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Abstract Increasing efforts have been made in tissue engineering (TE) research for novel 

biomaterials and scaffolds that can efficiently support bone tissue regeneration and repair. Textile-

based technologies are predefined manufacturing processes of particular interest since they allow 

for producing finely tuned fiber-based structures with controlled three-dimensional architecture 

and improved mechanical properties. Highly reproducible scaffolds can be achieved with 

interconnected macro- and micro-porosity suitable for controlling cell functions and guiding bone 

tissue regeneration and repair. Herein, the recent studies dealing with the processing 

methodologies, physical properties, and biocompatibility of fiber-based scaffolds for bone TE 

applications are overviewed. The fundamentals and application of silk fibroin (SF) protein as 

biomaterial for scaffolds production, made up of micro- and nano-fibers are also considered. The 

promising outcomes of such investigations are summarized and discussed in depth. 

 

1. Introduction 

Tissue engineering (TE) and regenerative medicine approaches focus on restoring (form and 

function) tissue deformities [1]. Different tissues, like cartilage [2], nerves [3], ligament [4], skin  

and vessels [5] have been engineered through innovative TE approaches. Bone is a dynamic and 

complex tissue that provides stiffness and structural support to the body. It is highly vascularised 

and holds a remarkable intrinsic ability to remodel [6]. For large bone defects related to trauma, 

congenital malformations or surgical resection, the critically sized osseous deficiency is 

particularly important, since it does not regenerate spontaneously. Thus, the regeneration of such 

defects has been inspiring for the research of novel and more effective bone TE strategies [1]. 

Some considerations are required in the development of scaffolds for bone regeneration. They 

need to facilitate and promote cell adhesion, proliferation and neo-tissue formation/integration 

within the material, without inducing any inflammatory response. The intra-architectural scaffold 

geometry, porosity, scaffold material and surface area play important roles in this process. 

Structures with high macro-/micro-porosity and large surface area will allow for cell ingrowth, 

distribution and neovascularisation [7, 8]. With this in consideration, major progresses were done 

in the past years with numerous approaches to design the “ideal” scaffold for bone TE and that 

meet all the requirements for effective tissue regeneration. 

Fiber-based technologies have been shown interesting properties to prepare polymeric-based 

architectures for bone TE [9, 10]. It was back in the 1990’s that the term “biotextile” was defined 

as a “structure composed of textile fibers and designed for use in a specific biological environment 

(e.g. surgical implants)” [11]. More recently, textile-based technologies were recognized in TE 

field as a new route for producing more complex three-dimensional (3D) fibrous structures. 

Through these fully automated technologies, scaffolds production can be performed with improved 

reproducibility and controlled structural properties [12]. Furthermore, the primary quality 

requirements for TE approaches, such us, biocompatibility, flexibility and strength, can also be 

found on textile-based scaffolds [13]. Flock, stitching, braided, woven, non-woven or knitting are 

some of the textile-based technologies already proposed for TE [14-16] and bone TE applications 

[7, 15, 17]. Among the long list of textile materials, spacer fabrics increased their popularity in 

some biomedical areas due to their ability to significantly increase the scaffolds three-

dimensionality [18]. For bone TE applications this is a desired technology since the resulting 

scaffolds may present superior internal porosity, ideal for ECM formation and vascularization, 

high resistance to deformation and similar anisotropic properties to bone [7].  

Different types of natural and synthetic polymers have been investigated as scaffolding materials 

[19]. Ceramic implants made of hydroxyapatite (HA) or other calcium phosphates (CaPs) are still 
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the most desirable due to the chemical similarities to bone tissue. At the same time, natural-origin 

materials and proteins were recognized for their biocompatibility, biodegradation and 

osteoconductivity [1, 20]. 

Silk fibroin (SF) can be obtained from several arthropods presenting different conformational 

structure and biodegradability. SF-based structures can offer impressive mechanical properties, 

biocompatibility, environment stability and versatility, which fulfills the requirements for an 

effective tissue regeneration [21]. The mechanical strength and elasticity are important advantages 

of silk compared to other natural polymers, not to mention the presence of easy accessible 

functional groups for chemical modifications [22]. SF derived from silkworms has a long history 

of using as textiles for biomedical applications (sutures and bandages), nevertheless only recently 

textile-based SF materials has been explored for TE [14, 23] and bone TE applications [7]. Some 

of these SF-based textile scaffolds were implantable and shown biocompatibility and sensitivity 

for advanced in vivo applications. These recent studies are leading to promising approaches of 

using SF as biomaterial for bone TE applications. This chapter is focused on recent and relevant 

research based on SF applied for bone regeneration, involving fiber- and textile-based technologies 

for scaffolds processing. Additionally, the different platforms are discussed according to the bone 

TE strategy.  

 

2. Concepts in bone biology 

Bone tissue is considered a complex system responsible for providing human body support and 

protection to organs. It is responsible for maintaining homeostasis and participates on blood cells 

formation. Approximately 70% of bone is inorganically constituted, while the remaining 30% are 

organic matter [24]. Collagen is the main constituent of the organic extracellular matrix (90-95%), 

along with other self-assembled glycoproteins, such us, osteocalcin (OCN) and osteopontin 

(OPN), bone sialoproteins (BSP), and proteoglycans. The inorganic mineral component of bone is 

constituted by HA nanoparticles and inorganic salts that within the collagen fibrils act as a 

reinforcement system of the tissue. Moreover, the synthesis of alkaline phosphate (ALP), which 

provides a direct index for bone formation rate, is upregulated by this system. The Ca/P ratio of 

HA is 1.67 and the nanosize of its particles favours cell proliferation within the bone [24, 25]. 

Thus, the development of artificial biological active HA nanoparticles should mimic such 

requirements for an effective biological and mechanical response. Different types of cells interact 

for the maintenance of a healthy bone tissue and all of them have defined activities [24]. 

Osteoblasts are derived from mesenchymal stem cells (MSCs) located in the bone marrow and are 

responsible for bone formation and extracellular matrix (ECM) synthesis. When osteoblasts are 

embedded in their own matrix become osteocytes, the highest differentiation state of these cells 

and responsible for bone maintenance. Osteoclasts are multinucleated giant cells originated from 

hematopoietic stem cells and responsible for bone resorption. This process occurs due to the self-

healing capacity of bone tissue initiated by the digestion of the HA nanocrystals and collagen 

fibrils at the defect site [26]. Osteoclasts have been hypothesized to play an important role in 

response to mechanical stimuli, harbouring the intrinsic plasticity of bone [27]. The bone cell types 

are present in different spaces within bone tissue, which in adults is divided into cortical or 

compact and trabecular or spongy bone [28]. Cortical bone contains the osteocytes in the lacunae 

of osteons and blood vessels that run parallel to the bone’s long axis, while the trabecular bone is 

highly porous, do not contain Haversian system (osteons) and holds the red bone marrow [29]. 

Even though bone has self-healing capacity, this might be compromised by the extension of the 

lesions. For that, bone TE came to respond to such needs especially when the well-established 
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medical implants are not a viable solution. Bone TE relies on a series of knowledge about bone 

biology, structure and mechanical composition. More importantly how these systems are 

interconnected for a proper tissue function and remodelling. For example, stem cells play an 

important role to trigger bone regeneration process since they are responsible for guiding 

osteogenic cells lineage and consequently ECM production [30]. The immobilization of growth 

factors and cytokines is a derivative of cells behaviour creating a natural scaffold network for 

tissue remodelling [31]. Calcium absorption is also dependent on vitamins (vitamin D) and 

hormones (parathyroid hormone) that exert a major influence on mineral metabolism and 

homeostasis [32]. Overall, bone is a highly dynamic tissue and even if all the biological 

requirements, including cells, ECM, cell-matrix interactions and growth factors, are fulfilled in a 

TE approach, a 3D configuration is needed so that cells can grow inside and form a 3D matrix that 

can better mimic bone architecture.  

 

3. Silk fibroin structure and chemical composition  

Silk proteins are present in the gland of silkworms, spiders, scorpions, mites or bees, from where 

can be directly extracted or spun as fibers. Silkworm’s silks are well established in the textile 

industry, and for biomedical applications as sutures and bandages. They can be produced by 

silkworms of the Bombycidae family (mulberry silk), which is the case of Bombyx mori silk, or by 

the Saturniidae family (non-mulbarry silk) [33]. The spider’s silks present outstanding mechanical 

properties but are heterogeneous in nature, which limits their use for commercial applications and 

biomaterial products design [34]. Regardless of their source, the spun silk fibers are composed of 

a core protein named fibroin evolved by a glue-like protein named sericin that can be removed by 

alkali- or enzyme-based “degumming” processing. The obtained purified silk fibroin (SF) is the 

most commonly type of silk used for biomaterials processing representing 70% of the total silk 

[35, 36]. Silk sericin (SS) represents 30% of the protein and has shown anti-bacterial properties 

[37, 38]. However, some indications suggest adverse cytotoxic effects induced by this protein [39]. 

For that reason, the removal of SS is a “standard” procedure in textile industry and for silk-based 

biomaterials processing. Also, sericin recovery before manufacturing reduces the environmental 

impact [40]. 

SF from Bombyx mori cocoons has a large molecular weight of 200-350 kDa and is composed by 

heavy (H) and light (L) chains of anti-parallel β-sheet and amorphous conformation (Figure 1a). 

The H chains contain repetitive hydrophobic domains of Glycine-X (X is Alanine, Serine, 

Tyrosine, Valine) intercalated by small non-repetitive hydrophilic domains forming β-turns 

(Lysine, Glutamic acid, Aspartic acid, Arginine) (Figure 1b). The L chains are smaller, 

hydrophilic in nature and its sequence is not involved in the crystalline region of SF, giving a 

certain elasticity to the protein [33, 41]. The H and L chains are linked together by a single disulfide 

bond at the C-terminus of the H chains. A small glycoprotein (P25) of 25 kDa is also present in 

the H-L chain complex (ratio of 6:6:1), forming micellar units and playing an important role in 

maintain the complex integrity [42]. Non-mulberry SF is exclusively composed of H chains that 

can reach 395 kDa, and contain higher Alanine/Glycine ratio and poly-alanine blocks, which forms 

stronger β-sheets. Moreover, this SF has the particularity of contain RGD sequence (arginine-

glycine-aspartic acid) making it more available for cell interactions and with superior cell adhesion 

properties [43, 44]. 
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Figure 1. Schematic illustration of silkworm SF fibers: (a) SF composed of heavy chains (H-chain) and light chains 

(L-chain). (b) Each SF H-chain consists of hydrophobic and hydrophilic repetitive domains.   

 

The final structural conformation and crystallinity of SF-based biomaterials will be determined by 

the higher or lower content of β-sheets that are formed during protein processing. The nano-

crystallinity of SF have shown to induce superior mechanical properties to materials [45]. At the 

same time, the semi-crystalline and amorphous domains on SF ensure some elasticity and 

resilience to the structures [45, 46]. An important feature of SF is the possibility of control its size, 

distribution, orientation and spatial arrangement only by applying different processing techniques 

and physical/chemical treatments [43]. Thus, the wide range of SF sources allied to the easy 

processing and chemical manipulation can open for the possibility of creating different 

biomaterials with specific structural and biological properties.  

 

4. Silk fibroin scaffolds for bone regeneration  

 

The complexity of bone implies for different perspectives when scaffolds are designed for 

regeneration and tissue repair. The material choice and processing ability are decisive factors in 

bone TE. Naturally, the chemical composition and high processability of SF inspired materials 

scientists to produce a wide range of SF-based scaffolds for TE applications. Among them, 

hydrogels, sponges, 3D printed structures and composite scaffolds are the most relevant for bone 

TE applications [35]. Hydrogels are water-swollen polymeric networks with structural similarities 

to the ECM of tissues. For this reason, hydrogel-based matrices have been quite used in TE 

strategies specially for tissues with high water content, such us, cartilage, meniscus and 

intravertebral disc [47]. According to bone tissue requirements, water-swelling properties are not 

requested for scaffolds design. Moreover, the high hydration degree of hydrogels may affect the 

mechanical properties of matrices, which are critical for bone regeneration and tissue repair. Thus, 

hydrogels proposed for bone TE may be subjected to a post-hydrogelation processing in order to 
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induce porosity and improve the final mechanical properties of the structures [48]. The 

hydrogelation of aqueous SF solutions is induced through different physical and chemical 

methods, including high temperatures, low pH, ionic strength, vertexing, sonication, freeze 

gelation, methanol/ethanol treatment, and blending/crosslinking with other polymers [49, 50]. 

Using these methods, the hydrogelation process may occur by an increase of β-sheets content and 

SF crystallinity, which physically stabilizes the hydrogels and improves its mechanical properties 

[51]. Electrogelation and enzyme-mediated hydrogelation are exceptions, as it lead to random coil 

and ⍺-helices structures rather than β-sheets [45, 46, 52]. In these cases, the SF-based hydrogels 

can be processed through solvent-casting and/or freeze-drying post-treatments in order to increase 

the β-sheet content for improving the mechanical properties, and induce controlled porosity and 

interconnectivity into the forming scaffolds [8, 53, 54]. Such techniques have also been applied as 

processing methodologies of aqueous SF solutions to form porous sponge-like SF scaffolds [55-

57]. Sponges have been widely used in bone TE, presenting a 3D porous structure desired for cell 

attachment, proliferation and migration, and to facilitate nutrients transport within architectures 

for ECM formation. Through techniques like gas foaming, melt molding, porogen-leaching, and 

freeze-drying it is possible to control the size of the porogens according to the type of injury and 

bone tissue regeneration approach [36]. However, and despite the efforts, these fabrication 

methods fail to control the internal geometry of the scaffolds presenting in most cases a random 

porosity and no defined intra-architecture. Thus, the emergence of rapid prototyping technologies, 

such us, 3D printing has enabled to develop customized SF-based scaffolds with pre-designed 

intra-architectural properties that favor homogeneous vascular ingrowth and new bone integration 

within the constructs [58]. The big problem is debated in the attempt to direct print SF hydrogels 

as a single bioink. As previously mentioned, most of the processing methodologies of SF hydrogels 

involve the production of crystalline hydrogels with high β-sheet content and low hydration 

degree. Since water content is crucial for cell encapsulation, this revealed to be problem on using 

SF hydrogels for 3D bioprinting, despite showing adequate mechanical properties [59]. Thus, 

authors proposed to use SF hydrogels in a main amorphous conformation for 3D bioprinting 

strategies which allowed for better printing parameters, suitable for cell encapsulation and with 

adjustable mechanical properties [60, 61]. Regardless of the technology used for producing SF-

based scaffolds for engineering bone tissue, they are often combined with inorganic materials 

which have shown to be beneficial for osteogenic purposes, namely, CaP-based inorganic 

components [8, 53-57, 62]. Micro and nano-CaPs can be incorporated into the SF matrices by 

direct deposition and mechanical agitation of dry powders [8, 53, 54, 62, 63], or by using an in situ 

alternate soaking method of mixing CaCl2 and Na2HPO4 with a porogen like NaCl [55-57]. In both 

cases, SF hydrogel matrices and aqueous SF solutions can be used in combination with the 

inorganic components. The osteoconductivity of the resulting composite materials can be 

improved by the osteoinductive properties of CaPs, as well as, the presence of nucleation sites for 

new bone formation. Moreover, the SF/CaP composites usually present high compressive modulus 

in order to meet the compressive properties of bone and directly support the load-bearing during 

tissue regeneration [64].  

 

5. Silk fibroin biotextiles for bone regeneration  

Fiber-based networks have been showing tunable surface properties with particular interest for 

developing scaffolds for tissue engineering (TE) applications [65, 66]. At the same time, textile 

technologies have been evolving in the medical field, and their application in TE approaches has 

grown in the recent years [15]. Silkworm’s silk is of special interest to prepare fiber-based or 
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textile-based scaffolds, since the silk fibers can be directly obtained from cocoons. Moreover, this 

type of silk has been extensively explored in the textile industry and with an extensive knowledge 

about its processing. This means that there is a steady silk production to serve as raw material 

platform and very sophisticate textile processing technologies which can be useful to create new 

biomaterial architectures. These are great advantages of using silkworm’s silk as compared to other 

sources. From the silkworm’s silk, high amount of fibers can be yielded from a single cocoon 

(600–1500 m), as compared to the 137 m that can be obtained from the spider’s glands or 12 m 

from the spider’s web [67, 68]. Moreover, the easy and non-invasive process of silk extraction 

together with the homogeneous behavior of the silkworms during their lifetime also influence their 

choice [33]. 

 

5.1. Nanofiber-based scaffolds 

 

Fibrous scaffolds can be obtained by different processing technologies, including electrospinning, 

phase separation, and molecular self-assembly [69]. Electrospinning technology has been well 

explored in TE field as a potential mean of scaffolds production, allowing the processing of 

nanofibers with interconnected and a pre-defined pore structure, as well as, superior mechanical 

properties [70]. Another interesting property of this technology is the simplicity and low cost setup, 

involving a typical syringe pump, high voltage source, and a collector. During the extrusion 

process a polymer solution is charged into the syringe and extruded from the needle by surface 

tension [71]. Different studies explored the properties of SF as an extrudable material for bone 

scaffolds production. Kim et al. [72] observed that electrospun SF nanofiber membranes presented 

favorable biological properties and induced bone regeneration on critical-size rabbit defects. In 

vitro tests showed that pre-osteoblast cells presented a stellate shape and broad cytoplasmatic 

extensions along the membranes (Figure 2). Moreover, high levels of OCN and ALP as specific 

products of osteoblasts, as well as, ECM calcification were observed. From in vivo results, a 

complete healing and new bone formation was observed after 12 weeks of implantation. The 

nanoscale benefits of electrospinning processing were confirmed by Jin et al. [73], showing that 

electrospun SF-based fibers with average diameters of 700 ± 50 nm provided superior cell behavior 

due to the high surface area. Regenerated aqueous SF solutions were electrospun in combination 

with poly(ethyleneoxide) (PEO) to allow a stable spinning process. Human marrow stromal cells 

(BMSCs) showed extensive proliferation and matrix coverage on electrospun SF mats with 

extracted PEO, suggesting the potential use of these matrices as scaffolds for bone TE. In a 

different study, Meechaisue et al. [74] was able to fabricate ultra-fine SF-based fibers also using 

aqueous SF solution at different concentrations and applied in an electrostatic field for the spinning 

process. The average diameter of the e-spun fibers was dependent on the SF concentration and 

source, ranging from 183 and 810 nm. The potential use of these SF fiber mats for bone tissue 

culture was assessed using osteoblast-like cells that were able to adhere and proliferate on their 

surfaces.  
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Figure 2. Scanning electron microscopy (SEM) images of (A) electrospun SF nanofiber membranes, and (B-D) 

MC3T3-E1 cells grown on their surface. Original magnification: 1000x. Adapted from [72] with permission. 

In more complex approaches, several authors proposed electrospun SF-based composite scaffolds 

containing nano-hydroxyapatite (nHA) [75-78], nano-CaPs [79], and/or bone morphogenetic 

protein-2 (BMP-2) [76, 77, 80, 81] that were included in the aqueous-based electrospinning 

processes to mimic the natural bone tissue architecture. The functional fibrous substrates were able 

to support cell attachment, proliferation and bone marrow-derived mesenchymal stem cells 

(BMSCs) differentiation. Moreover, BMP-2 bioactivity supported higher calcium deposition and 

enhanced transcript levels of bone-specific markers, while the inorganic nanoparticles improved 

the mechanical properties of the composites and induced ECM mineralization relevant for new 

bone formation. The BMP-2 polypeptide has also been included in SF electrospun scaffolds by 

grafting onto graphene oxide (GO) (which is rich in functional groups) and then bounded to the 

SF nanofibers through electrostatic interactions [82]. The main purpose of this study was to 

improve the biocompatibility of the functionalized SF scaffolds, which showed enhanced 

osteogenic differentiation of BMSCs and significantly promoted in vivo new bone formation in 

critical-sized calvarial bone defects. The enhancement of bone formation promoted by electrospun 

poly(L-lactic-co-glycolic acid) (PLGA)-tussah SF (TSF) nanofiber scaffolds incorporating GO 

was also shown by Shao and colleagues [83]. Herein, the blending of TSF into PLGA nanofibers 

significantly decreased the fibers diameter and improved the mechanical properties of the 

composites, boosted by the GO inclusion. Cell adhesion, proliferation and osteogenic 

differentiation of mesenchymal stem cells benefit from scaffolds new properties (Figure 3), as 

well as, the biomineralization-relevant ALP activity and mineral deposition. Xing et al. [25] 

proposed the electrospinning processing technology to produce SF-based scaffolds containing 

magnesium oxide (MgO) nanoparticles for accelerating bone regeneration. Nano-MgO was 

incorporated into electrospun SF blended with polycaprolactone (PCL), showing that the SF/PCL 

fibrous scaffolds displayed a controlled release of Mg2+ resulting in a significant enhancement of 
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bone regeneration after in vivo implantation in critical-sized calvarial defects. Not only synthetic 

polymers have been blended with SF for creating fiber-based structures for bone TE. Natural-

origin polymers, e.g. chitosan or cellulose, have shown interesting properties as electrospun 

nanofibrous composite materials [84, 85]. Blending SF with such materials improved the 

mechanical properties and the osteogenic potential of scaffolds, while taking advantage of the 

biocompatibility and biodegradability of each individual component.  
 

 
Figure 3. Confocal fluorescent microscopic images of mesenchymal stem cells cultured on different substrates after 

7 days: (A, E) cover slip, (B, F) PLGA fibers, (C, G) PLGA–tussah SF fibers, and (D, H) GO-doped PLGA–tussah 

SF fibers. Reprinted from [83] with permission. 

 

5.2. Textile-based 3D architectures 

It is well recognized that a 3D structure is fundamental for an adequate regenerative process that 

is initiated by cell adhesion, ingrowth and reorganization of the newly formed ECM. The 

development of porous structures with sufficient mechanical properties will provide the necessary 

space for in vivo neovascularization of tissues like bone [1, 86]. Thus, fibers can be processed to 

form more complex 3D structures using textile-based technologies. Knitted, braided, woven and 

non-woven are textile-based technologies already proposed for biological applications [87, 88]. 

The orientation of the fibers in these structures can vary from highly regular to completely random, 

but always responding to a pre-designed manufacturing process that ensure highly reproducible 

structures. The general properties of these textile-based technologies are summarized in Table 1. 
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Woven textiles have a stable and porous-like structure but they can be misaligned at the edges 

when are cut obliquely for implantation. Braided structures are known as suture makers, and can 

be designed using several patterns. Moreover, the spaces between the yarns make them porous and 

help the fluids to flow during the healing process. The non-woven textiles are of random porosity, 

present isotropic structure, and good ductility, which provides good mechanical properties and 

thermal stability desired for many TE applications [87]. Finally, the knit structures are particularly 

useful for developing scaffolds for bone TE applications, since they allow for producing structures 

with better extensibility and higher porosity/volume. In the knitting process, the needles form 

symmetric and continuous series of inter-looping stitches that connected together form the final 

fabric [89]. In these structures, the rows formed across the width of the fabric are called courses, 

and the columns designed along the length of the fabric are known as wales [90]. Depending on 

the direction of the formed loops, the knitted fabrics can be classified weft-knitted and warp-

knitted fabrics. In the weft-knitting, the wales are perpendicular to the course of the yarn, whereas 

in the warp-knitting the wales run parallel to the courses [89, 90]. More importantly, is that the 

entire fabric can be fabricated from one single yarn, in contrast to the warp-knitted structures that 

require a different yarn in each wale.  

 
Table 1. General properties of textile-based technologies.  

 

Technology Source Porosity Mechanical behavior Hierarchy Ref. 

Non-woven Fibers Varying Isotropic 

 

[87] 

Woven Yarns Low Anisotropic 

 

[91] 

Weft-knitted Yarns High 
Varying from 

anisotropic to 

isotropic 

 
[89, 90] 

Warp-knitted Yarns High 
 

Braided Yarns High Anisotropic 

 

[88] 

 

 

SF has already been proposed as a viable multifilament material for scaffolds production [92]. Its 

natural fibrous structure have shown to be advantageous for the reinforcement of scaffolds 

designed as bone graft substitutes [93]. The addition of purified and unprocessed SF non-woven 

fibers into SF freeze-dried scaffolds enable to increase the scaffolds compressive modulus, while 

maintaining high porosity and slower degradation rates. The subsequent deposition of HA 
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nanocrystals created an additional response of osteogenic-related markers (i.e. collagen-I, OCN, 

OPN, and BSP) substantiating the applicability of the tricomposite scaffolds for bone-related 

applications. Pankaew and White [94], crystallized non-woven SF nets and woven SF fabrics with 

calcium deficient nano-HA (Ca-def HA) showing that in both cases the nanocrystals were 

successfully deposited in the fibers improving the mechanical properties and the surface area of 

the fabrics for potential bone regeneration applications.  

The first and only SF-derived scaffold commercially available is made of patterned knitted fibers 

that showed to be mechanically resistant and flexible for soft-tissues support [95]. In a work 

developed by our group, Almeida et al. [14] proposed a weft-knitting technology to process SF 

fibers yielded from silkworm cocoons as scaffolds for TE applications (Figure 4), showing that 

the proposed textile technology offer a superior control over scaffolds design (e.g. size, shape, 

porosity and fiber alignment), manufacturing and reproducibility. The pre-defined intra-

architectural geometry of the fabrics allowed cell attachment, proliferation and deeply infiltration 

within the porous structure. Moreover, a high porosity and interconnectivity were achieved known 

for improving tissue infiltration and neovascularization. In the same study, the synthetic and 

biodegradable polymer polybutylene succinate (PBS) was also proposed as multifilament fibers to 

produce knitted textile scaffolds, showing similar morphology and biological behavior to that 

observed on the weft-knitted SF structures. On the other hand, SF matrices presented a 

considerable higher strength and stiffness as compared to PBS which was expected considering 

the extraordinary mechanical properties of SF that rival most high performance of synthetic fibers, 

and is of extreme importance for the mechanical support of hard tissue like bone. Given the 

processing efficacy and versatility of the proposed knitting technology, the authors considered this 

system attractive for the functional engineering of different tissues, including bone or cartilage.  
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Figure 4. Morphology of (a–d) PBS and (e–h) SF knitted constructs showing different levels of detail. (a, e) 

Macroscopic images and (b, f) SEM micrographs showing the top view (c, d, g, h) and the respective fiber cross-

sections. Reprinted from [14] with permission. 

The same SF knitted matrices were further treated using several surface modifications known for 

improving the structural, mechanical and even biological properties of materials [23]. Sodium 

hydroxide (NaOH) solution, ultraviolet radiation exposure in an ozone atmosphere (UV/O3) and 

air plasma treatment followed by acrylic acid (AAc), vinyl phosphonic acid (VPA) and vinyl 

sulfonic acid (VSA) grafting, showed different impacts on the final mechanical performance of 

the textile scaffolds, especially the UV/O3, plasma/AAc and plasma/VPA that increased both the 

strength and ductility of structures. The surface topography and chemical composition assessed by 

atomic force microscopy and X-ray diffraction confirmed the modification and grafting of the 

surfaces, although with different efficiencies. When transposed to in vitro effects, no significant 

differences were observed in terms of L929 fibroblast cell adhesion and spreading between the 

modified and unmodified SF textiles. In fact, a superior cell adhesion and flattened morphology 

was observed on the fiber-based structures, as compared to SF membranes used as control, 

suggesting that the weft-knitted SF scaffolds presented per se superior biological efficacy.  

In these studies [14, 23], the standard weft-knitting technology was with success applied to create 

SF-based platforms for the functional engineering of bone, showing structures of superior 

extensibility and compliance. Nevertheless, to fully recreate the complexity and anisotropy of bone 

tissue, an increase of three-dimensionality is required. With this in consideration, novel biotextile 
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scaffolds were proposed using two external layers of weft-knitted SF connected by a resilient 

monofilament of synthetic polyethylene terephthalate (PET) (z direction) (Figure 5) [7].  

 

Figure 5. Illustrative images showing the wale and course components of the: (a) weft and (e) warp knitting 

technologies, used for processing the SF and PET filaments in the scaffolds external layers, respectively. SEM 

micrographs of (b-d) SF-PET, and (f-h) PET knitted spacer fabrics showing different levels of detail. Morphology of: 

(b, c) SF and (f, g) PET external layers from a top view perspective, and the respective (d, h) cross-sections showing 

the resilient PET monofilament (z direction). The red bars indicates: (c) SF and (g) PET fibers diameter (~15 mm); 

(d,h) PET monofilament diameter (~100 mm) [7]. 

These fabrics can be created with different choices of yarns to meet a wide range of specifications 

in the external layers. Moreover, the upper and lower knitted layers are interconnected by a 

resilient monofilament yarn in the z direction, which represents the adjustable height of the spacer 

fabric [18]. Monofilament polyester fibers have been specially used for this purpose, holding a 

marked stiffness that provides higher compression resistance to the fabric. Thus, advanced 

materials can be reinforced by these textile platforms, especially highly loaded structures. The 

cellular components can also benefit from these architectures for cell infiltration, ECM formation 

and bone tissue ingrowth [96]. Focusing on the singular properties of this technology, knitted 

spacer fabrics were engineered for specific craniofacial bone regeneration applications [7]. Results 

showed that the novel SF-based 3D biotextiles presented suitable porosity and superior mechanical 

properties for bone regeneration applications, when compared to warp-knitted spacer scaffolds 

entirely made of PET. Once again, the extraordinary mechanical properties of SF overlap those of 

high performance PET fibers [14]. Osteogenic differentiation profile was similar between the two 

types of constructs. The seeded human adipose-derived stem cells (hACSs) showed the typical 

peak of ALP activity after 14 days of osteogenic culturing, followed by ECM mineralization. The 

genotypic and phenotypic expression of osteogenic-related markers also confirmed cell 

differentiation within the structures after 28 days of osteogenic culture. From in vivo studies, 

superior angiogenic effects were induced by the SF-PET scaffolds when performing a chick 

chorioallantoic membrane assay. Additionally, both structures allowed tissue ingrowth and blood 

vessels infiltration after subcutaneous implantation in CD-1 mice (Figure 6). All combined, these 
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features revealed to be important when considering a scaffold for bone defects implantation and 

tissue regeneration. 

 

 

Figure 6. Subcutaneous implantation of the SF-PET and PET knitted spacer fabrics in mice. Macroscopic images of 

the explants after implantation for (a, b) 14 days, and (g, h) 28 days. H&E staining of the SF-PET (c, d, i, j) and PET 

(e, f, k, l) explants. Squares represent the regions corresponding to the implanted SF-PET and PET textile scaffolds. 

The black arrows indicate connective tissue, the red arrows indicate blood vessels and the blue arrows indicate SF and 

PET fibers [7]. 

 

The possibility of combining nanofiber-based processing with textile technologies was recently 

explored for producing SF-based scaffolds for bone TE applications [97, 98]. These novel 

structures were fabricated by conjugated electrospinning of aqueous TSF solution combined with 

synthetic polylactic acid (PLA) to form nanofiber yarns. Woven scaffolds were further processed 

into multilayered fabrics (Figure 7).  
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Figure 7. (A) Photograph of multilayer woven fabrics fabricated from electrospun TSF/PLA, and SEM images of the 

(B) surface and (C) cross-section for the scaffold, and (D) cross-section of the yarns in the scaffold. Reprinted from 

[97] with permission. 

 

The authors observed that woven structures presented superior mechanical properties as compared 

to the electrospun non-woven nanofibers [97, 98]. Moreover, the presence of TSF showed to 

accelerate the growth of HA at the scaffolds immersed in simulated body fluid (SBF), and 

improved the compressive mechanical properties of the mineralized structures [98]. From 

biological evaluation, both studies showed that multilayered nanofiber-based structures with a 

mineralized matrix improved mesenchymal stem cells (MSCs) adhesion, proliferation and 

osteogenic differentiation. These woven scaffolds also promoted biomineralization after culturing, 

demonstrated by ALP activity and mineral deposition. The in vivo study revealed that scaffolds 

enhanced new bone formation in damaged femoral condyle of rabbits [97]. Based on the superior 

structural properties, excellent mechanical behavior and osteoinductivity, the authors considered 

that this can be a promising strategy for producing versatile and highly reproducible scaffolds for 

bone TE applications.  

In Table 2 are compiled the most recent studies involving SF-based biotextiles as scaffolds for 

bone TE, summarized in terms of processing technology and important outcomes.   
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Table 2. Technologies used for producing the most recent SF-based biotextiles as scaffolds for bone TE applications. 

Technology Materials 
Cells/Growth 

factors 
Outcomes Year Ref. 

Electrospinning 

 

TSF/HA 
Osteoblast-like 

MG-63 cells 

Nanocomposite fibers improved the mechanical 

properties of the scaffolds, supported MG-63 cells 

adhesion, proliferation and enhanced biomineralization 

2016 [78] 

SF/HA BMSCs/BMP-2 

Nano-HA and BMP-2 incorporated in nanofibrous SF 

improved the mechanical properties of the scaffolds and 

stimulated BMSCs osteogenic differentiation 

2017 [76] 

SF/CMC/nBG Human MSCs 

Nano-BG incorporated in nanofibrous SF/CMC 

improved the bioactivity and physico-chemical 

properties of the scaffolds, supporting hMSCs osteogenic 

differentiation and biomineralization 

2018 [85] 

SF/GO BMSCs/BMP-2 

Functionalized GO by BMP-2 polypeptide improved the 

biocompatibility of eletrospun SF scaffolds, promoting 

BMSCs osteogenic differentiation and rat calvarial bone 

defects repair 

2019 [82] 

SF/PCL/MgO MC3T3-E1 cells 

Controlled release of nano-MgO incorporated in 

SF/PCL-blend scaffolds, improving MC3T3-E1 cells 

osteogenic response and bone regeneration in rat 

calvarial defects 

2020 [25] 

Non-Woven 

SF/HA 
MG-63 cells and 

hBMSCs 

Addition of non-woven SF fibers and HA nanocrystals 

improved the compressive modulus of porous SF 

sponges, and enhanced cellular viability and osteogenic 

profile of MG63 and hBMSCs cells 

2016 [93] 

SF/Ca-def HA - 

Ca-def HA crystallization on non-woven SF nets and 

woven SF fabrics improved the mechanical properties 

and signified the high surface area of the fabrics 

2020 [94] 

Woven 
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TSF/PLA 

Mouse MSCs 

Electrospun TSF/PLA-blend nanofibers used for 

weaving multilayered woven fabrics positively 

influenced the mechanical properties of the scaffolds and 

supported mMSCs osteogenic differentiation, 

biomineralization and new bone formation in damaged 

femoral condyle of rabbits 

2016 [97] 

MSCs 

Mineralization of multilayered TSF/PLA woven fabrics 

by immersion in SBF improved the mechanical 

properties, bioactivity and MSCs osteogenic 

differentiation on the composite scaffolds, accelerated by 

the presence of TSF  

2018 [98] 

Weft-knitted 

         NaOH 

         UV/O3 

SF/   Plasma/AAc 

         Plasma/VPA 

         Plasma/VSA 

L929 fibroblast 

cells 

Surface functionalization of SF fabrics by NaOH, UV/O3, 

Plasma/AAc, Plasma/VPA, or Plasma/VSA impacted the 

mechanical properties of the scaffolds, showing adequate 

biological support for L929 cell adhesion and 

proliferation 

2016 [23] 

SF/PET Human ASCs 

Addition of a monofilament of PET spacing two external 

layers of weft-knitted SF increased the three-

dimensionality of the fabrics, enhancing hASCs 

osteogenic differentiation, biomineralization and in vivo 

angiogenesis 

2017 [7] 

CMC: carboxymethyl cellulose; nBG: nano-bioglass 
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5. Concluding Remarks  

The design of an ideal scaffold for bone tissue regeneration and repair remains a challenge, and 

most of the existing scaffolding strategies do not satisfy all the requirements of biocompatibility, 

biodegradability, porosity, interconnectivity, and surface properties. From the overviewed reports, 

it is evident that major advances were made in the nanofiber, textile, and polymer sciences that 

contributed for the development of novel scaffold materials for bone TE applications. Through 

these technologies, different fiber sizes and cross-sections can be reached, allowing us to 

manipulate the fabric structure according to the desired application. The mechanical strength, 

microstructure and 3D architecture can also be tuned in order to possibly modulating cell 

recognition, proliferation and differentiation. Naturally-derived polymers have been showing 

advantages of biocompatibility and biodegradability that are essential for bone TE strategies. 

However, their application in bone TE field can be limited by their lack of mechanical strength. 

SF has shown remarkable potential for bone TE applications presenting superior structural and 

mechanical properties for the design of more complex 3D structures. Furthermore, the possibility 

of using SF for textile processing in its native state (directly obtained from cocoons) or from 

regenerated aqueous SF solutions, brings a series of possibilities for creating highly reproducible, 

biocompatible and mechanically superior scaffolds for bone regeneration applications. 
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