorescence images were taken after 14 

days of culture to analyse the presence of collagen I, II and III on 

the three scaffold regions (anisotropic, transition and isotropic). 

Collagen molecules are stained green, the scaffold matrix blue 

and the actin cytoskeleton red. In all the figures (Figures 10, 11, 

12), the A row pictures show low magnification images of whole 

scaffold transversal sections, while B and C are high 

magnification images of the anisotropic and isotropic regions of 

the scaffolds, where it is possible to appreciate the cytoskeletal 

alignment of AdMSCs. The images show how the porosity of the 

scaffolds influenced the alignment of cell cytoskeleton. In the 

anisotropic region, cells are elongated and aligned, whereas in 

the isotropic one, apparently, the cell alignment seems to be not 

present (Fig.10, 11, 12). 
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Figure 10: collagen I staining on different areas of biphasic scaffold 

(anisotropic, interphase, isotropic), in different growth factor conditions 

(unloaded, TGF-β2, GDF5 or both). The panel shows images of collagen I 

deposition after 14 days of AdMSCs culture. Images in the A row are 

corresponding to the transversal sections of the whole biphasic scaffold (blue 

staining), where collagen I is in green staining. Scale bars = 1 mm. In B and 

C rows, images are magnifications of the dashed squares on the transversal 

sections, showing how cell cytoskeleton (red) follows the two porosities 

(anisotropic and isotropic). Scale bars = 200 µm. Image adapted from 93. 
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Figure 10 shows collagen I deposition. At first sight on the 

transversal section images, it is possible to appreciate that 

collagen I is more abundant in the scaffold containing TGF-β2 

compared to the other groups, especially in the anisotropic and 

in the isotropic regions (external ends) than the transition one 

(inner region). Collagen I levels appeared similar in unloaded 

scaffolds and scaffolds containing GDF5 or TGF-β2 and GDF5. 

 

Collagen II content is shown in Figure 11. From the transversal 

sections, it is clear that the scaffold showing higher content of 

collagen II is the one loaded with GDF5 compared to the other 

groups. It seems to be more concentrated in the anisotropic and 

in the transition region, respect to the isotropic one. The scaffold 

containing TGF-β2 and GDF5 shows more abundant collagen II 

staining than the unloaded and TGF-β2 groups, in particular at 

the transition and isotropic regions. On the other hand, collagen 

II seems to decrease to the anisotropic area, since in the high 

magnification images cannot be detected. In the unloaded group, 

collagen II concentrates at the isotropic region. The scaffold 

containing TGF-β2 shows the lowest collagen II content among 

groups. 
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Figure 11: collagen II staining on different areas of biphasic scaffold 

(anisotropic, interphase, isotropic), in different growth factor conditions 

(unloaded, TGF-β2, GDF5 or both). The panel shows images of collagen II 

deposition after 14 days of AdMSCs culture. Images in the A row are 

corresponding to the transversal sections of the whole biphasic scaffold (blue 

staining), where collagen II is in green staining. Scale bars = 1 mm. In B and 

C rows, images are magnifications of the dashed squares on the transversal 

sections, showing how cell cytoskeleton (red) follows the two porosities 

(anisotropic and isotropic). Scale bars = 200 µm. Image adapted from 93. 
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Figure 12 shows collagen III content, which appears to be the 

highest in the scaffold loaded with TGF-β2 and GDF5, reasonably 

distributed in a homogeneous way. Collagen III and cell clusters 

can be observed especially at the transition area and at the 

anisotropic area close to the transition (row A). Values that are 

confirmed also from the gene expression analysis (Figure 9H). 

However, also unloaded and GDF5 treated scaffolds show 

collagen III deposition, particularly in the interphase-isotropic 

region. On the contrary, TGF-β2 loaded one showed very poor 

presence of collagen III. 

As a general consideration, it is evident that the incorporation of 

TGF-β2 had a tenogenic/ligamentogenic effect combined with the 

anisotropic region of the scaffold, not only for protein expression 

but also for gene expression (Figure 9), as well as the synergistic 

effect of both GFs mainly in the isotropic region resulted in a 

chondrogenic effect. 
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Figure 12: collagen III staining on different areas of biphasic scaffold 

(anisotropic, interphase, isotropic), in different growth factor conditions 

(unloaded, TGF-β2, GDF5 or both). The panel shows images of collagen III 

deposition after 14 days of AdMSCs culture. Images in the A row are 

corresponding to the transversal sections of the whole biphasic scaffold (blue 

staining), where collagen III is in green staining. Scale bars = 1 mm. In B and 

C rows, images are magnifications of the dashed squares on the transversal 

sections, showing how cell cytoskeleton (red) follows the two porosities 

(anisotropic and isotropic). Scale bars = 200 µm. Image adapted from 93. 
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3.4. Conclusions 

Enthesis, defined as the interphase between soft and hard 

tissue, nowadays has shown surgical importance for its 

limitations in treatments for tendon/ligament-to-bone repair and 

regeneration. 

In this chapter and in the published work done in collaboration 

with prof. Van Griensven and his laboratory 93, a new approach 

was proposed mainly focused on the combination of 

topographical and biological cues of the scaffold to induce cell 

differentiation for tissue regeneration. The scaffold fabricated 

consisted of two integrated and interconnected parts that 

together form a transition region resembling the enthesis. In 

particular, the scaffold could mimic the extracellular matrix of the 

enthesis, resembling the collagen fiber organization and the 

mineral content. The different porosities of the ligament/bone 

sites and their transition zone allowed cell penetration, 

differentiation and proper collagen production. 

The innovative approach focused on the functionalization of silk 

scaffold with heparin molecules. The heparin functionalization 

showed an increased growth factor affinity, able to release low 

doses of growth factor and keep higher their local concentration 

and bioactivity 96,97. TGF-β2 and GDF5 were incorporated with 

high efficiency on the three regions of the scaffold thanks to 



69 

electrostatic bonds to heparin. The use of growth factors led 

AdMSCs toward differentiation after 14 days of culture, as 

promising result for enthesis regeneration, showing a synergistic 

effect with the different porosity present on the scaffold structure. 

In fact, alignment, morphology and size of pores in the different 

scaffold areas demonstrated to have direct effect on cell 

morphology, ECM synthesis and gene expression. The scaffold 

structure probably influenced the diffusion and the local 

concentration of the growth factors, besides to the diffusion of 

nutrients and oxygen.  

In particular, the combination of TGF-β2 with the highly porous 

lamellar-like structure induced the upregulation of 

tendon/ligament markers and collagen I production, as well as 

the GDF5 induced the cartilaginous marker in the transition 

region and collagen II production in the anisotropic region. The 

combination of the two growth factors instead, increased the 

collagen III production in the interphase and the cartilaginous 

gene expression. 

Finally, this work gave a preliminary result mainly based on a 

biological response of the effect of structural and biological cues 

for enthesis regeneration. It would be interesting to evaluate the 

biphasic scaffold in vivo, but overall improve its structure 

considering the mechanical properties that the scaffold can 

achieve to mimic the ones of the native tissue, considering the 
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potential of silk fibroin natural polymer, for a better evaluation 

and improvement of a enthesis tissue engineering strategy.  
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Chapter IV. A multicomponent model for 

Anterior Cruciate Ligament (ACL) 

The current chapter focuses on the ligamentous part of the 

scaffold. The requirement is an augmentation model scaffold 

able to ensure the regeneration of the ACL in its whole structure, 

while assuring the required mechanical properties and the 

bioactive potential, to start the regenerative process. 

4.1. Introduction 

4.1.1. The use of silk fibroin fibers in ligament 

regeneration 

As already introduced in chapter I, silk fibroin is one of the 

nature-derived polymers, having a great attention in the field of 

tissue engineering (TE), due to its attractive characteristics. It 

has tunable bioactivity, degradability and mechanical properties, 

intrinsic functionality, it can be processed in aqueous solution 

and it can be chemically modified. Different processing methods 

have been developed in order to obtain constructs with different 

characteristics depending on the biomedical field application 

14,48,50,51. Many research groups described various silk-based 

scaffolds with different morphologies and architecture, 

depending on the application considered, such as films, 
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hydrogels, sponges, non-woven mats and fibers 70,116,117. In 

ligament TE, silk fibroin fibers have already been used for the 

fabrication of prostheses and also for ligament augmentation, 

since a fibrous scaffold has been considered one of the best 

candidate to mimic the native tissue 46. In fact, the fiber-

organized structures can resemble the hierarchical structure of 

the native ECM, the diameter and the orientation of the collagen 

fibers, and they can provide the mechanical properties required 

in the ligament directionality 46 which can also influence cellular 

functions and behaviour 118–120. 

Silk fibroin fibers can be native or made by regenerated fibroin. 

The term regenerated refers to constructs that are produced, 

after degumming, from fibroin solutions 121,122, where fibroin is 

denatured, losing its secondary protein structure and adopting 

the random coil conformation. Regenerated fibers show relevant 

advantages over native silk fibers: their morphology and 

properties (such as secondary structure of the protein) can be 

tuned according to the application, and biomolecules can be 

conjugated/mixed to silk fibroin in solution. On the other hand, 

native silk fibers show high crystallinity and consequently, high 

stability 123. In fact, there are several works describing the use of 

native silk fibers or silk fibroin fibers for tendon/ligament tissue 

engineering, but some critical issues still need to be solved. For 

example, Altman et al. 83 developed a silk wire rope matrix 
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mimicking the native mechanical properties of ACL, but the 

geometry of the matrix did not induce cell infiltration to the inner 

part of the bundles composing the rope. Teuschl et al. 61 

fabricated a silk fiber-based scaffold to induce in vivo ACL 

regeneration, after 12 months they observed some collagen 

deposition. Horan et al. 85 provided a bioresorbable scaffold to 

recover the functional integrity of ACL, describing the situation in 

vitro and in vivo and the importance of cell ingrowth. Laurent et 

al. 46 reported various fabrication methods of fibers used for ACL 

scaffolds, among those electrospinning, a technique widely used 

for its capacity to produce fibers ranging from nano to micrometer 

of diameter. Electrospinning has been considered one of the 

most versatile and effective technology to produce nanofibers 

from various polymeric materials with different dimensions, 

functional components and controlled fiber morphology 124. 

Nevertheless, with this technique it is difficult to reach the 

necessary mechanical properties125–127. 

Recently, for this reason, many researchers, such as Altman and 

Teuschl, adopted the braiding/twisting method as effective to 

improve some mechanical properties, such as stiffness and 

ultimate tensile strength 61,83,126. Nowadays, textile industrial 

strategies can be used to process fibers playing a considerable 

role in biomedical engineering 128,129, since they can offer various 
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weaving methods that lead to constructs suitable for cell 

activities 61,126,130. 

4.1.2. The role of bioreactor in ligament tissue 

engineering 

Tissue engineering (TE) is a field that applies principles of 

biology, engineering and medicine toward the development of 

biological tissue substitutes to restore, repair or improve 

damaged tissues 39,40. To do this, TE focuses on the combination 

of specific cell types with a biodegradable scaffold, resembling 

the original extracellular matrix (ECM) of the damaged tissue, to 

restore its functionalities 14. Once implanted, the scaffold has 

gradually to degrade, while the tissue is regenerating. The 

scaffold should be able to promote cell adhesion and 

differentiation, especially when growth factor and/or bioreactor 

are combined to trigger cell response. The human body can be 

considered the physiological bioreactor able to sustain and give 

the right support to all tissues and organs. 

Bioreactors are important devices in TE, they can control the 

environmental conditions in which the scaffold is operating. In 

particular, the most significant role is to mimic the mechanism of 

the physiological conditions for a 3D scaffold-structure, 

simulating the living organism to encourage tissue regeneration, 

enhancing the formation of ECM. 
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The parameters that a bioreactor should precisely control are 

temperature, medium pH, gas exchange, O2 level, CO2 level, 

humidity, nutrient transport, waste removal and mechanical-

biochemical stimuli. Some of these parameters have to respect 

the standard cell culture conditions (for example: the 

temperature at 37°C, the CO2 at 5%, the pH at 7.2-7.4), but they 

can be adjusted according to the application. 

Beyond the external environment, the place where all these 

parameters merge is the culture chamber (of primary 

importance), where the cells on the scaffold receive the 

stimulation. This is a sterile environment where the scaffold is 

confined and the medium flow has to diffuse to allow nutrients 

supply, waste removal, and gas exchange. 

Samples in the bioreactor can be cultivated under biochemical 

and mechanical signals mimicking the in vivo physiological 

environment to improve the tissue engineering construct. The 

mechanical stress induced can lead to different effects on the 

cells generating various biological responses. In fact, the 

biomechanical interactions between cells and scaffolds can 

critically influence cell behaviour 131. 

The principle of the bioreactor can be applied to help the in vitro 

development of new tissues, but also in vivo 132. 

According to the type of bioreactor, different stimuli can be 

applied in relation to physiological condition that has to 
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resemble. The stimuli produced by the bioreactor can induce the 

formation and deposition of extracellular matrix. Concerning the 

type of stimulation that is needed, different bioreactors can be 

used. Several types of bioreactors are commercially available for 

tissue engineering, but not only (food industry, agriculture, etc.) 

133. In TE, the bioreactor is mainly used to mimic the physiological 

condition of the musculoskeletal tissue, where the mechanical 

forces are important modulators of cell physiology. There are 

various bioreactor settings, depending on the application, the 

type of stimulation and the flow profile. Thereinafter listed in 

Table 3 the most commonly used bioreactors 134 

 

Type of bioreactor Function 

Spinner Flask 

Common bioreactor with turbulent flow, able to 

increase nutrient, waste removal and oxygen 

diffusion. 

Typical used for articular and bone tissue 

engineering. 

Rotating Wall Vessel 

(RWV) 

Rotating bioreactor with cylindrical chamber where 

the scaffold is cultured and the medium is filled. 

Introduced by NASA since it is able to generate a 

micro gravitational environment. 

Rotating Wall Perfusion 

Vessel Bioreactors 

(RWPV): 

Rotating bioreactor that induces perfusion on 

scaffolds, widely used in cartilage tissue 

engineering. 

It is a variation of RWV bioreactor. 
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Perfusion Bioreactor 

Bioreactor allowing nutrient transport and waste 

removal through the culture medium flow 

constrained to pass along the scaffold section. 

Concentric Cylinder 

Bioreactor (CCBR) 

The shear stress produced by the turbulent flow is 

reduced, to increase cell efficiency and decrease 

cell damages. 

Rotating-Shaft Bioreactor 

(RSB) 

The culture is carried out in two phases, with two 

independent pumps, one for the medium 

perfusion, the other for the gas exchange. 

The shear stress generated is less than one 

produced by CCBR. 

Table 3: list of typical bioreactors used in tissue engineering and their 

functionalities.  

There is not the ideal bioreactor design, it has to be tailored for 

a specific individual purpose, considering both tissue and 

application. However, the apparatus may be designed with the 

possibility of a fast removal for external analysis. 

4.1.2.1. Perfusion bioreactor 

In this paragraph, the attention will focus on perfusion bioreactor, 

since it has been usually involved in the stimulation of ligament 

scaffolds 86,135 and it is the typology used in this chapter. 

The perfusion is a necessary process to let the cells survive, as 

the body fluids penetrate inside tissues to supply oxygen and 

nutrients, while removing wastes. 
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When the tissues are naturally avascular (for example, ligament 

tissue), the nutrient delivery throughout the tissue-engineered 

construct in static condition must occur by diffusion. Providing a 

dynamic medium flow, the nutrient exchange and the cell growth 

can be enhanced. The perfusion bioreactor is basically a system 

in which the culture medium circulates through a culture vessel. 

According to the different settings of this type of bioreactor, 

several benefits can be achieved. For example, with the 

automatic replenish of the medium, the culture chamber can be 

connected to a medium reservoir in a closed loop or in a more 

complex methodology. In this way the system allows the medium 

circulation through the scaffold chamber with constant gas 

exchange. It is important to consider how the perfusion occurs 

through the interior structure of the scaffold, and which will be 

the effect on cell migration.  

During the perfusion, cells are also exposed to the shear stress 

induced by the flow. The shear stress is considered an 

advantageous signal for tissue regeneration, since it can 

stimulate the mechanotransduction pathways 136. In these terms, 

the mechanical stress is transduced into biochemical signals to 

regulate cell functions. 

Therefore, many parameters have to be considered to design a 

perfusion system, to provide the adequate culture condition to 

the scaffold. 
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The first parameter is the medium flow pathway. The medium 

has to be restricted to follow a unidirectional flow, otherwise the 

flow will follow the path with less resistance, and the perfusion of 

the entire scaffold cannot be guaranteed.  

Another important variable that has to be controlled is the flow 

rate of the medium. The optimal value has to consider the design 

of the bioreactor, the structure of the scaffold and the cell type 

used. It can influence the shear stress applied to the construct, 

according to the architecture and the porosity of the scaffold. 

Moreover, it can affect cell adhesion, cell proliferation and gene 

expression 132,137. 

Other relevant parameters are the ones mentioned at the 

beginning of the previous paragraph: pH, oxygen tension, 

temperature, nutrient availability, and waste removal. Nutrient 

supply and waste removal can be addressed by medium change, 

but since the perfusion system is closed, frequent medium 

change is slightly complicated. For this reason, sometimes a two-

reservoir system is used, while the bioreactor is normally 

working, the medium can be changed 138 (Figure 13). Also pH 

and gas exchange have to be maintained using permeable 

materials. However, keeping the perfusion bioreactor in the 

incubator, will help to maintain uniform and controllable the cell 

culture conditions. 
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Figure 13: example of perfusion bioreactor at two-reservoir system, where the 

medium is forced to pass through a porous scaffold. Image from 139. 

Since perfusion bioreactors are usually used for dynamic cell 

culture or long term cell culture, another parameter to consider 

is the seeding method. Different seeding techniques can 

influence the initial cell seeding efficiency and cell distribution on 

the scaffold. The seeding can be performed in static condition 

(the most prevalent technique) but also in perfusion condition. 

Different methodologies will affect the cell seeding efficiency also 

according to the structure of the scaffold and probably the cell 

type used 140,141. 

In conclusion, the perfusion bioreactor can provide an effective 

environment to mimic the in vivo situation, meaning that it is a 

powerful instrument to be used in tissue engineering 

applications, in particular for ligament tissues 135. 
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4.2. Materials and Methods 

All materials were purchased from Sigma-Aldrich (USA) unless 

otherwise stated. 

4.2.1. Silk fibroin aqueous solution 

preparation 

The procedure to prepare silk fibroin aqueous solution is 

described in the paragraph 3.2.1. of chapter III. After dialysis, the 

silk fibroin solution was used at 4%, making a dilution with DI 

water. 

4.2.2. Fabrication of multicomponent scaffold 

The multicomponent scaffold was fabricated combining the 

anisotropic silk fibroin sponge with native yarns produced by 

Chul Thai Silk Company (Thailand) with 130/150 Denier (D) and 

302 twists (Figure 14), as a core structural component. 

 

Figure 14: silk fibroin hank from Chul Thai silk Company, Thailand. 
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The dimensions decided for the diameter and for the length of 

the multicomponent model scaffold were 9,5 mm and 30 mm 

respectively, referring to the average values reported in the 

literature of the natural ACL 5,7. To build up the multicomponent 

structure of the scaffold, a simple system was designed to keep 

the yarns equally distanced among each other, to allow 

anisotropic porosity formation for cell migration. A polypropylene 

(PP) cylinder (9.5 mm diameter x 30 mm length) was used with 

plugs with holes, fabricated by a 3D printer using PLA (polylactic 

acid) material, as shown in the picture below (Figure 15). Once 

the yarns are positioned into the holes, the cylinder can be filled 

with 4% aqueous silk fibroin solution, and subjected to directional 

freeze and freeze-drying technique, as described in chapter III.  

Briefly, the cylinder containing fibroin solution and silk yarns is 

positioned in a polystyrene foam and at -20°C for 24 hours, to 

induce vertical ice crystals formation. The polystyrene mold 

acted as a thermal insulator, generating a temperature gradient 

along the cylinder, starting from the upper exposed free surface 

of the fibroin solution (using to the plug with bigger holes to allow 

water evaporation, Figure 15, n°3). The method induced the 

formation of vertically oriented ice crystals by directional freezing 

along the main axis of the cylinder. Finally, the frozen scaffolds 

were lyophilized (freeze-dryer Lio-5P 4k, 5pascal, Italy) for 48 h. 

The complete multicomponent scaffolds presenting yarns and 
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anisotropic porosity were treated with 80% methanol (MeOH) to 

induce a protein conformational change from the silk I to the silk 

II structure. After treatment, scaffolds were subjected to washes 

with ddH2O (to remove MeOH residuals), another freezing and 

freeze-drying cycle (to maintain the structure) and sterilized with 

70% ethanol (EtOH). 

 

 

Figure 15: components of the system to fabricate the multicomponent 

scaffold: n°1 is the PP cylinder (30 mm length, 9,5 mm diameter), n°2 are the 

plugs with holes, n°3 is the top plug. In the n°4 is possible to see all the 

system built up, with the plugs n°2 that keep the yarns equally distanced 

inside the n°1, with n°3 plug on the top that allows the temperature gradient 

to start but also the water to evaporate during the last passage of freeze-

drying during the fabrication process. 

4.2.3. Tensile mechanical properties of yarns 

To evaluate the tensile mechanical properties, silk fibroin yarns 

were tested by a universal mechanical testing machine (Instron 
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4502, USA). The analyses were performed with a strain rate of 

50 mm/min, a cell load of 1 kN and an extensometer (contact 

type). The specimens were fixed to round grips (Figure 16a) and 

an extensometer was applied to avoid sample sliding directly on 

the specimen (Figure 16b). The samples were pre-tensioned to 

2 N. Specimen thickness (~1 mm diameter) was determined by 

confocal microscopy imaging to increase measurement 

accuracy. The test was performed on dry and wet fibers. Kept in 

DI water at 37°C for at least 16 h (overnight). The test was 

performed at RT and with 50% of humidity. Load-displacement 

curves were obtained and stiffness was calculated from the initial 

linear part of the curves. At least seven specimens were tested 

per condition. 

 

Figure 16: a) round grips, especially used to fix rope-like samples during 

tensile test; b) extensometer applied to the specimen, before and after its 

rupture. 
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4.2.4. Characterisation of the multicomponent 

scaffolds 

4.2.4.1. Microstructure evaluation by electron 

microscopy and micro-tomography  

The morphology and the porosity of the multicomponent scaffold 

were analysed by scanning electron microscope (Zeiss supra 40, 

Germany), after coating the samples with Pt/Pd alloy (80/20) 

using a Q150R sputter coater (LOT-Quantum Design, 

Germany), and by micro-computed tomography (µCT) 

(Skyscan1176, Bruker, Belgium). The µCT equipment was used 

at 40kV with a voxel size of 9 µm. Scaffold dimensions were of 

9,5 mm diameter x 10 mm length (n=3). To measure scaffold 

porosity, a built-in algorithm of µCT software (Bruker, USA) was 

used to create 3D images and then consequently perform the 

analysis. 

4.2.4.2. Scaffold stability in aqueous 

environment 

To verify the scaffold stability in aqueous environment, the 

weight loss was measured, also in preparation for long-term cell 

culture. The samples (9,5 mm diameter x 10 mm length) placed 

in a 24-well plate were immersed in 2 ml of DI H2O up to 10 

weeks at 37°C. Then, samples were washed two times in DI 
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H2O, frozen, lyophilized and weighted to check if a loss in weight 

was detected. The initial dry weight of scaffolds (W0) and the dry 

weight after different time points (Wt) were recorded. The weight 

loss of the samples was calculated using the equation: weight 

loss (%) = (W0 – Wt)/ W0 × 100%. At least 3 samples per each 

time point were measured. 

4.2.5. Functionalization of multicomponent silk 

fibroin scaffolds with heparin 

Multicomponent silk fibroin scaffolds were functionalized using 

heparin sodium salt from porcine intestinal mucosa following the 

procedure described in the paragraph 3.2.4. of the previous 

chapter, with the aim to create covalent bonds between carboxyl 

groups in heparin and primary amines in fibroin, by carbodiimide 

chemistry. 

4.2.5.1. Quantification of heparin binding release 

Similarly to the procedure reported in the paragraph 3.2.5., 

heparin release was quantified for a total period of 28 days. After 

functionalization and washes with MES buffer and ddH2O, each 

scaffold was incubated in 1 ml of ddH2O and 100 µl were taken 

after 1 h, 3 h, 1 d, 3 d, 7 d, 14 d and 28 d for quantification. 100 

µl of fresh ddH2O were replenished at every measuring point. 

Heparin quantification was done by a dimethylmethylene blue 



87 

(DMB) assay, using and following the instructions reported by 

the protocol related 142. Heparin binding efficiency and release 

were quantified in heparin-crosslinked scaffolds (n = 4). To 

determine the binding efficiency of heparin, the amount of 

unreacted heparin was measured indirectly in MES buffer after 

the conjugation reaction (before washing). The time of 3 days 

was still considered to evaluate the heparin quantity available for 

growth factor binding and cell culture, after 3 days washing. The 

calculation was done by subtracting the heparin released at 3 

days from the total heparin incorporated after functionalization. 

4.2.6. TGF-β2 growth factor binding to 

multicomponent silk fibroin scaffolds 

To induce ligament differentiation of AdMSCs, human 

recombinant TGF-β2 was chosen for its role in the 

musculoskeletal system and incorporated into the 

multicomponent silk fibroin scaffolds crosslinked with heparin (n 

= 4). Growth factor loading was performed following the method 

reported in the paragraph 3.2.6., chapter 3. 

4.2.6.1. Quantification of TGF-β2 binding 

efficiency and release 

ELISA assay was used to calculate and quantify the binding 

efficiency and release of TGF-β2 growth factor from the 
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functionalized scaffolds (n = 4). Growth factor release was 

performed following the instructions reported in the paragraph 

3.2.7., up to 28 days. TGF-β2 was quantified using a TGF-β2 

ELISA kit (Invitrogen, Austria) following the manufacturer’s 

instructions. To estimate the binding efficiency, the amount of 

unbound TGF-β2 was indirectly calculated by quantifying the 

amount of unbound growth factor in PBS after the conjugation 

reaction. 

4.2.7. In vitro evaluations on multicomponent 

scaffolds 

In vitro tests were done to evaluate the ability of the scaffold to 

promote cell adhesion, cell metabolic activity, ECM molecules 

production (collagens) and phenotype-specific gene expression. 

In the first part of the results presented in this chapter, the 

abilities aforementioned were evaluated on the multicomponent 

scaffold not functionalized, while in the second part of the result 

section, the in vitro tests were repeated following the same 

methods herein reported, but on the functionalized scaffold with 

heparin and TGF-β2 growth factor to observe the effect on the 

AdMSCs culture. To perform these analyses, adipose tissue 

derived mesenchymal stem cells (AdMSCs) were cultured up to 

4 weeks in different cell culture conditions. 
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4.2.7.1. Adipose-derived MSCs culture 

The dimensions of multicomponent scaffolds used for cell culture 

were of 9,5 mm diameter x 10 mm length (cylindrical shape). 

Prior to cell culture, scaffolds were sterilized with 70% ethanol 

and washed with PBS. Adipose tissue derived mesenchymal 

stem cells (AdMSCs) were kindly provided by the Technical 

University of Munich, Germany, isolated according to the 

guidelines of the Local Ethics Committee of ‘‘Klinikum Rechts der 

Isar’’ and with the method described in Schneider et al. 106. 

AdMSCs were seeded on the upper surface of the dry scaffolds 

to improve cell attachment at a density of 3 x 105 cells/scaffold. 

Seeding was performed in a small volume of cell culture medium 

(80 µl) to improve seeding efficiency. After seeding, scaffolds 

were incubated for 30 min at 37°C to facilitate cell attachment.  

Cells were cultured as reported in the paragraph 3.2.8.1. All 

experiments were performed with AdMSCs at passage 3 (p3). 

4.2.7.2. Static versus perfusion culture condition 

To assess cell penetration along the structure of the 

multicomponent scaffold in the first part of the chapter, and the 

effect of TGF-β2 on the AdMSCs culture in the second part, a 

perfusion system was specially designed to allow cell culture 

medium permeation through the scaffold, consisting in a 
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homemade bioreactor made with (Figure 17): impulse pumps, 

controlled by a multi-function timer (Brodersen, Unic XT 

Recycler), giving impulses close enough to simulate a 

continuous flow pumping 0,2 ml/min according to the scaffold 

cross section (calculation adapted from literature 137); sterile 

chambers (Ebers P3D-10) (Fig.16, a) with internal diameter of 9-

11 mm, perfectly matching with the diameter of the scaffolds; 

sterile filters of 0,22 µm (Sarstedt); 50 ml syringes (Exelmed) 

used as medium storage containers; adapters and connectors, 

including needles (Nipro needle 19G) and marprene tubes, with 

0,8 mm of internal diameter and 1,2 mm of external diameter 

(Fig. 17b and c). The medium was recirculated, and changed 

every three days. The final set up of the homemade bioreactor is 

shown in Figure 18. 

 

Figure 17: different components used to build up the homemade bioreactor: 

a) sterile chambers in which the scaffold was inserted; b) marprene tube and 

needle and c) various connectors.  
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Figure 18: final set up of the homemade bioreactor, using the components 

reported in Fig. 17. In the image, it is possible to observe as the syringes work 

as medium storage to allow the recirculation of the medium (clockwise 

direction, black arrows) and to keep the system self-sustaining for long time. 

The impact of the perfusion system was compared with samples 

cultured in static condition. 

One of the aspects that should be evaluated, before starting a 

perfusion culture, is to define the post-seeding time needed to 

promote cell adhesion and adhesion stability before the 

perfusion stimulus is introduced. 

4.2.7.3. AdMSCs metabolic activity 

The metabolic activity of AdMSCs seeded on multicomponent 

scaffold was measured using the resazurin salt (Chemodex) 
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solution, a homemade working solution (similar to AlamarBlue 

assay 143). When resazurin enters the cells, blue precipitates 

appear on the scaffolds as a consequence of resazurin reduction 

into fluorescent resorufin in the cytoplasm (Figure 19). At each 

time point (day 14 and day 28) the cell culture medium was 

replaced with medium containing resazurin solution (10% v/v) 

and data were recorded after 3 hours (simplified protocol in Table 

4). 

 

Figure 19: chemical structure and reaction of resazurin to resorufin. 

Resazurin assay 

Resazurin solution 

preparation 

0,025 gr of resazurin salt in to 100 ml of PBS w/o 

Mg2+ 

reagent composition Resazurin solution 10% (v/v) in cell culture medium 

medium composition 
DMEM high glucose + FBS inactivated 10% (v/v) + 

Glutamine 1% + P/S 1% 

assay support 96-well plates 

repetitions 4 samples for group 

incubation time 3 h 

data record 
fluorescence excitation wavelength: 535 nm 

fluorescence emission wavelength: 590 nm 

notes protect samples from light 
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Table 4: schematic protocol to measure the metabolic activity of AdMSCs with 

resazurin assay. 

4.2.7.4. AdMSCs differentiation by gene 

expression evaluation 

Gene expression of tendon/ligament differentiation markers was 

analysed on multicomponent silk fibroin scaffolds. AdMSCs were 

seeded on scaffold and cultured for 14 and 28 days. Next, the 

scaffolds were washed in PBS, cut in small pieces and stored at 

-80°C in TRIreagent for at least 24 h. Next, RNA isolation in 

TRIreagent was performed by chloroform extraction following the 

manufacturer’s instructions. RNA quantity and quality was 

measured with NanoDrop. Reverse-transcription to cDNA was 

performed using a first strand cDNA synthesis kit (iScript™ 

Reverse Transcription Supermix, BioRad, USA) according to the 

manufacturer’s instructions. Quantitative analysis of gene 

expression was performed by quantitative polymerase chain 

reaction (qPCR). 30 ng of sample cDNA were used per reaction. 

The thermocycler used for both procedures was a CFX96 Real 

Time System thermocycler (BioRad, USA). SsoAdvanced™ 

Universal SYBR® Green supermix (BioRad, USA) was used as 

a detection reagent. The primers used and their sequences are 

shown in Table 5. Results were expressed as fold change 

relative to the housekeeper gene (2-ΔΔCT). 
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Target gene Forward (5’ → 3’) Reverse (5’ → 3’) Function 

β-Tubulin 
GAGGGCGAGGA

CGAGGCTTA 

TCTAACAGAGGCAAA

ACTGAGCACC 

Housekeeping gene, 

found in microtubules 

of cytoskeleton. 

Collagen I A1 

(Col I) 

AGCGGACGCTAA

CCCCCTCC 

CAGACGGGACAGCA

CTCGCC 

Col type I is a fibril-

forming collagen found 

in most connective 

tissues and is 

abundant in bone and 

tendon  

Collagen III 

(Col III) 

TACTTCTCGCTCT

GCTTCATCC 

GAACGGATCCTGAGT

CACAGAC 

Fibrillar collagen 

extensively found in 

connective tissue. 

Scleraxis 

(Scx) 

CAGCCCAAACAG

ATCTGCACCTT 

CTGTCTTTCTGTCGC

GGTCCTT 

Transcription factor 

related to tenogenesis 

and upregulation of col 

I 

SRY-box 9 

(Sox9) 

GAGCCGAAAGCG

GAGCTGGAA 

ACAGCTGCCCGCTCC

AAGTG 

Transcription factor 

related to chondrogenic 

differentiation. 

Tenomodulin 

(TND) 

ATTCAGAAGCGG

AAATGGCACTGA 

TAGGCTTTTCTGCTG

GGACCCAA 

Gene highly expressed 

in tendon, upregulated 

by Scx. 

Table 5: primers used for qPCR. Primer sequences used for quantitative 

polymerase chain reaction (qPCR). β-Tubulin was used as a housekeeper 

gene. 
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4.2.7.5. Collagen production and assembling by 

imaging 

AdMSCs morphology and migration/distribution on 

multicomponent silk fibroin scaffolds were evaluated at 2 and 4 

weeks after seeding. In addition, the production and distribution 

into matrices of collagen I and III was evaluated on the seeding 

area and in the longitudinal section of the scaffold, by using the 

following immunofluorescence staining antibodies (Abcam, 

Germany). Primary: collagen I (ab34710, 1:500), and collagen III 

(ab7778, 1:200). Secondary: IgG goat anti-rabbit, conjugated 

with Alexa Fluor 594 (a11037, Life Tech, 1:1000 in PBS). All 

primary antibodies were diluted in 1% bovine serum albumin 

(BSA) in PBS. After 14 and 28 days of culture on scaffolds, 

AdMSCs were fixated with 4% formaldehyde in PBS for 40 min 

at RT and permeabilized with 0.2% Triton X-100 in PBS for 30 

min at RT. Next, scaffolds were incubated in 1% BSA in PBS for 

1 h at RT. Subsequently, scaffolds were stained with primary 

antibodies overnight at 4°C. Next, samples were washed 3 times 

in PBS and stained with secondary antibody at RT for 1 h, 

shaking. Finally, samples were washed with PBS and stained 

with Alexa Fluor 488-Phalloidin (Thermo Fisher Scientific, USA) 

and DAPI following the manufacturer’s instructions to detect 

cytoskeleton structure and nuclei, respectively. 
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4.2.8. In vivo evaluation: impact on the 

inflammatory response 

4.2.8.1. Histological analysis of the inflammatory 

response 

In vivo evaluation was performed by implanting the 

multicomponent silk fibroin scaffolds in rats under the skin. All 

the animal experiments were performed in accordance with the 

guidelines and approval of Chonbuk National University Animal 

Care Committee, Jeonju, Republic of Korea (CBNU 2016-50). 

The surgery has proceeded under general anaesthesia 

(Dormitor/Alfaxan), and all attempts were made to minimize 

animal suffering. 

Male rats (6 weeks of age) were anesthetized with intramuscular 

injection. The hairs on the rat’s back were removed using an 

electric shaver. The surgical site was disinfected with povidone-

iodone. Samples (5 mm in length and 9,5 mm in diameter) 

sterilized with 70% of EtOH, were implanted into the 

subcutaneous dorsum of rats (n = 3). Animals were sacrificed 

after 14 and 28 days after implantation, and the scaffolds 

removed with the surrounding tissue. 

Samples were washed two times with DI H2O and then fixed with 

10% neutral buffered formalin for 48 h. Then, samples were 

washed again in DI H2O and kept in PBS at 4°C until embedding 
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in paraffin for histological sectioning. Samples were sectioned at 

10 μm thickness and stained with a specific antibody, CD68 

antibody (ED-1, Santa Cruz Biotechnology, USA) used for the 

staining of tissue macrophages by following the manufacturer’s 

protocol. Briefly, slide glasses were washed with PBS and 

quenched endogenous peroxidase activity by incubating with 1% 

hydrogen peroxide. The specimens were incubated with blocking 

reagent to prevent nonspecific binding for 1 h at room 

temperature. The 8 µg/mL primary antibody was diluted in 

blocking reagent and the samples have been incubated with the 

primary antibody at 4°C overnight. The samples were then 

incubated with HRP-conjugated mouse IgG kappa binding 

protein (m-IgGK BP-HRP, Santa Cruz Biotechnology, USA), 

which was diluted in blocking reagent with the ratio of 1:25, for 

90 min at room temperature and washed with PBS for two times. 

The slides were stained with a 3-amino-9-ethylcarbazole (AEC) 

chromogen kit for 20 min at room temperature. The sections 

were washed in deionized H2O and dehydrated with 90% ethanol 

and 100% ethanol. Also haematoxylin and eosin (H&E) staining 

was performed according to the manufacturer’s instruction. 

4.2.9. Statistical analysis 

Statistical analysis of quantitative data was performed using 

GraphPad Prism version 7.00 (GraphPad software, USA). 
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Statistical significance was considered at p<0.05. Data were 

analysed with Two-way analysis of variance (ANOVA) and 

Tukey’s correction. 

4.3. Results and discussion 

4.3.1. Characterization of silk fibroin yarns 

The smallest unit composing the yarn is the silk bave, the basic 

filament produced by the silkworm. To estimate how many baves 

were composing the native silk fibroin yarn, the latter was 

embedded in an epoxy resin and cut with a microcutter to get the 

cross section, procedure known as “conventional method” and 

described in 144. The use of a fluorescent dye helped the 

detection of the cross section area of each bave in the yarn (Fig. 

20b), that was analysed using the software ImageJ and resulted 

about 0,001 mm2. Therefore, counting a total number of 1800 

baves in the yarn, the total cross section area of the yarn is about 

2 mm2. These dimensions easily mimic the ones of collagen 

fascicles consisting the ECM of the ligament tissue 8. Moreover, 

the subdivisions of the yarn (Fig. 20a) resembles the native 

hierarchical architecture of the ligament, which plays an 

important structural and functional role in the stability of the 

ligament, as already stated in chapter I and shown in Figure 1.  
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Figure 20: a) subdivision of a yarn composing the silk fibroin hank; where n°1 

is called yarn, n°2 is called fiber and n°3 is called fibril, composed of baves; 

b) group of bave stained with a fluorescent dye to detect the cross-section 

area, scale bar = 20 µm; c) FE-SEM image of the torsions of the fibers 

composing the yarn. 

4.3.2. Mechanical properties of the silk fibroin 

yarns 

The yarns composing the multicomponent scaffold were 

subjected to uniaxial tensile test in dry and wet conditions. 

Representative Load-Strain curves are presented in the graphs 

reported in Figure 21. The strain was calculated as a ratio 

between the displacement of the sample during the traction and 

the length of the sample tested. The strain at break obtained in 

the two conditions ranged between 20-25%. The replicates of the 

samples among the same condition were showing similar values 

of load at break, with few differences in the standard deviation. 

For this reason, in Figure 21 are reported just representative 

curves and not all the samples tested (n ≥ 7). 
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Figure 21: graphs obtained during the tensile mechanical test. a) 

representative curves of yarn tested in dry condition; b) representative curves 

of yarn tested in wet condition (in H2O, overnight). 

From the linear region of the curve, it was possible to calculate 

the stiffness as a ratio of load and extension, and the values are 

reported in the Table 6. Stiffness more than elastic modulus is in 

fact representative of the true mechanical behaviour of a real 

body, depending on its size. These data were calculated 

considering the length of the sample tested equal to 30 mm, 

resembling the average length of the natural ACL 29. Observing 

the curves, there is an evident reduction of mechanical 

properties of the yarns in wet condition, in fact, the stiffness has 

fallen by a quarter, from 37 ± 1 N/mm in dry condition to 9 ± 1 

N/mm in wet condition, due to the water plasticization of the 

fibroin. The value of the load at break was also calculated, which 

slightly decreased from 102 ± 3 N in dry condition to 78 ± 2 N in 

wet condition, values reported in Table 6. 
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The results obtained from the tensile test indicate that, to reach 

the natural values of ACL stiffness and load at break (reported in 

the last column of Table 6), is necessary to consider the insertion 

of 27 silk fibroin yarns in the multicomponent scaffold. 

 Dry Wet Natural ligament29 

Stiffness (N/mm) 37 ± 1 9 ± 1 242 ± 28 

Load at break (N) 102 ± 3 78 ± 2 2160 ± 157 

Table 6: in the first two columns there are the mechanical properties values 

of yarn tested in the two conditions. In the last column there are the values of 

stiffness and load at break of the native ACL. 

4.3.3. Fabrication and characterization of the 

multicomponent scaffolds 

The multicomponent scaffold was fabricated as described in 

Materials and Methods, paragraph 4.2.2. In literature, one of the 

most recent works dealing with ACL regeneration dates back to 

4 years ago from Teuschl and colleagues 61. They proposed a 

silk fiber-based scaffold that poorly regenerated due to the lack 

of void volume, around fibers, to let cell ingrowth. For this reason, 

we decided to provide a matrix around the yarns to let the cells 

adhere, penetrate and migrate through the pores and along the 

yarns, to reach the inner part of the scaffold and to start the 

regeneration process before yarn degradation. The basic idea 

came from the concept developed by prof. Migliaresi in a 
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previous work 145, in which, to reproduce a synthetic model of 

tendon, he and his collaborators proposed a composite material 

consisting of poly(ethylene terephthalate) (PET) fibers and 

poly(2-hydroxyethyl metacrylate) (PHEMA) matrix. While the 

fibers should give the mechanical contribution to the structure, 

the matrix has the key role to start the regeneration process, 

allowing cell infiltration. 

Considering the stress at break of an ACL, 27 silk fiber yarns 

would be needed. However, 27 yarns would occupy most of the 

volume of the scaffold (about 85% in a scaffold sizing as the 

natural ACL) and this would impede cell infiltration. 

Nevertheless, loads applied after a surgery and during the 

rehabilitation process are much lower than the ACL strength and 

evaluable in about 445 N 31,146. These mechanical conditions 

could be matched in the model ligament by using just 6 silk 

fibroin yarns. In our scaffold we have decided to use 12 yarns to 

achieve a mechanical strength double than the one that would 

be applied after a surgery and also to overcome unexpected 

early yarn failure due to degradation. 

It is clear that reducing the number of yarns, the stiffness of the 

model ligament decreases proportionally. This fact could be 

overcome by using yarns with a lower twisting degree and should 

be considered if the aim is to make an isostiff scaffold. Even so, 

the condition on the strength is by far stricter. 
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An overview of scaffold morphology and pore alignment was 

performed using the µCT 3D volume reconstruction and FE-

SEM images. The scaffold typically shows a cylindrical shape 

due to the polypropylene (PP) cylinder used during the 

fabrication. 

 

 

Figure 22: a) µCT 3D reconstruction of multicomponent scaffold. It is possible 

to observe, on the left side, the upper surface corresponding to the cross-

section area where the yarns are visible; and on right, the inner structure 

where the yarns are integrated in the silk fibroin sponge with elongated pores. 

Scale bar = 2 mm. b) FE-SEM image of the vertical porosity characterizing 

the silk fibroin sponge fabricated with the freeze-drying method, resembling 

the structure of the native ECM of the human ACL (staining haematoxylin-

eosin), adapted from 147, scale bar = 200 µm. 

a 

b 
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From transversal and longitudinal cross-section images (Figure 

22a), it can be appreciated that the yarns are equally distributed 

in the core giving mechanical support to the scaffold structure 

and the porous fibroin sponge is homogeneously distributed 

around them offering void volume to let the cells adhere, migrate 

and proliferate. Indeed, the lamellar structure of the vertically 

aligned pores was successfully developed using the freeze-

drying technique.  

The architecture of the pores depends on the ice crystals shape 

formed following the solution concentration and freezing 

temperature, according to the freezing kinetics induced by the 

temperature gradient 107,148. In fact, the ice crystal formation 

started from the surface (coldest region) through the temperature 

gradient, in the vertical direction, along the z-axis. In some areas 

of the scaffold, it is possible to find pores differently oriented due 

to the nucleation of ice crystals in different orientation. Each 

nucleus originates a group of ice crystals which will correspond 

to a group of lamellas with a specific orientation 107. In general, 

the microstructure seems to mimic the ECM of the natural ACL, 

as it is possible to observe the comparison in the Figure 22b. 

The overview of pore alignment and morphology is also shown 

by µCT 3D volume reconstruction (Fig. 22a). The vertically 

aligned pores with lamellar structure is visible as well as in FE-

SEM images. Thanks to the 3D structural analysis software, it 
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was possible to calculate the percentage of the open porosity in 

the scaffold corresponding to a pore interconnection, that is 

around 60-80% with pore diameters ranging between 100-300 

µm, resembling the values obtained from Font et al. 93. 

The stability of the multicomponent scaffold was determined by 

incubating the samples in DI H2O at 37°C up to 10 weeks. Weight 

loss was calculated every two weeks. During the first two weeks 

the weight of the scaffold remained stable, and then it started to 

slightly decrease until reaching the ~7% loss after 10 weeks 

(Graph 3). This loss is due to regenerated sponge degradation, 

since it has a less crystalline structure, as reported in literature 

123,149. 

 

Graph 3: weight loss measurements in percentage for 10 weeks, where 

samples were in DI H2O at 37 °C. Error bars represent standard deviation (n 

= 3). 
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4.3.4. Biological characterizations 

4.3.4.1. In vitro evaluation by culturing AdMSCs 

in static and in perfusion condition 

AdMSCs were cultured on multicomponent scaffolds up to 4 

weeks to check cell migration, metabolic activity and gene 

expression. To promote cell penetration along the structure of 

the multicomponent scaffold, a perfusion system was designed, 

using a homemade bioreactor, to allow cell culture medium 

diffusion through the scaffold. A bioreactor system should 

consider some parameters to successfully address its role. 

Following the concepts aforementioned in the introduction of the 

current chapter, it was decided to apply the perfusion stimulation 

on the model scaffold to enhance the nutrient exchange, the cell 

migration and penetration. The flow rate of 0,2 ml/min was 

calculated according to the dimensions of the samples tested 

and adapted to the results obtained by Cartmell et al. in their 

work 137, showing that this flow rate may help cell differentiation 

compared to the other values proposed.  

The bioreactor chamber used was sterile and made of materials 

allowing the gas exchange, as well as all the other components. 

The medium flow was directed throughout the scaffold, since the 

scaffold diameter was perfectly corresponding to the diameter of 

the bioreactor chamber, not allowing the medium to flow around 



107 

the scaffold, but through it. The perfusion bioreactor was placed 

in the incubator at 37°C of temperature and 5% of CO2. The 

system was used for a long-term culture (28 days). 

To compare the efficiency of the perfusion system, scaffolds 

were also cultured in standard static condition, placing the 

samples in the bioreactor chamber to ensure the same 

environmental conditions. 

4.3.4.2. Cell seeding efficiency 

To assess cell distribution, morphology and penetration along 

the multicomponent scaffold, confocal microscopy images were 

detected by cutting the scaffold along the z axis, to analyse the 

internal part of the scaffold, as shown in the Figure 23: 

 

Figure 23: schematic representation of how the multicomponent scaffold was 

cut to be analysed by immunofluorescence imaging. Images were taken of 

the upper surface area, called the seeding area (SA) and of the internal part 

to actually observe the penetration of the cells along the length of the scaffold.  
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From literature it is known that the perfusion flow can induce 

stress on cells right after seeding, causing detachment and 

leading to a low cell seeding efficiency 138. Therefore, we decided 

to evaluate the time to maintain static cell culture conditions 

before starting the culture in perfusion.  

To avoid further difficulties, the seeding was performed directly 

on the scaffold already positioned inside the bioreactor chamber. 

Cell adhesion was evaluated after 1, 2, and 3 days in static 

condition before starting the perfusion, in comparison with 

samples seeded and directly stimulated in perfusion condition. 

In Figure 24 the results of the experiment are reported, showing 

that 2 days of static cell culture were enough to guarantee a 

strong adhesion of cells and their permanence on the substrate 

once put into perfusion cell culture condition. 
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Figure 24: confocal images of samples cultured in static condition for 1 day, 

2 days and 3 days before the perfusion stimulation. The cell adhesion was 

compared with a sample cultured directly in perfusion condition. Cytoskeleton 

is stained in green, nuclei and silk fibroin scaffold are visible in blue. Scale 

bars = 1000 µm. 

4.3.4.3. Cell metabolic activity  

One of the phenomena that has to be evaluated after seeding, 

besides cell adhesion, is the metabolic activity, to evaluate the 

interaction among the cells and the substrate scaffold. 
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To investigate the impact of the two types of cell culture 

conditions on AdMSCs, the cell metabolic activity was measured 

by Resazurin assay. As Graph 4 shows, in general, AdMSCs 

metabolic activity significantly increased from day 14 to day 28 

and from static to perfusion cell culture conditions. In detail, the 

metabolic activity of AdMSCs at day 14 resulted significantly 

higher in the perfusion condition than in the static one. Similar 

results are shown at day 28, in which the metabolic activity 

follows the same significant trend. However, in both cell culture 

conditions the values of metabolic activity increased from day 14 

to day 28, even if not in a significant way. This means that during 

the culturing period, cells were metabolically active, in fact, it is 

well known that higher metabolic activity causes a larger 

absorbance value as well as a larger percentage of resorufin 

(reduced resazurin) 150,151. The difference between static and 

perfusion results may indicate that the flow produced by the 

perfusion bioreactor, stimulates the metabolic activity of the 

cells. 
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Graph 4: metabolic activity of cells cultured on the scaffolds in static and in 

perfusion conditions, measured after 14 and 28 days. Values expressed as 

resazurin fluorescence intensity. The values are represented as mean with 

SD (n = 4). (***) indicates statistically significant difference at p < 0.001. 

4.3.4.4. Gene expression analysis 

The expression of genes related to the selected tendon/ligament 

markers (collagen I (col I), collagen III (col III), scleraxis (scx), 

SRY-box 9 (sox9) and Tenomodulin (TND)) was evaluated on 

AdMSCs cultured up to 4 weeks on samples in static and in 

perfusion conditions (Graph 5). Gene expression data were 

expressed as fold change respect to the housekeeper gene, β-

tubulin.  

In both time points, TND expression was not detectable (nd) in 

static cell culture, and in perfusion cell culture the value was 

almost close to 0. 
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Sox9 expression was downregulated in both cell culture 

conditions at both time points. It seems that in perfusion 

condition the value is slightly higher, but not in a significant way. 

Scx expression followed the same tendency of sox9, it was 

downregulated in static and in perfusion conditions, at 14 and 28 

days. 

Collagen I expression was slightly upregulated in both culture 

conditions. In static cell culture condition, the expression at day 

14 and at day 28 is significantly higher compared to the 

expressions of scx, sox9 and TND. In perfusion condition, the 

expression is significantly lower compared to collagen III at day 

14, but especially at day 28.  

Collagen III expression was almost 2-fold upregulated in static 

cell culture at day 14 and 28, and in perfusion condition at day 

14. The expression at day 28 in perfusion condition was almost 

4-fold upregulated, in fact, it is significantly higher compared to 

the expression of col III at day 14, and compared to the 

expression of col I at both time points. 

As a general overview, it is possible to assess that the static cell 

culture, without mechanical stimulation, did not show 

upregulation in gene expression related to tendon/ligament 

markers, as expected. On the other hand, the perfusion cell 

culture condition did not improve in a significant way the 

expression of genes related to tendon/ligament differentiation. 
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Despite the scx is expressed in tendon/ligament tissues 

throughout development, it could not enhance its expression, 

even in perfusion condition. A similar behaviour was observed in 

the previous chapter, where the interaction with biphasic scaffold 

and growth factors did not promote the scx expression. The 

downregulated expression of sox9 indicates that there is a very 

poor chondrogenic response of AdMSCs on the scaffold, in static 

and in perfusion condition. Moreover, TND expression is a 

specific marker of tendons and ligaments, but recently it has 

been discovered that scx is necessary for TND expression 152. 

Therefore, the downregulation of scx may be a consequence for 

the downregulated values of TND expression. 

Notably to say that, collagen I and collagen III expressions were 

significantly upregulated in both cell culture conditions. 

Especially collagen III in perfusion condition showed upregulated 

expression (~4-fold) at day 28. 

Since collagen III is one of the major component of the ligament 

ECM, it may indicate that AdMSCs stimulated in perfusion 

condition were induced to produce more ECM structural 

molecules. This is supported by the results obtained from 

Resazurin assay (Graph 4), showing cells with increased 

metabolic activity. It is possible to assess that the perfusion cell 

culture may stimulate the cell metabolic activity to increase, 

triggering the basic ECM molecules synthesis but not driving cell 
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differentiation. About this, Wagner and colleagues studied 

different cell culture conditions of AdMSCs. They observed that 

the presence of growth factors promoted the expression of 

ligamentous marker, but AdMSCs cultured in standard culture 

medium, showed an increased expression of collagen III up to 

28 days 153. Comparing collagen III expression with the ACL 

fibroblasts, cultured as a positive control, they considered 

collagen III as a nonspecific marker of fibrogenic differentiation 

153,154. 

Graph 5: gene expression analysis of AdMSCs culture up to 28 days, 

influenced by different cell culture conditions. Target genes are collagen I (col 

I), collagen III (col III), scleraxis (scx), SRY-box9 (sox9), and tenomodulin 

(TND). Housekeeper gene is β-Tubulin. The fold change was calculated 

normalizing the target gene expression to the housekeeper gene. nd = not 

detectable. Statistical significance is indicated with asterisks. ***p < 0.001, 

****p < 0.0001.  
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4.3.4.5. Immunofluorescence evaluation of 

collagens deposition 

To investigate if the two types of cell culture conditions induced 

different effects on AdMSCs culture, immunofluorescence 

images were taken after 14 and 28 days to analyse the presence 

of collagen I and III, the actin cytoskeleton organization, the cell 

distribution and penetration. 

Figure 25, 26, 27 and 28 show immunofluorescence staining of 

collagens type I and III. Collagen molecules are stained in red, 

the scaffold matrix in blue and the actin cytoskeleton in green. 

The left panels show low magnification images of the seeding 

area (top) and the whole internal section of the scaffold (bottom). 

The right panels show high magnification images, where more 

details can be appreciated. 

First of all, confocal images showed that cells adhered and highly 

proliferated on the seeding area (SA), covering almost 

homogenously all the SA surfaces in both cell culture conditions 

(static and perfusion), and at both time points (day 14 and day 

28). Cells are elongated, they adhered on the sponge lamellae 

and also among the fibrils composing the yarns, not only in the 

SA but also in the internal section of the scaffold, where it is 

possible to appreciate the cytoskeletal alignment of AdMSCs. 

The images in fact, show how the porosity of the scaffolds 
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influenced the alignment of cell cytoskeleton (Figure 25, 26, 27, 

28). 

[Note: the black crack that is visible in the middle of each SA 

picture is due to the cut that is done before the staining to allow 

it to penetrate inside the scaffold; not all the internal section 

images show the same homogeneous cell distribution since the 

acquisition depends on how was done the cut of the scaffold to 

allow staining penetration]. 

 

Figure 25 and 26 show collagen I and collagen III deposition 

(respectively) in static and in perfusion cell culture conditions at 

day 14.  
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Figure 25a: confocal images of samples cultured in static condition for 14 

days. In the upper part of each panel, there are images showing the seeding 

area (SA), low and high magnification (left and right, respectively). In the lower 

part, there are images corresponding to the internal section of the scaffold. 

Collagen I is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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Figure 25b: confocal images of samples cultured in perfusion condition for 14 

days. In the upper part of each panel, there are images showing the seeding 

area (SA), low and high magnification (left and right, respectively). In the lower 

part, there are images corresponding to the internal section of the scaffold. 

Collagen I is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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Figure 26a: confocal images of samples cultured in static condition for 14 

days. In the upper part of each panel, there are showing the seeding area 

(SA), low and high magnification (left and right, respectively). In the lower part, 

there are images corresponding to the internal section of the scaffold. 

Collagen III is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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Figure 26b: confocal images of samples cultured in perfusion condition for 14 

days. In the upper part of each panel, there are showing the seeding area 

(SA), low and high magnification (left and right, respectively). In the lower part, 

there are images corresponding to the internal section of the scaffold. 

Collagen III is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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At first sight, the SA cells adhered on the sponge lamellae and 

among the fibrils of the yarns, almost reaching the confluence. 

Moreover, cells penetrated inside the scaffold even if not 

occupying the entire section, as the internal section images 

show. 

The signals of collagen I and collagen III were clearly visible in 

the high magnification images, indicating that collagens were 

expressed in both cell culture conditions. In general, the 

perfusion condition does not appear to have interfered with the 

collagen deposition, if not slightly with collagen III at day 14. 

These results can be easily compared with qPCR values, 

indicating that the collagens markers are present not only at the 

gene level, but also at the protein level. Surely, it can be noticed 

that the perfusion condition stimulated cell migration into the 

majority of the structure. This was probably due to the enhanced 

nutrients supply inside the scaffold compared to the static 

condition. 

 

Figure 27 and 28 show the content of collagen I and III 

(respectively) after 28 days of culture in static and in perfusion 

conditions. 
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Figure 27a: confocal images of samples cultured in static condition for 28 

days. In the upper part of each panel, there are images showing the seeding 

area (SA), low and high magnification (left and right, respectively). In the lower 

part, there are images corresponding to the internal section of the scaffold. 

Collagen I is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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Figure 27b: confocal images of samples cultured in perfusion condition for 28 

days. In the upper part of each panel, there are images showing the seeding 

area (SA), low and high magnification (left and right, respectively). In the lower 

part, there are images corresponding to the internal section of the scaffold. 

Collagen I is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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Figure 28a: confocal images of samples cultured in static condition for 28 

days. In the upper part of each panel, there are showing the seeding area 

(SA), low and high magnification (left and right, respectively). In the lower part, 

there are images corresponding to the internal section of the scaffold. 

Collagen III is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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Figure 28b: confocal images of samples cultured in perfusion condition for 28 

days. In the upper part of each panel, there are showing the seeding area 

(SA), low and high magnification (left and right, respectively). In the lower part, 

there are images corresponding to the internal section of the scaffold. 

Collagen III is stained in red, cytoskeleton in green, nuclei and silk fibroin 

scaffold are visible in blue. Scale bars for low magnification images (left 

column of each panel) = 1000 µm. Scale bars for high magnification images 

(right column of each panel) = 100 µm. 
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As a general overview, in both figures it is possible to observe 

that the number of cells increased, meaning that from day 14 to 

day 28, AdMSCs grew and proliferated on and inside the 

scaffold, in both cell culture conditions. This result may indicate 

an increase in the cell metabolic activity, which can be supported 

from the data in Graph 4, where is noticeable the increase in 

metabolic activity at day 28 in static and in perfusion conditions. 

As shown in Figure 27, collagen I deposition was mainly visible 

at high magnification images, indicating a signal hidden by the 

strong cytoskeleton fluorescence. On the other hand, collagen III 

was highly expressed, visible with a strong signal even at low 

magnification, in Figure 28. 

Moreover, as it happened at day 14, it seems that cell 

penetration inside the scaffold increased, enough to colonize the 

entire inner structure. Qualitatively, from image 28, it seems that 

cell penetration is slightly more evident in perfusion condition 

than in the static one, as well as the amount of cells. These 

results may indicate that the perfusion condition enhanced the 

nutrients supply inside the scaffold, promoting cell proliferation 

even after 28 days of culture. Additionally, these observations 

reflect the gene expression data (Graph 5) where is clearly 

evident that the collagens protein level follows the same trend, 

especially the one of collagen III, supported by its upregulated 

gene level at day 28, in perfusion condition. 



127 

4.3.5. Functionalization of multicomponent silk 

fibroin scaffold  

4.3.5.1. Heparin binding efficiency and release 

Heparin is a polysaccharide that has been exploited for its 

incorporation into biomaterials, mainly for drug delivery systems. 

Its structure is prone to chemical modifications but also can 

easily bind growth factors 100,110. Heparin was incorporated in the 

multicomponent scaffold with the strategy to release low doses 

of growth factor during time, following the methodology 

investigated in chapter 3, where the carbodiimide chemistry 

applied by EDC/NHS crosslinkers, was able to provide a 

covalent binding between the primary amines of silk fibroin and 

the carboxylic groups of heparin. The percentage of heparin 

binding efficiency on the heparin-crosslinked multicomponent 

scaffold after functionalization was 35,6 ± 0,6% (corresponding 

to 10,6 ± 0,2 mg heparin/scaffold).  

Since the purpose was to adopt heparin as a delivery system, it 

was important to measure heparin release in ddH2O during the 

estimated time of cell culture (over a period of 28 days).  

The heparin release in ddH2O was expressed as a percentage 

respect to the amount of bound heparin after functionalization 

(before washing) and it is shown in Graph 6.  
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During the first 24h the heparin released reached a value of 22%, 

however, in the following time points the rate of the release 

steadily decreased in a range of 25-32% from day 3 until day 28. 

Since the faster release of heparin happened in the first three 

days of analysis, the scaffolds used for the incorporation of 

growth factors, were washed for 3 days in water to remove the 

unbound heparin 93. Indeed, after 3 days of washing, the amount 

of heparin remaining bound to the scaffold was about ~32%. 

 

Graph 6: curve of heparin release of crosslinked multicomponent scaffolds. 

The graph shows the cumulative release of heparin along 28 days in relation 

to the effective amount of heparin loaded (29,8 ± 0,2 mg/ml). The values are 

represented as mean with SD (n = 4). 

As already experienced in the chapter 3, the efficiency of heparin 

binding did not result in a high percentage, probably due to the 

low availability of the primary amines in the silk fibroin scaffold 
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70. However, the heparin efficiency and release can depend on 

the structure and the composition of the scaffold. In fact, the 

diffusion of initial heparin solution can be influenced by the 

porosity of the scaffold, and consequently with the presence of 

the yarns.  

4.3.5.2. TGF-β2 incorporation to the 

multicomponent silk fibroin scaffold 

Growth factors play a key role in the process of tissue 

engineering, since they are bioactive molecules that can 

influence cell behaviour. Heparin has the ability to bind a broad 

range of growth factor, in particular, is know that it can create 

strong interactions with TGF-β family, which is involved in the 

musculoskeletal development 100.  

TGF-β2 was incorporated into the multicomponent heparin-

crossliked scaffold to observe the effect on AdMSCs culture. The 

binding efficiency of TGF-β2 to the heparin crosslinked on the 

scaffold, is based on the electrostatic interactions between the 

negative charges of the polysaccharide and the positive charges 

of the GF. The scaffold showed high incorporation efficiency, as 

80% compared to the initial amount loaded. To observe the 

possible effect of TGF-β2 during the cell culture over a period of 

28 days, a release curve was performed (Graph 7).  
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It is possible to observe from that in the first 24 h the release 

reached only 6%. From day 3 to day 14, an 8% of GF is released, 

but from day 14 to 28 the release seemed to be quite stable, 

maintained among 14-16%. These results suggested that the 

growth factor firmly bound the heparin incorporated into the 

scaffold 100.  

 

Graph 7: curve of TGF-β2 growth factor release along 28 days of 

multicomponent scaffold crosslinked with heparin in relation to the total 

amount of growth factor loaded. The values are represented as mean with SD 

(n = 4). 

4.3.6. Biological characterizations of 

functionalized multicomponent scaffold 

The same biological characterizations performed on the 

multicomponent scaffold in the first part of the “Results” 

paragraph are repeated on the functionalized multicomponent 
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scaffold to study and observe the effect of the TGF-β2 growth 

factor on AdMSCs culture, with the contribution of the perfusion 

stimulation on the topographical cues of the model scaffold. 

4.3.6.1. Cell metabolic activity 

The metabolic activity was measured by Resazurin assay, to 

examine the influence of TGF-β2 functionalized scaffold on the 

cell activity in the two type of culture conditions (Graph 8). 

As a general overview, the AdMSCs metabolic activity increased 

from day 14 to day 28. In detail, the metabolic activity of AdMSCs 

at day 14 resulted comparable in both of static and perfusion 

conditions, while at day 28 the perfusion condition showed 

higher values than in the static one, but not in a significant way. 

In particular, the metabolic activity at day 28 in perfusion 

condition is significantly higher compared to day 14. This result 

could indicate that the flow produced by the bioreactor combined 

with the effect of the growth factor stimulate the cell activity. 
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Graph 8: metabolic activity of cells cultured on the functionalized scaffolds in 

static and in perfusion conditions, measured after 14 and 28 days. Values 

expressed resazurin fluorescence intensity. The values are represented as 

mean with SD (n = 4). (*) indicates statistically significant difference at p < 0.1. 

4.3.6.2. Gene expression analysis  

To investigate the possible effect of TGF-β2 in addition to the 

perfusion stimulation of the bioreactor, on the expression related 

to tendon/ligament markers, genes of (collagen I (col I), collagen 

III (col III), scleraxis (scx), SRY box9 (sox9), and Tenomodulin 

(TND)) were analysed up to 4 weeks of culture on samples in 

static and in perfusion conditions. Gene expression data were 

expressed as fold change respect to the housekeeper gene, β-

tubulin (Graph 9). 

In both time points and in both cell culture conditions, TND 

expression was downregulated, more at day 28 than at day 14.  
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Similar situation was for the expression of sox9 that showed a 

general downregulation, mainly at day 14 in static condition. 

The expression of collagen I was slightly upregulated in both 

culture conditions. In static cell culture condition, the expression 

of collagen I at day 28 was slightly more upregulated than the 

one at 14 days, and it was significantly higher compared to the 

expression of TND and sox9. At the contrary, the expression in 

perfusion condition is more than 2-fold upregulated at day 14, 

with a slight decrease at day 28. 

Collagen III expression reached 2 and 3-fold upregulation 

respectively at day 14 and 28 in static condition. The value at 

day 14 showed a slight significance in the upregulation 

compared to the expression of scx at day 14. The expression at 

day 28, instead, is significantly higher among the expressions of 

scx, sox9 and TND.  

The expression of collagen III in perfusion condition, at day 28 

was almost 5-fold upregulated, in fact, it is slightly higher 

compared to the expression of col III at day 14, but is significantly 

higher compared to the expression of all the other genes.  

Scx expression was slightly upregulated in static condition at day 

28, while in perfusion condition, following the same tendency of 

collagen III, it was 3-fold upregulated at day 14 and almost 6-fold 

upregulated at day 28. 
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As a general overview, it is possible to assess that the static cell 

culture, besides the GF incorporation and without mechanical 

stimulation, did not show a relevant upregulation in the gene 

expression related to tendon/ligament markers, as expected. On 

the other hand, the perfusion cell culture condition improved in a 

significant way the expression of genes related to 

tendon/ligament differentiation. Worthy of attention is the 

expression of scleraxis, a marker involved in tendon/ligament 

tissue development, that showed significant upregulation in 

perfusion condition, especially at day 28. Its expression could be 

enhanced thanks to effect of TGF-β2 combined with the perfusion 

stimulation. 

The downregulated expression of Sox9 indicates that there is a 

very poor chondrogenic response of AdMSCs on the scaffold, in 

static and in perfusion condition. Moreover, TND is a specific 

marker of tendon and ligament lineage, and recently it has been 

discovered that its expression is upregulated by scleraxis 152. 

Therefore, with higher gene expression values of scx, it could be 

expected an upregulation of TND expression.  

Notably to say that, collagen I and collagen III expressions were 

significantly upregulated in both cell culture conditions. 

Especially collagen III in perfusion condition showed upregulated 

expression (~5-fold) at day 28. 
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The results of gene expression analysis may indicate that 

AdMSCs stimulated in perfusion condition with the influence of 

TGF-β2 were induced to produce ECM structural molecules, like 

collagen III, and toward a differentiation lineage. 

Graph 9: gene expression analysis of AdMSCs cultured on functionalized 

multicomponent scaffolds up to 28 days, influenced by different cell culture 

conditions. Target genes are collagen I (col I), collagen III (col III), scleraxis 

(scx), SRY-box9 (sox9), and tenomodulin (TND). Housekeeper gene is β-

Tubulin. The fold change was calculated normalizing the target gene 

expression to the housekeeper gene. Statistical significance is indicated with 

asterisks. **p < 0.01, ***p < 0.001, ****p < 0.0001.  

4.3.6.3. Immunofluorescence evaluation of 

collagen deposition 

Immunofluorescence images were taken after 14 and 28 days to 

analyse the actin cytoskeleton organization, the cell distribution, 

migration and the presence of collagen I and III, to investigate if 

the two types of cell culture conditions induced different effects 
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on the AdMSCs culture on the functionalized multicomponent 

scaffolds. 

Figure 29, 30, 31 and 32 show immunofluorescence staining of 

collagens type I and III. Collagen molecules are stained in red, 

the scaffold matrix in blue and the actin cytoskeleton in green. 

The left part of each panels shows low magnification images of 

the seeding area (top) and the whole internal section of the 

scaffold (bottom). The right part of the panels shows high 

magnification images, where more details can be appreciated. 

In general, confocal images showed that cells adhered on the 

seeding area (SA), covering quite homogenously all the SA 

surfaces in both cell culture conditions (static and perfusion), and 

at both time points (day 14 and day 28). Cells adhered on the 

sponge lamellae and also among the fibrils composing the yarns, 

not only in the SA but also in the internal section of the scaffold, 

where it is possible to appreciate AdMSCs migration (Figure 29, 

30, 31, 32). 

[Note: the black crack that is visible in the middle of each SA 

picture is due to the cut that is done before the staining to allow 

it to penetrate inside the scaffold; not all the internal section 

images show the same homogeneous cell distribution since the 

acquisition depends on how was done the cut of the scaffold to 

allow staining penetration]. 
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Figure 29 and 30 show collagen I and collagen III deposition 

(respectively) in static and in perfusion cell culture conditions at 

day 14. 

 

Figure 29: confocal images of functionalized samples cultured in static a), and 

in perfusion b) conditions for 14 days. In the upper part of each panel, there 

are showing the seeding area (SA), low and high magnification (left and right, 

respectively). In the lower part, there are images corresponding to the internal 

section of the scaffold. Collagen I is stained in red, cytoskeleton in green, 

nuclei and silk fibroin scaffold are visible in blue. Scale bars for low 

magnification images (left column of each panel) = 1000 µm. Scale bars for 

high magnification images (right column of each panel) = 100 µm. 
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Figure 30: confocal images of functionalized samples cultured in static a), and 

in perfusion b) conditions for 14 days. In the upper part of each panel, there 

are showing the seeding area (SA), low and high magnification (left and right, 

respectively). In the lower part, there are images corresponding to the internal 

section of the scaffold. Collagen III is stained in red, cytoskeleton in green, 

nuclei and silk fibroin scaffold are visible in blue. Scale bars for low 

magnification images (left column of each panel) = 1000 µm. Scale bars for 

high magnification images (right column of each panel) = 100 µm. 

At first sight, the SA cells adhered on the sponge lamellae and 

among the fibrils of the yarns, without reaching the confluence. 

Indeed, in perfusion condition, some clusters of cells were visible 
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on the SA and the internal section images showed a slight cells 

penetration, occupying half of the entire section.  

Collagen I and collagen III signals were quite hidden by the 

cytoskeleton ones in both cell culture conditions, in fact 

collagens were better visible in the high magnification images. 

From a qualitative point of view, it seems that in static condition, 

collagen III was slightly more visible than collagen I. This result 

reflects the qPCR values, in which the gene expression of Col III 

is slightly higher than the expression of Col I at day 14 in static 

condition. In perfusion condition, on the other hand, the gene 

expression followed the same trend even if collagens protein 

level signals were not so visible probably because covered by 

the cytoskeleton signal.  
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Figure 31 and 32 show the content of collagen I and III 

(respectively) after 28 days of culture in static and in perfusion 

conditions. 

 

Figure 31: confocal images of functionalized samples cultured in static a), and 

in perfusion b) conditions for 28 days. In the upper part of each panel, there 

are showing the seeding area (SA), low and high magnification (left and right, 

respectively). In the lower part, there are images corresponding to the internal 

section of the scaffold. Collagen I is stained in red, cytoskeleton in green, 

nuclei and silk fibroin scaffold are visible in blue. Scale bars for low 

magnification images (left column of each panel) = 1000 µm. Scale bars for 

high magnification images (right column of each panel) = 100 µm. 



141 

 

Figure 32: confocal images of functionalized samples cultured in static a), and 

in perfusion b) conditions for 28 days. In the upper part of each panel, there 

are showing the seeding area (SA), low and high magnification (left and right, 

respectively). In the lower part, there are images corresponding to the internal 

section of the scaffold. Collagen III is stained in red, cytoskeleton in green, 

nuclei and silk fibroin scaffold are visible in blue. Scale bars for low 

magnification images (left column of each panel) = 1000 µm. Scale bars for 

high magnification images (right column of each panel) = 100 µm. 

As a general overview, in both figures it is possible to observe 

that the number of cells slightly increased, from day 14 to day 

28, showing a slight AdMSCs proliferation. Also cell penetration 

along the scaffold slightly increased compared to the results 
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obtained after 14 days, even if the number of cells is not enough 

to completely populate the entire structure.  

Figure 31 showed collagen I deposition, mainly visible at high 

magnification images, indicating a low expression or a signal 

hidden by the strong cytoskeleton fluorescence. The signal of 

collagen I seemed to be higher in static condition than the 

perfusion one, results that can be supported by the gene 

expression values shown in graph 9, where the amount of col I 

expressed is higher in static condition than the perfusion one, but 

not in a significant way. On the other hand, opposite situation is 

verified for collagen III deposition (Figure 32) that seemed more 

present in the perfusion condition, observing the high 

magnification images. Also in this case it is possible to compare 

the protein level with the gene level shown in the qPCR graph, 

where at day 28 the expression is significantly upregulated in the 

perfusion condition compared to the static one.  

As a general comment, these results may indicate that the 

perfusion condition enhanced the cell migration through the 

structure of the scaffold. However, considering the results 

obtained from the gene expression values, it can be that the 

incorporation of the growth factor into the scaffold combined with 

the structural cues and the perfusion stimulation induced cell 

differentiation. This could be the reason why cells did not 

extensively proliferate in the scaffold structure, showing also no 
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significant differences in the metabolic activity (Graph 8), since 

they could be triggered toward tendon/ligament differentiation. 

 

In Figure 33, is visible a representative image of the external 

area of the scaffold not functionalized and functionalized after 28 

days of culture. In both static and perfusion conditions, there are 

no cells growing on the external part of the scaffold, they are all 

directed inwards. This means that, in both cases, the bioreactor 

chamber size, matching with the scaffold ones, did not give 

enough space for the cells to adhere and grow on the external 

area, but guided them across the construct. In particular, in the 

perfusion condition, the medium flow directs the cells through the 

entire scaffold, preventing the medium flow outside.  
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Figure 33 representative confocal images of samples not functionalized and 

functionalized, cultured in static and in perfusion conditions for 28 days. The 

images are showing the external area of the scaffold. Cell cytoskeleton is 

stained in green, nuclei and silk fibroin scaffold are visible in blue. Scale bars 

= 1000 µm.  
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4.3.5. In vivo study: evaluation of 

inflammatory response  

One of the first events following the implantation of a biomaterial-

scaffold is the interaction with inflammatory response and 

foreign-body reaction. The inflammatory process plays a crucial 

role in triggering the tissue regeneration procedure, starting with 

the exposure of the material to the body fluid and to the blood 

agents. This event activates numerous cell types, such as 

immune cells (including macrophages) able to induce the 

production of cytokines involved in the signalling pathways of the 

regenerative response 155,156. Therefore, it is important to 

evaluate the impact of implanted scaffolds on inflammatory 

response in in vivo system, in particular nowadays subcutaneous 

implantation in small animals is indicative for forthcoming 

preclinical studies 157. The histological analysis was performed 

on the retrieved scaffolds implanted in rats (Figure 34) at 2 and 

4 weeks of implantation to observe the interaction between 

samples and tissue inflammatory response in in vivo study. The 

staining used were Hematoxylin and Eosin (H&E), where in a 

typical tissue, nuclei appeared blue, whereas the cytoplasm and 

the ECM have various degrees of pink staining, and ED-1 (or 

anti-CD68) that typically stains tissue macrophages, key players 

in the inflammation process, in brown.  
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Macrophages typically initiate the innate response of the immune 

system in their pro-inflammatory phenotype, called M1, which 

infiltrate and clean the wound from bacteria, foreign debris and 

dead cells. Then they polarized into the so called M2 phenotype, 

predominantly anti-inflammatory, which promote cell migration 

and proliferation to start the healing process 158. 

Figure 35 shows the implanted scaffold surrounded by many 

cells. As a general overview, the brown staining of ED-1 is not 

particularly evident, but the H&E staining highlights cells, most 

probably inflammatory cells, mainly and homogeneously 

distributed around the implanted scaffold (S), at the interface 

with the tissue (T).  

The images at 2 weeks post implant may indicate the stages of 

the innate immune response, where the macrophages are 

activated and led to the formation of granulation tissue 156. Some 

giant cells are visible, indicating that the implanted scaffold 

caused a foreign body reaction. In the images after 4 weeks of 

implantation it is possible to observe the formation of later stages 

of granulation, that may have activated fibroblasts to produce a 

sort of thin fibrous capsule since there are cells more 

concentrated along the interface between the scaffold and the 

tissue, but also close to the baves composing the yarns (Figure 

35). It seems that the multicomponent scaffolds were well 

tolerated by the host animal and induced the typical steps of an 
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innate immune response to an implanted material 158. It is known 

that silk materials can cause a mild inflammatory response which 

should be reduced within few weeks after implantation. Similar 

behaviour of silk fibroin scaffold implanted in vivo was already 

found in literature, in which after 4 weeks silk fibroin did not elicit 

a strong inflammatory response 159. Indeed, there are many 

variables that can influence a local inflammatory response 

(material structure, geometry, porosity, size, cell mobilization, 

etc.) 156,160,161, as well as the degradation rates, which mainly 

depend on the secondary structure of the protein and on the 

structure of the scaffold material. In fact, a porous scaffold is 

more prone to higher degradation rate, since cell infiltration (and 

macrophage recruitment) can easily occurred 162,163. To evaluate 

more in detail the effect of the multicomponent scaffold 

implanted, longer time point analysis are needed to verify if the 

cell infiltration, visible in the images at 4 weeks, could lead either 

to integration in the host tissue or to the formation of fibrotic 

capsule.  

 

Figure 34: gross observation of wound healing after scaffold implantation 

under skin. a) skin just after the insertion of the samples under skin; b) wound 

healing after 10 days; c) skin almost recovered completely after 14 days.  

a b c 



148 

 

Figure 35: ED-1 and H&E staining of histological sections of scaffold 

implanted in vivo under skin for 2 and 4 weeks. ‘S’ indicates scaffold, ‘T’ 

indicates tissue. Scale bar = 300 µm. 
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4.4. Conclusions 

Anterior cruciate ligament is one of the most injured ligaments in 

the knee 38. Tissue engineering is trying to mimic its ECM to 

balance the mechanical properties and the biological 

performances of the native tissue. In this chapter, a 

multicomponent model scaffold was proposed, with the focus on 

the design, the fabrication and the biological role.  

The importance of the matrix has been understood in recent 

works 61,83, where scaffolds for ligament regeneration made only 

of fibers, failed in promoting the tissue regeneration for the lack 

of void volume to let the cell ingrowth. For these reasons, we 

decided to combine the anisotropic silk fibroin sponge obtained 

in the previous chapter (chapter III), in combination with the 

insertion of native silk fibroin yarns, to obtain a model scaffold 

able to give the proper mechanical support but also to allow cell 

penetration for tissue regeneration. The material used was 

already shown in the previous chapter to be effective 61,70,83. 

Tensile mechanical properties of silk fibroin yarns in dry and wet 

conditions were assessed to define the number of yarns needed 

to reach the adequate mechanical requirements that a model 

scaffold should have. The reported results, demonstrated that 

the multicomponent scaffold incorporation of 27 silk fibroin yarns 

can reach the mechanical properties of the native ACL (stiffness 
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and load at break) without offering enough void volume for the 

cell ingrowth. We decided to insert 12 yarns, able to ensure the 

double strength of a model scaffold during a normal daily 

rehabilitation activity after surgery 31 to overcome unexpected 

yarn failure. Despite the stiffness of the model scaffold is 

proportional to the number of yarns, using yarns with a lower 

twisting degree, an isostiff scaffold can be obtained. Moreover, 

the combination of silk fibroin yarns and lamellar sponge with 

elongated pores, could mimic the alignment of collagen 

molecules and the structure of the ECM resembling the native 

ligament tissue. In fact, the structural cues of the scaffold were 

able to induce cell alignment and distribution, following the 

directionality of the pores 93,125, but also cell migration and 

penetration, inducing the process of regeneration to start.  

The use of the homemade bioreactor improved the cell culture 

medium perfusion, enhancing the nutrients supply inside and 

along the multicomponent scaffold 138, promoting cell 

proliferation and triggering the synthesis of ECM, mostly with the 

production of collagen III, after 28 days of culture.  

However, the perfusion stimulation combined with the structural 

cues of the scaffold was not able to induce cell differentiation 

according to the results obtained from the gene expression 

analysis (Graph 5), meaning that the only mechanical stimuli 

were not enough to induce cell differentiation. For this reason, 
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we decided to improve our multicomponent model scaffold with 

the functionalization approach investigated in chapter 3 and in 

the work done in collaboration with prof. Van Griensven and 

colleagues 93. The idea was to improve the bioactivity of the 

scaffold playing on the synergistic effect of a biomimetic scaffold, 

stem cells and heparin-based delivery of growth factor. Heparin 

was investigated for its versatility on functionalize a biomaterial 

scaffold and its affinity in binding growth factors 100, that allowed 

to create a low doses release system of growth factor over a 

period of 28 days of cell culture. The TGF-β2 growth factor, 

involved in the tendon/ligament development, was incorporated 

with high efficiency on the multicomponent silk fibroin scaffold. 

Its effect combined with the scaffold structure and porosity, in 

addition to the perfusion bioreactor stimulation, was able to lead 

AdMSCs through a differentiation lineage. In fact, the low 

amount of cells observed at the immunofluorescence images, 

could indicate that the AdMSCs did not show proliferation since 

they were intent on differentiating 164, considerations supported 

by the gene expression results (Graph 9). 

Observing the biological characterization results obtained in this 

chapter, it is clearly evident that the combination of TGF-β2 with 

the multicomponent model scaffold and the perfusion 

stimulation, induced the upregulation of tendon/ligament 
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markers as well as the production of ECM components 

(collagens). 

In addition, the histological evaluation of the in vivo inflammatory 

response revealed that the multicomponent scaffold implanted 

under skin resulted in a mild inflammatory response, supporting 

the competence of the silk based-scaffold 165 and inducing the 

formation of a granulation tissue. 

Finally, this work gave a preliminary result based on a 

multicomponent scaffold functionalized and not functionalized 

with optimized structural, biological and biomechanical 

properties for ACL regeneration. It would be interesting to 

evaluate the effects of more cells seeded on the functionalized 

multicomponent scaffold, to evaluate the potential of completely 

populate the scaffold with differentiating AdMSCs thanks to the 

perfusion stimulation and the GF contribution. 
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Chapter V. Final remarks and future 

perspectives 

This research work focused on the ligament tissue, with 

particular attention on the anterior cruciate ligament (ACL), one 

of the most injured ligaments in the knee 38. The entire structure 

of ACL has remarkable structural properties, notably also 

considering the insertion site ligament-to-bone, a specialized 

tissue called enthesis 5. Tissue Engineering (TE) is trying to 

discover the proper material and its functionalities to mimic the 

extracellular matrix (ECM) of this complex tissue, to combine the 

mechanical properties and biological characteristics of the native 

tissue. The material used in this work is silk fibroin. It has been 

widely demonstrated that this natural polymer is an effective and 

a good candidate for TE, since it is biocompatible, biodegradable 

and with interesting mechanical properties 70. 

The first part of this thesis focuses on the enthesis regeneration. 

The results provided new insights on the effects of the 

combination of the topographical structure of the biphasic 

scaffold with biochemical cues provided by growth factors effect. 

In fact, the synergistic interactions between the scaffold heparin-

functionalized able to increase growth factors affinity (TGF-β2 

and GDF5) and the porosity gradient composing the construct, 

have induced stem cell differentiation (AdMSCs) through the 
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desired phenotypes typical of the transition region ligament-to-

bone tissue 93. 

The second part of the thesis focuses on the regeneration of the 

central ligament part. The results demonstrated that the insertion 

of native silk fibroin yarns leads to the fabrication of a 

multicomponent model scaffold with adequate mechanical 

requirements needed during a possible rehabilitation activity 

after surgery 31. In addition, the role of the anisotropic fibroin 

sponge around the yarns resulted fundamental to provide void 

volume for cell ingrowth to start the regeneration process. The 

use of a homemade bioreactor was implemented to improve the 

cell culture medium perfusion through the model scaffold 138, in 

addition to the incorporation of TGF-β2 growth factor, able to 

induce cell migration and differentiation through a ligamentous 

lineage and promote synthesis of ECM molecules, thanks to the 

synergistic effect of mechanical and biochemical stimuli. The in 

vivo implantation of the scaffold showed a mild inflammatory, 

sustaining the competence of the silk based-scaffold 165. 

Usually, the idea to fabricate a model scaffold for ligament tissue, 

rarely focuses the attention on its whole complex structure, 

considering also the insertion site to the bone tissue. For this 

reason, it was decided to dedicate attention on the insertion site, 

the enthesis, responsible for the integration of ligament-to-bone 

tissue, and to the central ligament part, which being at the center, 
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needs to support the mechanical requirements and promote 

tissue regeneration. 

It would be interesting to evaluate the incorporation of the two 

structures investigated in chapter 3 and 4. Combining the 

multicomponent silk fibroin scaffold able to provide mechanical 

support with the yarns, with the porosity gradient resembling the 

insertion site of the ligament in to the bone. This complex 

structure could be able to offer the mechanical requirements and 

the void volume necessary to start the regeneration process, and 

in addition with the heparin functionalization able to retain low 

doses of GF and to induce AdMSCs differentiation, could lead to 

a full ACL model scaffold. 

 

As a possible further future suggestion, it may be interesting to 

combine the mechanical-improved structure of the scaffold as a 

central ligament part with a recent method used to produce solid 

fibroin to improve the ligament-to-bone interphase. This new 

method corresponds to a low temperature sintering procedure 

based on a thermal-reflow to produce in fast-fashion monoliths 

of solid fibroin 166. During the process, the solid sintered (at low 

temperature) fibroin can take the shape of the mold in which it is 

compressed, besides having demonstrated interesting 

mechanical properties and the ability to induce cell adhesion and 

proliferation 166. For these reasons, monoliths of solid fibroin may 
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be modified with a proper mold to obtain a screw shape, that can 

act as an insertion site for a possible surgical implant, providing 

a new surgical treatment for ligament tissue regeneration. 



157 

List of Abbreviations and Acronyms 

µCT: micro-Computed Tomography 

ABC: Activated Biological Composite 

ACL: Anterior Cruciate Ligament 

AdMSCs: Adipose tissue-derived Mesenchymal Stem Cells  

AEC:3-amino-9-ethylcarbazole 

AM: Anterior-Medial 

ANOVA: Analysis Of Variance 

BMP: Bone Morphogenetic Protein 

BPTB: Bone-Patellar Tendon-Bone 

BSA: Bovine Serum Albumin 

CCBR: Concentric Cylinder Bioreactor 

Col: Collagen 

D: Denier 

DAPI: 4’6-diamidino-2-phenylindole 

DI: Deionized 

DMEM: Dulbecco’s Modified Eagle Medium 

DNA: Deoxyribonucleic Acid 

ECM: Extracellular Matrix 

ED-1: CD68 antibody 

EDC:1-ethyl-3-(3dimethylaminopropyl) carbodiimide hydrochloride  

En: Endotenon 

Ep: Epitenon 

EtOH: Ethanol 

FBS: Fetal Bovine Serum 
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FCS: Fetal Calf Serum 

FE-SEM: Field Emission-Scanning Electron Microscopy 

GAG: Glycosaminoglycan  

GDF5: Growth/differentiation factor 5 

GFs: Growth Factors 

H&E: Hematoxylin and Eosin 

HA: Hyaluronic Acid 

HA: Hydroxyapatite 

HT: Hamstring Tendons 

LAD: Ligament Augmentation Device 

LARS: Ligament Advanced Reinforcement System 

MeOH: Methanol 

MES: (N-morpholino) ethanesulfonic acid  

MF: Mineralized Fibrocartilage 

MSCs: Mesenchymal Stem Cells 

Na2CO3: Sodium Carbonate 

NaCl: Sodium Chloride 

NHS: N-hydroxysuccinimide 

P/S: Penicillin/Streptomycin 

PBS: Phosphate Saline Buffer 

PCL: Polycaprolactone 

PDS: Polydioxanone 

PEG: Polyethylene Glycol  

PGA: Polyglycolic Acid  

PHB: Poly(3-hydroxybutyrate) (PHB), 

PHBV: Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)  
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PHUE-O3: Poly(3-hydroxyundecenoate)  

PL: Posterior-Lateral 

PLLA: Poly-L-lactic Acid  

PP: Polypropylene 

Pt/Pd: Platinum/Palladium 

PT: Patellar-Tendon 

PUUR: Poly(urethane urea)  

qPCR: Quantitative Polymerase Chain Reaction 

RGD: Arginine-Glycine-Aspartate 

RSB: Rotating-Shaft Bioreactor 

RT: Room Temperature  

RWPV: Rotating Wall Perfusion Vessel Bioreactor 

RWV: Rotating Wall Vessel 

SA: Seeding Area 

Scx: Scleraxis 

SEM: Scanning Electron Microscopy 

SF: Silk Fibroin 

Sf: Subfascicular units 

Sox9: SRY(Sex determing region)-box 9 

TE: Tissue Engineering 

TERM: Tissue Engineering and Regenerative Medicine 

TGF-β2: Transforming Growth Factor-β2 

TND: Tenomodulin 

UF: Unmineralized Fibrocartilage 
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