1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2016 June 03.

-, HHS Public Access
«

Published in final edited form as:
Adv Healthc Mater. 2015 June 3; 4(8): 1134-1151. doi:10.1002/adhm.201500002.

Silk-based biomaterials in biomedical textiles and fiber-based
Implants

Dr. Gang Li,
National Engineering Laboratory for Modern Silk, College of Textile and Clothing Engineering,
Soochow University, Suzhou 215123, P.R. China

Prof. Yi Li,
Institute of Textiles and Clothing, The Hong Kong Polytechnic University, Hong Kong, China

Prof. Guogiang Chen,
National Engineering Laboratory for Modern Silk, College of Textile and Clothing Engineering,
Soochow University, Suzhou 215123, P.R. China

Prof. Jihuan He,
National Engineering Laboratory for Modern Silk, College of Textile and Clothing Engineering,
Soochow University, Suzhou 215123, P.R. China

Prof. Yifan Han,

Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University,

Hong Kong, China

Prof. Xiaoqin Wang, and
National Engineering Laboratory for Modern Silk, College of Textile and Clothing Engineering,
Soochow University, Suzhou 215123, P.R. China

Prof. David L. Kaplan
Department of Biomedical Engineering, Tufts University, 4 Colby St, Room 153, Medford, MA
02155, USA

Xiaogin Wang: wangxiaogin@suda.edu.cn; David L. Kaplan: david.kaplan@tufts.edu

Abstract

Biomedical textiles and fiber-based implants (BTFIs) have been in routine clinical use to facilitate
healing for nearly five decades. Amongst the variety of biomaterials used, silk-based biomaterials
(SBBs) have been widely used clinically viz. sutures for centuries and are being increasingly
recognized as a prospective material for biomedical textiles. The ease of processing, controllable
degradability, remarkable mechanical properties and biocompatibility have prompted the use of
SBBs for various BTFIs for extracorporeal implants, soft tissue repair, healthcare/hygiene
products and related needs. The present review focuses on BTFIs from the perspective of types
and physical and biological properties, and this discussion is followed with an examination of the
advantages and limitations of BTFIs from SBBs. The review covers progress in surface coatings,
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physical and chemical modifications of SBBs for BTFIs and identifies future needs and
opportunities for the further development for BTFIs using SBBs.

Keywords

Biomedical textiles; implants; devices; silk-based biomaterials; medical applications; surface
modifications

1. Introduction

Biomedical textiles and fiber-based implants (BTFIs) manufactured using textile-forming
technologies have been in routine clinical use to facilitate healing for nearly five

decades [ 2], Biomedical textiles are defined as fibrous textile structures prepared from
synthetic or natural materials that are used either in an internal or external (inside or outside
the body) biological environment as a medical device to improve the health and medical
condition of the patient .3, These devices include non-implantable materials from wound
dressings, implantable materials like vascular grafts, heart valves and sutures to wearable
medical implants and polymer sensors. Medical textiles serve biomedical applications
throughout the body and can provide solutions for clinical applications including general
surgery, orthopedic, cardiovascular and cosmetic surgeries, tissue engineering, bariatric,
dental, and veterinary needs [*-°.

Various natural and synthetic fibers are used to construct biomedical textiles. Silk, as unique
natural biological proteins made by silkworms and spiders offer remarkable mechanical
properties [, Silk-based biomaterials (SBBs) have been more widely used clinically as
sutures for centuries and are being increasingly recognized as a prospective material for
biomedical textiles. Because of the availability of large quantities of material from the textile
industry, the ease of processing, controllable degradability, remarkable mechanical
properties and biocompatibility, SBBs have been explored and engineered for the fabrication
of various BTFIs such as sutures, arterial grafts, heart valves, hernia and prolapsed repair

meshes, heart implants supports, and prosthetic ligaments and tendons, among other
. (5681721
devices [ ™ % ==,

In order to further expand the applications of SBBs for versatile biomedical textiles, there
has been interest in the regeneration of silk solutions and fibers from native silk fibers to
gain even further control of properties. However, applications of regenerated silk fibers have
been limited in part due to the inferior mechanical properties when compared to the native
fibers. Usually, regenerated silk fibers exhibit 0.1-0.2 cN/tex (tex stands for linear density of
fibers) in tensile strength while raw silk fibers from Bombyx mori, which are composed of
fibroin (SF) and sericin (SS), and degummed silk fiber, mainly SF with SS removed, show
0.3-0.4 cN/tex [22‘26]. Furthermore, the flexibility of regenerated silk fibers is poor
compared to that of raw silk fibers. Such poor mechanical properties have been a primary
reason that regenerated silk fibers are seldom used in industrial applications for BTFIs.
Numerous efforts have been conducted to improve the mechanical properties of the
regenerated silk materials, but to date the properties remain inferior to their native
counterparts [27]. Additionally, the biological properties of fabricated BTFIs, such as
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biocompatibility, thrombogenicity and antimicrobial behavior, have been enhanced with
many surface modification techniques, including plasma treatment, surface coatings,
chemical grafting, and encapsulation of nanoparticles [28-32)

The number of publications on the use of SBBs for biomedical textiles is increasing,
however, few review papers (%13, 7] about SBBs for biomedical textiles have been
published. The present review provides a comprehensive overview of progress in SBBs for
BTFIs and identifies opportunities for further development. The present review focuses on
the types, compositions and physical and biological properties of BTFIs, followed by an
examination of the advantages and limitations of BTFIs prepared from SBBs. The review
then covers progress with surface coatings and physical and chemical modifications of SBBs
for BTFIs and concludes with a discussion of critical issues, future needs and opportunities
for further development for BTFIs using SBBs.

2. Structure, function and properties of silk fibers

2.1 Silkworm fibers

Silkworm silk has been used commercially as biomedical sutures for decades, and in textile
production for centuries .33, silkworm silk fibers are composed of at least two fibroin
protein microfilaments (known as brins) embedded in a glue-like glycoprotein coating
(Figure 1a) [**1. The brins are fibroin filaments consisting of bundles (diameter 100 nm) of
nanofibrils (individual diameter 5 nm) that are aligned with the long axis of the fiber 3,39,
The nanofibrils possess three proteinaceous components: a heavy chain (H-chain) fibroin,
light chain (L-chain) fibroin and P55 protein [*31. The L-chain is more hydrophilic and elastic
than the H-chain, and the P,5 protein has the function to maintain the integrity of the
complex [37]. The fibroin filaments are coated with sericins (glue-like glycoproteins, 25 —
30% wt of the fiber) so that the twin filaments stick together to form the composite material
or cocoon (Figure 1a) ] The sericin proteins are coated on the surface of fibers so that the
cocoon can be isolated and protected from the outside (Figure 1a) %%, 40]. The sericin needs
to be removed using extraction/washing after harvesting the silk cocoons in order to generate
purified silk fibroin for medical use %1,

2.2 Spider fibers

Spider silk fibers posses excellent high-tensile strength and moderate elasticity, with proteins
produced in the major ampullate (MA) silk gland. The structure of MA silk is a “core-shell”
multilayer and the diamter is around 1-20 um depending on the spider species (Figure

1b) [, 42]. There are two typical proteins mainly composed of glycine, alanine and glycine
in the core filament [*’]. These two proteins are distributed inhomogeneously [*" *41. The p-
sheet structures of MA silk contribute to their remarkable mechanical performance such as
high-tensile strength and the formation of turns and spirals provide the elasticity or
flexibility (471 The multilayer stucture of the silk fibers consisits of a core, a spidroin-like
protein (skin), glycoprotein, and a lipid coat (Figure 1b) [*" *21. Allmeling et al. (2013)
reviewed a large number of textile, technical and biomedical applications for spider silk [48].
However, spider silk have not been domesticated or commercialized because spiders have a
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predatory nature so they can not be raised in high densities, and the level of silk production
by spiders is much lower than silkworm []

2.3 Mechanical properties

Data on the mechanical properties of silk fibers is provided in Table 1 and shows that silk
fibers possess remarkable ductility and toughness in terms of balancing elongation, modulus
and breaking strength it 49]. Both the strength and elasticity of the spider silk are very high
compared to other synthetic or natural fibers, including classic high performance fibers like
nylon and aramid [0, Particularly, the strength-to-density ratio of spider silk is about 10
times higher than steel [52], and shows remarkable strain hardening behavior which is
important for energy absorption [°3]. Stress-strain curves of wild-type silkworm silk and
spider or dragline silk show similar behavior in terms of strain hardening >4, 55]. Hence, silk
can be employed for tissue grafts or scaffolds with high load bearing applications due to this
excellent mechanical performance. However, most current silk-based BTFIs are not matched
well to tissues in terms of mechanical perfomance, or interactions between the materials and
the native tissue interface. Futher, different silk or differently processed silk, may provide
different types of SBBs with different mechanical properties to match mechanical
requirements for various BTFIs. The relative bending rigidity for fiber stiffness can be
calculated using equation 10°%]

P

Relative bending rigidity= [4711@0] eEd? 1)

Where: tensile modulus (E), linear density (d), density (p), fiber cross-section (g, e=1 for
circular, <1 for flat or elliptical, >1 for hollow fiber), B is a constant, and the units are
shown in Table 1.

3. Sources, processing and regeneration of silk for biomedical textiles

3.1 Sources of silk proteins

This review focuses on silkworm and spider silk since they are the most commonly studied
silk "1, B, morisilkworms have been domesticated by humans for industrial production
over centuries. Alternative options for silk are time consuming and yield lower amounts of
protein fiber than the silkworm cocoon [33]. Since the spider silk cannot be commercialized,
recombinant DNA methods are utilized to produce spider silk-like proteins 8]
Recombinant DNA technologies have been utilized to generate many variants of silk
proteins, including intruducing specific spider silk or silkworm silk DNA sequences into
chimaeric/hybrid proteins to improve solubility, cell interactions and

biomineralization [°° 1,

3.2. Processing silk proteins for biomedical textiles

Figure 2 shows a schematic of sources, processing and regeneration of SBBs for BTFIs.
Some additional properties like fluorescence can be incorporated into the fibers by feeding
silk larvae with the plant quercetin, which becomes exported to the cocoon °", silk proteins
can be dissolved into solution to produce various SBBs including regenerated fibers, fibrous
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mats and scaffolds using wet/electro spinning or hand-drawing process. Selecting the proper
solvent is also important to modulate the interactions of the silk proteins in concentrated
aqueous solutions, often consisting of strong acids, ionic liquids, fluorinated solvents and
salts [62-64 The solvents should break the strong intermolecular hydrogen bonded stacks of
[-sheets and denature the protein. Also aqueous solutions of kosmotropic salts, such as
potassium phosphate, and alcohols are usually used to induce p-sheet formation in the SBBs,
S . . -« [10, 62_64
to decrease solubility in water and improve mechanical properties L™ .

3.3. Regeneration of silk proteins for biomedical textiles

Although the naturally spun silk from B. mori silkworm have impressive properties such as
luster strength, wear resistance and anti-wrinkle properties, photo-induced yellowing can
limit further applications [°°], Hence, substantial physical, chemical and even genetic
treatments have been used for the modification of native silk fibers [*>~"11. The silk fibers
can be easily produced from aqueous protein solutions using a natural process in which the
temperature and pressure in the spinning container are lower, and no noxious solvent are
used in the spinning bath [72]. Spinning silk proteins with other components have been
utilized to regenerate silk fibers with new properties %3, Moreover, efforts have been made
to utilize waste materials, including unreelable dupion (two-strand) cocoons to produce
specialty materials (1. Electrospinning [">~"°] and wet spinning > ""-%21 have been widely
used for silk fiber spinning. One of the advantages of silk electrospinning is that fibrous yarn
or membranes with nano/micro fibers can be fabricated for implants and tissue

engineering [t 73]. The wet-spun silk fibers can be woven/knitted/braided for various BTFIs
due to the mechanical properties. In order to fabricate silk fibers with better mechanical
properties, larger scale industrial utility are needed, however, has not yet been

demonstrated [%3 841

3.3.1 Electro-spun silk-based fibers—Silk fibroin has been used to generate fibrous
silk membranes from reprocessed native silk fibers or by electrospinning [2]. Electro-spun
fibrous membranes are of interest as biomaterials because the increased surface area is
favorable for cell adhesion [2°]. 3-D constructs of nano-fibers have been used as blood vessel
grafts and nerve guides e, 87]. Adding type | calf skin collagen and chitin into B. mori
fibroin seperately, the electrospun fibers supported cell adhesion and the proliferation of
human epidermal keratinocytes (NHEK) and fibroblasts (NHEF) /in vitro. Interestingly,
electrospun fibers composed of unmixed B. morifibroin and type | calf skin collagen or B.
mori fibroin and chitin (prepared by electrospinning from two syringes simultaneously and
subsequently cross-linked with glutaraldehyde) showed higher levels of cell adhesion and
proliferation for NHEK cells /n vitro [88‘90]. The mechanical properties of electrospun SF
scaffolds were enhanced by uniformly dispersing hydroxyapatite (HAp) nanoparticles within
the SF nanofibers '],

Electrospinning has also been utilized to produce spider silk nano fibers [?21. One of the
advantages is that the diameter and pore size of electrospun spider silk fibers can be
controlled from 50 to 1,100 nm by adjusting SF nanostructure and concentration %2, 93].
Araneus diadematus fibroin 3 (ADF-3) recombinant spider-silk protein was employed to
generate electrospun spider silk fibers with a diameter of ~40 um. These fibers had
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comparable toughness and modulus but lower tenacity than natural A. diadematus dragline
silk [94]. Arcidiacono et al. (2002) reported an electrospinning method for producing spider
silk fibers from genetically engineered protein with 10 — 60 um diameter, comparable to
native spider silk due to molecular orientation. The spinning solution was dialyzed in urea
containing Tris buffer and salts [95]. Also, electrospun N. c/avipes major ampullate spider
proteins | (MaSpl) generated silk fibers (diameter ~300 nm) using a solvent HFIP
(hexafluoroisopropanol) and the properties of the fibers were improved by controlling
conformation and molecular alignment [96]. Wang et al. (2013) reported that electro-netting
can overcome bottlenecks with electrospinning to provide a versatile method for generating
spider-web-like nano-nets with ultrafine fiber diameters less than 20 nm '],

3.3.2 Wet-spun silk-based fibers—Fiber spinning technologies including melt and
solution spinning (dry and wet spinning) are widely used for fiber production in the textile
industry. The temperature in the melt spinning process is above 200°C, too high to fabricate
regenerated silk fibers. In contrast, wet spinning is better to fabricate regenerated silk fibers
with micrometer scale diameters %, 99]. Compared to native silk fibers, the morphology,
diameter, components (other natural or synthetic polymers) and mechanical properties can
be tailored according to specific applications. Wet spinning is one of oldest methods used for
making fibers and was used for producing rayon (cellulose fiber, formula (CgH19Os)p). The
polymeric raw material is converted into a soluble derivative and extruded through a
spinneret into a chemical bath where the extrudate coagulates and regenerates into a
filament. A diagram of a typical wet spinning process is illustrated in Figure 2C.

In recent decades there have been numerous efforts to develop useful processes for silk fiber
formation using wet spinning, including approaches where sericin may played an important
role in the re-crystallization process of SF %7, 100‘102]. Experimental wet-spinning of SF has
mostly been carried out by injection from a hypodermic syringe (2> %> 7. 1% or with a
simplified industrial wet-spinning device [, %0, 98]. Dry-jet wet-spinning is new technique
for spinning of fibers, which offers useful options for both dry spinning (using hot air as the
coagulation medium) and wet spinning (using the solution as coagulation medium). During
the dry-jet wet-spinning process, the orientation of the fibroin molecules increases due to
drawing in the hot air e, 104‘106]. Phillips et al. (2005) examined the feasibility of spinning
silk fibers from an ionic liquid solution (%] Chang et al. (2013) investigated how SS
promoted molecular chain orientation of SF resulting in improved mechanical properties. X-
ray diffraction analysis and Herman’s orientation coefficient confirmed that improvements
in tensile properties were mainly due to an increase in molecular orientation induced by
sericin during the drawing process. One possible hypothesis is that the sericin performed a
lubrication benefit. An increase in chain orientation of SF by SS is important for developing
B-sheet structures [2']. Zheng et al. (2010) demonstrated that the water-collecting ability of
capture silk of the cribellate spider Uloborus walckenaerius was the result of a unique fiber
structure that forms after wetting, with the ‘wet-rebuilt’ fibres characterized by periodic
spindle-knots consisting of random nanofibrils and separated by joints of aligned
nanofibrils X071
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4. Applications of silk-based biomaterials for biomedical textiles and fiber-
based implants

Biomedical textiles and fiber-based implants (BTFIs) are used for first aid, clinical and
hygene needs. BTFIs offer more choice and flexibility in design than many traditional
materials and allow manufacturers to expand their portfolios with biologically-based
minimally invasive products. Even treatments and implants that typically have been
engineered with metals and hard plastics now are often shifting towards soft implants and
fixation methods. SBBs as regenerated or modified fibres and yarns can be woven, knitted or
braided into textile structures and used for a wide range of medical applications, including
bone grafting, fusions and motion-preserving spinal repair, and treatments for cartilage,
joints, ligaments, tendons and other soft tissues [t.29)

The applications of different SBBs for producing BTFIs is illustrated in Table 2, which
focuse on non-implantable materials, implantable materials, extracorporeal implants and
healthcare/hygiene products, respectively. Examples of products are wound dressings,
sutures, nerve conduits, ligaments and vascular prosthesis, etc. As shown in Figure 3, the
number of publications and citations on the use of SBBs for biomedical textiles is rapidly
increasing. However, few review papers (913,171 ahout SBBs used for biomedical textiles
have been published. The present review provides a comprehensive overview of progress in
the SBBs for BTFIs and identifies opportunities for further developments.

4.1 Non-implantable materials

Non-implantable materials in BTFIs are used for external applications on the body including
wound dressings, orthopedic bandages, pressure garments and prosthetic socks, among other
examples. Textile scientists often try to provide bio-functions in silk fabrics as new wound
dressings. Fibrous mats prepared via non-weaving and electrospinning can be used for
wound dressings 18], Blending silver nanoparticles into B. mori fibroin fibers can provide
antibacterial wound dressings [109]. Xia et al. (2009) demonstrated combinations of B. mori
fibroin films and titanium dioxide nanoparticles to inhibit bacteria [*% A wax-coated silk
fibroin woven fabric was introduced as a hon-adhesive layer with a sponge of sericin and
glutaraldehyde crosslinked silk fibroin/gelatin fabricated as a bioactive layer. This prototype
two-layered wound dressing showed greater wound size reduction, epithelialization, and
collagen formation than the control group [, 12

4.2 Implantable materials

Implantable materials in BTFIs are used for repairs to the body for wound closure (sutures)
or replacement surgery (soft-tissue implants, vascular prosthesis, artificial tendon/ligaments,
as examples). Biocompatibility is one of most critical aspects if the biomedical textile
materials are designed for in vivo use. Figure 4 shows specific samples of BTFIs in
generated in our labs using natural or synthetic polymers including silk or medical polyester
(PET) mono or multi-filaments.

4.2.1 Sutures—Natural silk fibers have been used as sutures for wound closure for
centuries due to their strength, handling and biocompatibility. One of most important
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properties of sutures is the mechanical properties with knot strength as one of tests for
wound sutures according to standards: USP (United States Pharmacopeia) and EP (European
Pharmacopeia). However, regenerated silk sutures can be brittle with low knot strength but
with reasonable breaking strength. Adding 50 wt% poly(vinyl alcohol) into silk fibroin
increased tenacity and elongation at break of the fibers and the knot strength increased three-
fold over pure silk wet-spun fibers, thus making these systems suitable as sutures for
wounds [®]. Gulrajani et al. (2008) identified that B, mori fibroin fibers coated with silver
may be beneficial for antimicrobial sutures [**]

4.2.2 Soft-tissue artificial implants

1) Artificial skin: As the largest organ in human body, skin plays the role as a barrier to
infectious pathogens and microorganisms [, Ideally, a graft should cover and protect a
wound bed without a negative immune response, enhance the healing process, lessening the
pain of the patient and result in little or no scar formation [17]. During the past few decades,
many attempts have been employed to mimic human skin using various SBBs [, The
results showed that silk supported human keratinocytes and fibroblasts [8°] and non-weaving
or electrospinning technologies were the most commonly utilized material formats for
engineering artificial skin. For example, eletrospun SF scaffolds (fiber diameters 30 to 120
nm) [*°] water vapor-treated SF nanofiber matrices [**®1 and formic acid crosslinked SF
based 3D nonwoven scaffolds [t have been investigated /n vitro using human oral
keratinocytes (NHOK) and fibroblasts. Also, blending of SF and natural carbohydrate based
polymers, such as SF/alginate [118][143], electropsun chitin/SF (25% chitin and 75%

sF) (8 biomimetic nanostructured collagen/SF hybrid matrix I°°] and intermolecular cross-
linked recombinant human-like collagen (RHLC) with fibroin [t have been studied /in vivo
for potential use for skin regeneration.

Wendt et al. (2011) constructed a bilayered skin equivalent containing fibroblasts and
keratinocytes on woven native dragline silk to demonstrate the utility of spider silk for the
enhancement of skin regeneration [120]. Min et al. (2004) compared three forms of SF
matrices: woven (microfiber), non-woven (nanofiber), film form, and related cell culture
responses by human oral keratinocytes (NHOK) to the conformation of the protein. The
results suggested that the SF non-woven nanofiber matrices were preferred for skin
scaffolds [t Water vapor-treated silk nano-fibrous mats showed better cell adhesion and
dispersion of human keratinocytes and fibroblasts, which suggested that selecting the
appropriate processing route is important for silk-based biomaterial designs ] These
findings suggested that SBBs artificial skin with blending materials and multilayer micro
structures may offer improved performance than pure silk for skin tissue regeneration. The
complicated structure of native skin tissue and the mechanical performance require
multilayer scaffolding using a bio-mimimetic approach.

2) Artificial nerve guides: The human nervous system includes the central nervous system
(CNS) and peripheral nervous system (PNS) 17,122, 123) Peripheral nerves are capable of
self-healing from minor injuries, but fail to regenerate critical sized gaps after lesion/
trauma [124]. Recent advances in neurobiology and biomaterials, including the use of
collagen and silk fibers, provide optimism for new treatments for nerve injuries [, 123 sijk
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promoted neuronal outgrowth at interfaces (%] and was useful in helping to assess neural
signals and stimulate neurons [127]. Allmeling et al. (2011) described the use of nerve
constructs consisting of decellularized vein grafts filled with spider silk fiber guides to
bridge a 6.0 cm tibial nerve defects in adult sheep [**°],

Usually, silk fibers in monofilament, multifilament and non-woven formats are woven,
knitted and braided or combined into “wire-rope” scaffolds with a micro-porous

structure [8-%1. 127,129, 130) spR¢ nerve scaffolds prepared from non-woven or fiber
enhanced methods demonstrated good biocompatibility and appropriate mechanical
performance /n vitro and in vivo [, 132]. For example, Chen et al. (2007) conducted a 6-
month follow up after implantation of prototype nerve guide conduits reinforced with
oriented silk fibers in rats. The results suggested these silk-based nerve scaffolds as
candidates for nerve tissue engineering [+, 134]. Tang et al. (2009) also demonstrated SF
fiber nerve scaffolds with feasibility as CNS substitutes due to good biocompatibility when
studied with primary cultured hippocampal neurons ] Roloff et al. (2014) developed an
in vitro crossed silk fiber array to visualize direct cellular interactions between spider silk
and neurons /n vitro ™% *¥"1 silk films were used to modulate the conductance of astroglia
and sacrificial silk fibroin films (dissolution times of 15-20 min) were used for neural
interfaces [**8]

Electrospining has been widely used for nerve scaffolds including electrospun silk
nanofibers (39 or nano fibrous membranes. The silk has been also blended with other

. . . . L 140 141 .
biopolymers including chitosan or poly(l-lactic acid-co-caprolactone) [ **~1, poly(lactic-
co-glycolic acid) (PLGA) [**41, chitosan or PLGA-SF-collagen [***1, loaded with glial cell
line-derived neurotrophic factor and nerve growth factor [144], blended with B. morisilk
fibroin (BmSF) and Antheraea pernyi silk fibroin (ApSF) as examples [, However, only
limited size defects (10-13 mm) have been successfully bridged in rat or chicken animal

131 144

models [ =71,

3) Artificial ligament and tendon: Scaffold engineering for ligaments and tendons should
include systems that are biodegradable, exhibit sufficient mechanical strength, elasticity,
toughness and structural integrity, and promote the regeneration of new ligamentous and
tendon tissue [122,146,147) Many reports using SBBs for ligament tissue engineering have
appeared due to biocompatibility, slow degradability, and mechanical capabilities [t 13 For
example, some spider silk dragline fibers are lightweight at 1.3 g/cm3, high strength up to
4.8 GPa, and exhibit elasticity up to 35% [148]. Both woven and braided artificial ACLs can
be designed with similar mechanical properties to those of native ACLs in the human

body [149]. Bone marrow derived mesenchymal stem cells (MSCs) can attach, proliferate and
differentiate on these materials [149-151], The results showed that the cells within the
scaffolds generated tissues that resembled native ACL mechanically and histologically.
Additional options have included silk fibers with a crosslinked collagen matrix (2, 152],
electrospun PLGA fibers coated with silk [>°1, and the addition of basic fibroblast growth
factor and transforming growth factor-p (TGF-p) within the scaffold to stimulate
biochemical pathways for ACL regeneration [154]. For example, silk scaffolds modified with
arginine-glycine-aspartic acid (RGD) significantly increased collagen production [155]. Fang
et al. (2009) employed A. pernyi silk scaffolds to repair defects in the Achilles tendon using
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a rabbit model [*°°1. The results also suggested the possibility of using non-mulberry silk as
tendon scaffolds in BTFIs. Hohlrieder et al. (2013) developed a bioreactor for the physical
stimulation of ACL grafts prepared from SF, indicating that physical stimuli modulated cell
functions (138 Hennecke et al. (2013) reported that braided spider silk was suitable for
sutures in flexor tendon repair, providing similar tensile behaviour and improved fatigue
properties compared with conventional suture materials [*7]. Ghiasi et al.(2014) used both
texturing and coating method comprised of coated silk fibroin nanofibers onto the surface of
textured silk yarn to improve the properties of a tendon and ligament scaffold. The results
demonstrated that the nano-coated textured silk yarn can be a promising construct for
engineered scaffolds in tendon and ligament tissue engineering (1, Chen et al. (2014)
developed engineered tendons constructed with the tendon-specific transcription factor
scleraxis (SCX) in hESC-derived mesenchymal stem cells (hRESC-MSCs) and knitted silk-
collagen sponge scaffolds, demonstrating an ability of promote tendon regeneration (8]

4.2.3 Orthopaedic implants—Orthopaedic implants are used for hard tissue applications
to repair bones, as well as utility for fixation plates to stabilize fractures [159]. Usually, metal
and hard plastic materials are used for such implants to ensure structural integrity [160]. For
example, braided surgical cables composed of steel filaments ranging from 13 — 130 mm are
used to stabilize fractured bones or to secure orthopaedic implants (Y, The field is
currently shifting more towards soft implants and fixation methods. Li et al. (2006)
fabricated silk fiber scaffolds containing bone morphogenetic protein 2 (BMP-2) and/or
nanoparticles of hydroxyapatite (nHAP) prepared via electrospinning for /in vitro bone
formation from human MSCs [162]. The results showed that electrospun silk-based scaffolds
were useful for bone tissue engineering [162]. Kim et al. (2012) reported a modified silk
ligature twisted with wire for treatment of advanced periodontitis using a less invasive
approach, reducing unnecessary interventions compared to previously established
techniques. The results illustrated that alveolar bone was significantly lower in the silk and
the wire ligature group than the other groups on day 60 (p < 0.05), suggesting that
experimental periodontitis induced by the silk and wire ligature were effective for treating
periodontitis in canine models [*®°1,

4.2.4 Vascular implants—Woven, knitted or nonwoven stents made of synthetic
polymers are commonly used for transplants and bypasses of the abdominal aorta in the

. . [164_168;
treatment of occlusive vascular disease and aneurysmectomy . These systems
generally fall short of meeting the biological challenges at the blood-material interface and
fail at the microvascular scale (< 6 mm inner diameter) [".1%%] sBBs have been clinically

. . Lo 170 171 .
used for vascular tissue regeneration as flow diverting implants and stents """ ="~1. Previous
studies showed that non-woven silk fiber mesh scaffolds from silkworm cocoons (B. mori)
possessed an anti-thrombotic surface with good resistance to high shear stress and blood
flow 5. 172], thus good biocompatibility and supportive of intercellular contact with
endothelial cells "% 2], The outgrowth of endothelial cells isolated and expanded from
heterogeneous human peripheral blood cultures has been used in combination with silk fiber
meshes and demonstrated as a suitable autologous cell source for endothelialization of 3-D
silk scaffolds [*"°).
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The implantation of vascular grafts of silk composites consisting of B. moriand transgenic
silkworm silk into rat abdominal aorta provided patency (ca. 85%) after one year [176]. These
compositions offered good tensile strength to meet vascular requirements. Composites of
silk and human-like-collagen or warp knitted silk-poly(ethylene glycol diglycoldiglycidyl
ether) were used for vascular constructs and avoided early thrombosis ["* ‘1. Silk grafts with
small diameters, < 3 mm, and 0.15 mm thick, were employed to reconstruct an intra-cranial
aneurysm artery (L8 The burst strength of these silk prostheses was 811 mm Hg, lower
than gold standard saphenous veins (1,800 mm Hg) (L, 180]. In order to simulate the
multilayer structure of human blood vessels, multilayer grafts were fabricated. A multilayer
silk protein graft was designed to assess potential as small diameter vessels. A nanofibrous
silk coating as the outer layer supported the proliferation of smooth muscle cells and
fibroblasts. Silk fiber-reinforced films contained heparin as the internal layer to provide low
thromgogenicity. The results suggested good cytocompatibility and hemocompatibility /n
vitro ],

Most commercial vascular grafts and prosthesis currently consist of polyesters (Dacron®)
and use weaving and knitting technology. In order to improve biocompatibility, the surface
of these products is often modified using silk fibroin and other proteins such as collagen.
Yang et al. (2014) developed a seamless tubular prostheses made from a combination of
polyester and silk yarns [8Y The results showed that the polyester/silk woven samples had
better mechanical properties and improved cytocompatibility compared to commercial
expanded polytetrafluoroethylene (e-PTFE) implants. These prostheses were prepared in
different weaves using a modified rigid rapier loom [’ %82] and it was demonstrated that
small caliber arterial prostheses could be manufactured (811, The selection of suitable cell
sources remains a challenge for vascular reconstruction. The space between adjacent silk
fibers cannot be filled after seeding primary human endothelial cells (HPMEC-ST1.6R) and
endothelial cells (ISO-HAS-1) (183 Silk modifications to improve anti-coagulant activity
[188], to enhance endothelium coverage and to co-culture endothelial cells and smooth
muscle cells [ are all important issues for the development for native vascular tissues.

4.2.5 Gastrointestinal stents—Gastrointestinal stents can be divided into different
regions: esophagus, small intestine, gallbladder and large intestine. In previous studies,
biodegradable and or drug-loaded stents have been demonstrated as an option to treat
intestinal obstructions and stenosis 184, 185]. The major advantages of biodegradable stents
are that they avoid long-term complications and do not require removal, thus avoiding
further surgeries and potential morbidity [®% ¥7]. A few studies have been conducted using
silk-based intestinal stents. Ni et al. (2008) constructed a silk-based stent for the treatment of
tracheal defects in rabbits. The results showed that a new fibroblast layer formed (240 — 302

. . S . 188
um thick), and no foreign-body granuloma or macro-phage infiltration was evident [~ 1.
Zang et al. (2011) developed a scaffold composed of silk and chitosan which supported the

. T 189

formation of an epithelial lining for tracheal stents [ 1.

4.3 Extracorporeal implants

Extracorporeal implants are artificial organs that are used for blood purification and include
artificial kidney, artificial liver, and mechanical lung. The function and performance of these
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implants benefit from fibrous materials and textile technologies. Table 2 illustrates the
functions of each device and the materials used in their manufacture. The function of the
artificial kidney is achieved by circulating the blood through a fibrous membrane with
bundles of hollow fibers or fibrous 3-D structures. Many layers of needle-punched fabrics
composed of hollow fibers with different densities are designed for the rapid and efficient
removal of rwastes ["®!]. For the mechanical lung, micro-porous membranes with high
permeability to gases but low permeability to liquids are utilized, and function in the same
manner as the natural lung by allowing oxygen contact with the patient’s blood [161]. The
artificial liver can be made from hollow fibers or membranes similar to those used for the
artificial kidney. Usually, hollow fibers consist of regenerated cellulose composite fibers.
There is little reported on the use of silk-based hollow fibers for artificial organs, although
silk has been reported as a biomimetic coating to promote liver cell adhesion and
differentiation (9] Cirillo et al. (2004) developed SF-collagen blend films to investigate rat
liver cell adhesion and metabolism. The results suggested that silk was a suitable substrate
for liver cell attachment and culture, and a potential alternative to collagen as a biomimetic
coating because collagen may expose the host to risks of cross-species infections due to
contamination with prions [°°1.

4.4 Healthcare/hygiene biomedical textiles

Healthcare and hygiene biomedical textiles have been widely used in clinical applications
for the operating theatre and the hospital ward for hygiene, and the care and safety of
patients and staff. Table 2 illustrates biomedical textiles used in healthcare and hygiene
applications made from or treated with SBBs. These systems include fiber-based

materials [191-195, Silk-based BTFIs used in the operating theatre include surgeon’s gowns,
caps and masks, patient drapes, and cover cloths of various sizes. The advantages of silk-
based BTFIs include softness, biocompatibility, mechanical performance, and multi-
functions such as antibacterial properties of the silk fabric. Ricci et al. (2004) evaluated the
effectiveness of a special silk fabric (MICROAIR DermaSi/k®) in the treatment of young
children affected by atopic dermatitis (AD) with acute lesions at the time of examination.
The results showed a significant decrease in the severity of AD in the children involved [**%]
Sha et al. (2012; 2013) developed a nano-TiO, photocatalytic silk mask paper with new
functions, such as for the degradation of volatile organic compounds (VOCs), by combining
the advantages of silk fibers and nano-Tio, [**4 1%

5. Physical and chemical modifications

For biomedical textiles, the surface properties in contact with biological systems are
important, including features such as topography, hydrophilicity/hydrophobicity and
electrostatics, as these features can impact thrombogenicity, antimicrobial behavior and
biocompatibility. Surface modifications are methods to modify and optimize the surface

. . 1967 . . . . .
properties of materials and components [, including the introduction of new functional
groups, increases in surface energy or wettability, increases in hydrophobicity, improvement

. - ; 196

of chemical inertness, surface cross-linking and many other options ["""1. There are a
multitude of surface modification methods available to engineer custom designed interfaces,
including micro and nanostructuring of surfaces via lithographic techniques, imprinting and
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laser micromachining; shot peening, laser ablation, plasma spraying, gas plasma treatments,
ion bombardment, chemical etching, chemical and physical vapor deposition, as well as
coatings of proteins, polymers, ceramics and other molecular-level self-assembled

coatings [164,197 A number of surface modification techniques have been used for SBBs as
BTFIs including plasma activation, plasma polymerization, chemical grafting, and polymer
encapsulation of nanoparticles [t, 109, 166, 198200 ‘1o optimal surface will vary depending
on the particular application, such as the use for the medical implant. More significantly, the
optimal surface will vary with time, raising interest in dynamic surfaces, as well as smart
surfaces which react to a changing local biological environment. Therefore, modifications
and biotechnology approaches may facilitate more biocompatible silk-based BTFIs.

5.1 Surface coatings

Silk protein can be used as biocompatible coatings for BTFIs to improve or inhibit cell
attachment, cell proliferation and anticoagulant properties. Silk can be produced in powder,
solution and fibrous membrane formats with various surface properties to modulate
compatibility /n vitroand in vivo. B. morisilk possesses good antibacterial properties and
inhibits the attachment of Staphylococcus epidermis Gram-positive bacteria /n vitro when
coated on poly(propylene) and poly(amide) films (20 Moreover, several antibacterial
nanoparticles such as titanium dioxide and silver nanoparticles were blended into SF [109],
which then showed significant inhabitation of the proliferation of Escherichia. coll,
Pseudomonas. aeruginosaand S. aureus ]

Anticoagulant coatings are often used for biomedical implants, for example, on the surface
of artificial warp-knitted prostheses to reduce blood penetration through the wall.
Combinations of B. morisilk and poly(acrylic acid) modified with tetramethylpyrazine (199
or carboxymethyl keratin [198] showed better antithrombotic features than either of these
polymers alone due to the interactions. Furthermore, the release of heparin from fibrous
membranes of B. morisilk and Pellethane™ elastomeric particles can be controlled via
adjusting drug-loading, ratios, and fiber diameter in the membrane, as well as the density
and thickness 2%

Hybrid silk scaffolds were coated by hydroxyapatite (HA) using an alternate soaking
technology to progressively reduce the hydrophobicity of the silk surface (%] The
osteoinductivity of HA-coated silk scaffolds resulted in osteogenic differentiation of bone
marrow mesenchymal stem cells, and osteoblast growth and maturity. These HA-coatings
demonstrated utility for fabricating osteoinductive ends for silk-based ligament grafts to
enhance graft-to-host bone integration [2%2) Jiang et al. (2014) found that hydroxyapatite
(HAP) crystals grew under guidance from silk fibroin polyethylene terephthalate (PET)
surfaces. The study showed that the combined SF and HAP coating on the surface of PET
artificial ligaments induced graft osseointegration in bone tunnels.[?%. Zhang et al. (2014)
used poly(lactide-co-glycolide) (PLGA, 10:90) fibers to adjust the degradation rate of the
scaffolds and filled them with collagen to reserve space for cell ingrowth. A silk fibroin-
PLGA (36:64) mesh scaffold was prepared using weft-knitting, filled with type | collagen,
and incubated with rabbit autologous bone marrow-derived mesenchymal stem cells
(MSCs). These findings suggested that tissue engineered tendons could be constructed using
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weft-knitted silk fibroin-PLGA fiber meshes/collagen matrices seeded with MSCs for rabbit
achilles tendon repairs [204]. Li et al. (2013) studied the effect of multiple silk coatings to
improve the mechanical and biological properties of biphasic calcium phosphate (BCP)
scaffolds. The results showed that multiple silk coatings on BCP ceramic scaffolds achieved
a significant improvement of the mechanical properties of the scaffolds and positively

. . . 1205

influence osteogenesis by hMSCs over timel”™1

5.2 Physical modifications

Surface modifications include physical adsorption or chemical immobilization of silk
proteins or ligands. Compared to chemical modifications, physical modification of SBBs can
also provide suitable substrates to alter cell attachment and impact cell proliferation. Low
temperature radiofrequency (RF) plasma treatment is an effective technique to modify the
surface properties of natural silk fibers, without influencing their bulk properties [206‘209].
Nitrogen, oxygen, and argon are often used in cold plasma implants. RF plasma treatment is
a non-hazardous and environmentally friendly technique and has the advantage over wet
chemical treatment in terms of reduction in energy consumption, avoidance of solvents and
reduced treatment time [*1. Several investigations have been conducted on RF plasma
treatment of silk fibers in order to modify wetting, dying and printing properties, tensile
properties, shrink resistance, flame retardance, anti-bacterial properties, hydrophilicity and
hydrophobicity (Table 3) [Z-21°1

Gogoi et al. (2011) investigated the surface modification of muga silk fibers to improve their
tensile strength and hydrophobicity using Argon plasma treatment (27, Zheng et al. (2012)
conducted a study using titania sols by sol-gel methods and applied the sols with or without
cold oxygen plasma on degummed B. morisilk fabrics. The results revealed that processing
sequence of cold oxygen plasma and titania sols, and curing conditions, had significant
impacts on the crystalline, thermal, UV resistant characteristics of silk fabrics [210].
Although numerous attempts using plasma technologies have been employed in modifying
polymer surfaces [212], the mechanism of interactions between plasma and surfaces is
complex and difficult to fully understand [*°1.

5.3 Chemical modifications

Chemical modifications may be passive or active compared to physical modifications (27
Table 4 illustrates the usual chemical modification methods for silk-based BTFIs. In
previous studies, SBB surfaces were modified with integrin recognition sequence [arginine-
glycine-aspartic acid-serine (RGDS)] [*%], poly(ethylene glycol) (PEG) [**1 and
horseradish peroxidase (HRP) [““"1. Other available methods like carbodiimide chemistry
modifications (using amine or carboxyl groups) using glucose oxidase [221], 1,2-
cyclohexanedione %], arginine-glycine-aspartic acid (RGD) [??>~***, parathyroid hormone
(PTH) 2% ?%] and bone morphogenetic protein-2 (BMP-2) [22'] have been coupled to silk
to alter cell adhesion and proliferation, including human Saos-2 osteoblasts, tenocytes [223],
hMSCs and fibroblasts.

The diversity of chemical groups on silk proteins enables site-specific reactions, which allow
.. . . .. [228] . . . .
the addition of unique chemical moieties . Interestingly, an engineered spider silk
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protein (eADF4(C16)) provided a biomimetic coating (due to ECM related features) on
engineered spider silk films that improved cell adhesion[zzg]. Remero et al. (2013)
demonstrated that covalent attachment of negatively charged, hydrophilic sulfonic acid
groups to silk protein can promote pyrrole absorption and polymerization to form
conductive, interpenetrating networks of pyrrole and silk that did not delaminate. A variety
of small molecule sulfonic acid dopants were utilized to further increase the conductivity
and long-term stability of the Ppy network %% An engineered recombinant spider silk
protein eADF4(C46) was madified with the integrin recognition sequence arginine-glycine-
aspartic acid (RGD) by genetic (fusing the genetic sequence encoding GRGDSPG) and
chemical (using the cyclic peptide c(RGDfK)) approaches 5] The attachment and
proliferation of BALB/3T3 mouse fibroblasts were significantly improved on the films with
the RGD-modified silk proteins. Interestingly, the genetic hybrid protein (with linear RGD
sequence) showed similar or slightly better cell adhesion than the silk chemically modified
with cyclic RGD peptide (2]

Vepari et al. (2006) found that solution pH, hydrophobicity and pl of the protein determined
how the silk surface attracted or repelled the attachment of proteins [229] Modifying the
amino acid side chain chemistry can be used to add functions to silk. However, the total
content of modifiable amino acid side chain groups for chemical modifications is limited, for
example, about 3.3% of the amino acids offer carboxyl side chains, which is much lower
than bovine collagen (ca. 9.5%) (1, The possible reason for the differentiation of cells on
RGD-coupled silk matrices is that the increased cell density improved cell-cell

interactions [%2l. The above findings identified surface modifications with adhesion ligand
and specific growth factors or morphogens contributed to the utility of silk for biological
studies and offer routes to the further selection of chemical enhancements of SBBs in BTFIs.
Murphy et al. (2008, 2010) found out additional chemical modifications have also been
developed to exploit the higher percentage of tyrosines (>5%) in the silk, allowing additional
modifications as above but with a higher degree of substitution.

6. Critical issues, opportunities and future needs

6.1 Critical issues

6.1.1 Improvement of the mechanical properties of regenerated silk fibers—
Whether the silk material is to be woven, knitted and braided into biomedical textile
products or used as an individual fiber in biomedical applications, it is important to produce
long lengths of fibrous material or fiber in sufficient quantity and with acceptable
mechanical performance (i.e., similar to the native silkworm or spider silk fiber). Silkworm
silk have been reengineered into silk fiber materials using wet-spinning, electrospinning and
microfluidic approaches, which might be appropriate for spider-silk proteins as

well [12 232,233 The advantages and limitations of each system will determine their use in
specific applications or their commercial exploitation (34, 235]. For example, wet-spun fibers
usually offer higher mechanical properties than electrospun and microfluidic fibers. Hence,
wet-spun fibers are more suitable for weaving, knitting and braiding production. Although
native silk fibers possess remarkable mechanical properties, most regenerated silk fibers are
relatively weak and brittle when compared to native fibers. The tensile strength and
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elongation at break of the native fibers are 0.5 — 0.6 GPa and 10 — 40%, respectively, in
comparison, that of silk fibrous films (0.02 GPa and 2%, respectively) > 236]. The reason
for this difference may be the lack of appropriate hierarchical and secondary structures in the
regenerated silk materials 149,237, The first critical issue is that the mechanical properties
of regenerated silk materials need to be improved by control of specific structures during
regeneration [%8,2%8, 239 Once the mechanical properties of regenerated silk materials are
significantly improved or can be tailored according to different applications, silk fiber
materials will have more comprehensive applications in BTFIs. However, many studies have
not been expanded to large scale industrialization. As discussed above, wet spinning is better
to fabricate regenerated silk fibers with micrometer scale diameters. Development of
appropriate solvents for disolving SF but not destroying the stucture is important. Currently,
melt-spinning is mostly widely used in industry and the melt-spun fibers have the high
performance in terms of physical, mechanical properties and low production cost, however,
melt spinning of silk proteins is not currently considered due to the challenge of degradation
under such conditions. Thus new studies on creative approaches to melt-spun SF at low
temperature need to be investigated.

6.1.2 Biomechanics of silk-based biomedical textiles and fiber-based implants
—Dimensions, structural designs, materials properties and processing methods influence the
mechanical performance of BTFIs 3, 240‘243]. Therefore, the biomechanical properties of
silk-based BTFIs are important to consider. Usually, biomechanical performance, stress
distribution and deformation behavior of medical implants have been investigated by
different models including structural mechanical models such as the Bernoulli-Euler beam
theory and the Coulomb torsion theory [138, 244 245]. Numerical modeling is also often
adopted, including finite element model (FEM) analyses to expand stents by imposing
pressure to the internal stent struts [246] or by enlarging a rigid cylinder inside the stents for
displacement control [247]. Although much progress has been reported, few studies have
focused on the effect of biomedical textile structures and processing parameters on the
mechanical properties of silk-based biomedical textiles [181, 240, 248‘250].

6.1.3 Multifunctional features of silk-based biomedical textiles and fiber-based
implants

1) Controlled drug release: It is important for a drug system to have sustainable and
controllable release profiles to improve efficiency and minimize systemic side

effects 3, 251]. Biomedical textiles provide good opportunities for the combined use of
textile and pharmaceutical technologies to develop novel drug delivery systems. Silk-based
drug delivery systems (DDS) can be employed in BTFIs due to their biocompatibility and
highly tunable morphologies 22, 253]. However, challenges remain regarding drug-loading
capability, control of release, the structures (micro-crystal, amorphous, particulate) of the
loaded fibers and the possible interaction between the drug and material during spinning or
processing. There are also problems with the relationship between the structure of the silk-
based fibers and their drug release profiles, the release mechanism of drugs from silk-based
BTFIs, and mathematical models for the prediction of drug release.
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The forms of SBBs used for DDS are commonly particles, solution, sponges, films,
microspheres and hydrogels [254]. For silk-based biomedical textiles, electrospinning or
fiber-based composites are usually used for DDS. Core-sheath nanofibers composed of poly
(e-caprolactone) (PCL) and SF blends generated via emulsion electrospinning showed long-
term drug release [ > In contrast, core-sheath fibers displayed continuous release kinetics
(the cumulative release percentage of FITC is 62.2 + 4.2% at 80 h). These results indicated
that core-sheath structured PCL/SF nanofibrous scaffolds with sustained drug release have
potential utility in tissue engineering [255]. A fusion polypeptide comprised of a fibrous
protein domain and a mineralization domain was used to form organic-inorganic composites
which could be loaded with drugs [°"1, silk fibroin solution was combined with a
therapeutic agent to form materials, where the control of the release of the therapeutic agent
could be tuned based on silk protein conformation (content of beta sheet crystals) (8]
Single material carriers or layer-by-layer depositions can be used to load different
therapeutic agents or different concentrations of these agents in each layer. The silk fibroin
composition can comprise a fiber-based structure, hydrogel, coating or microsphere [2%8]

2) Controlled degradation: Compared to other commercial synthetic biomaterials such as
polyglycolides and polylactides, SBBs or recombinant silk protein-based materials present a
rare combination of desirable properties for sustained drug delivery, including
biocompatibility, robust mechanical properties, aqueous-based purification and processing
options without chemical cross-linkers, compatibility with common sterilization methods,
controllable and surface-mediated biodegradation into non-inflammatory by-products and
utility in drug stabilization [*°% ?°°1. As evidenced by a number of sustained release silk-
based formulations described in a recent review by Yucel et al. (2014), silk plays a role in
stabilizing small molecule or biological therapeutics as a function of adsorption, covalent
attachment, entrapment, and/or encapsulation (29 For example, the degradation products of
the synthetic biomaterials can be absorbed via metabolic pathways, but the release of acidic
by-products can induce a rapid decrease of mechanical properties during early degradation
due to acidic hydrolysis [260, 280 contrast, one of advantages of SBBs is that they can
maintain appropriate mechanical properties over a long time due to the surface mediated
enzymatic degradation of the silk, as opposed to the bulk hydrolysis of the synthetic
systems. In particular, the slow degradation and load-bearing capacity are important for
tissue engineering. Despite the above advantages, it is also important to understand the
mechanisms and correlation of silk degradation with mechanical properties [, 158].

In general, silk is slowly absorbed /n7 vivo and defined as a non-degradable biomaterial
according to the definition made by US Pharmacopeia. This is because silk fibers retain
more than 50% of their mechanical properties after two months of implantation in

Vivo o, 262]. In a rat model with subcutaneous implantation, silk fibers lost 29% of their
tensile strength at 10 days, 73% at 30 days and 83% within 70 days post-implantation (Table
5) [, 263 Silk degrade via the action of proteases. The rate of silk degradation depends
upon the structure, morphology, and mechanical and biological conditions at the location of
implantation. Usually, silk degradation can be regulated by changing crystallinity, pore size,
porosity and molecular weight distribution (MWD) %4 1n previous studies, regenerated
silk fibroin biomaterials degraded much faster than native fibers due to the secondary
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structure of silk from preparation of regenerated silk materials (2% The results
demonstrated that a high content of -sheet structure leads to a low degradation rate. The
random coil regions in the silk fibroin material are degraded, whereas the crystal regions
remain stable. Hence, these findings indicate that it is possible to control the degradation rate
of a silk fibroin scaffold by controlling the content of B-sheet structure for a specific devlice
or tissue engineering application (%]

6.2 Opportunities and Future needs

A shift in population demographics, including a growing elderly population and higher
obesity, affect BTFIs development. Active patients increasingly consult with surgeons about
treatment options and minimally invasive surgical techniques that return them to health in a
shorter time than traditional more invasive surgical procedures. To meet the increasing
demand in the society, biomedical textile engineering aims to develop a holistic and
integrative approach of designing and engineering BTFIs to meet biomedical and healthcare
needs. SBBs, in particular, are being re-engineered with flexible and compliant textile
structures to minimize the loss of natural movement. For example, the global orthobiologics
market is estimated to more than double from US$ 4.3 billion in 2009 to US$ 9.6 billion by
2016 [*°1. US sales of advanced DDSs have continued to grow 15.6% annually, reaching
$153.5 billion by 2011 [301. The competitive orthopaedic soft tissue repair market also is
expected to grow from US$ 920 million to US$ 1.6 billion in the same time period (2%,

On a worldwide basis, biomedical textile stents made from synthetic polymers using textile-
forming technologies have been in routine clinical use for nearly five decades and have been
implanted in hundreds of thousands of patients. Although a number of areas of study are
developing in the novel silk-based BTFIs, these include developments in polymer science
and advanced textile solutions such as non-weaving, braiding, knitting and weaving
technologies, there remain many questions for silk-based BTFIs to progress to clinical
applications. First, new development needs to exploit the biocompatibility, mechanical
properties, fiber varieties and fabric-forming techniques of SBBs which are required to
improve silk-based BTFIs with increased value and end-use performance in the biomedical
textile field. Furthermore, the development of silk-based BTFIs is a multidisciplinary field
which needs in-depth research involving biology, medicine, material engineering and
mathematics.

7. Conclusions

The textile industry has demonstrated its competiveness in the field of biomedical and
healthcare, with the development and advanced manufacturing of medical textiles, smart
textiles and multifunctional textiles. BTFIs are very important in all aspects of medicine and
surgery and the range and extent of applications to which these materials are used is a
reflection of their enormous versatility. Among the variety of materials used for BTFIs,
SBBs have been widely used clinically such as for sutures for centuries and are increasingly
recognized as a prospective material for biomedical textiles.
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Cross-section diagrams of silkworm (a) and spider silk fibers (b): a and b are schematic

diagrams [*°1.
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Figure 2.
Schematic of sources, processing and regeneration of silk-based biomaterials for biomedical

textiles and fiber-based implants: (A) illustrates silk production or modification from worm
to cocoon, and then purification; (B) the degummed or purified fibers processed into various
BTFIs, or formed into aqueous silk fibroin solution; (C) the aqueous silk solution used for
silk fiber regeneration using electro-spinning and wet-spinning i 266].
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Figure 3.

Publications and citations on silk-based biomedical textiles and silk implants and silk
devices (data searched from SciFinder and Web of Science, Thomson Reuters, searched
topic: silk medical textiles OR silk implants OR silk device, Time-span: 1999-2015).
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Figure 4.
Prototype samples for BTFIs using natural or synthetic polymers including silk or polyester

mono or multi-filaments: (a) weft-knitted stent, (b) woven chest wall, (c) artificial nerve, (d)
cross-section of multi-layer woven vascular prosthesis, (e) two-layer vascular prosthesis, (f)
surface of endo-vascular graft membrane, (g) endo-vascular graft for abdominal aneurysms.
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Table 2

List of biomedical textiles made from silk-based biomaterials: categories, types of materials and applications

Categories Product applications Textile technologies Materials used Ref.
Non-implantable materials Wound dressings Non-woven/knitting Fibrous silk film/ [111 112 267 268
Orthopaedic bandages/textiles Knitting/woven composites o1
Silk fabric
Surgical sutures Mono/multifilament braided Silk thread or a [11, 147 269271
titanium clip
Soft-tissue artificial implants Knitting and/or braiding RGD-modified silk [18-20)
i Woven/warp and/or weft knitting multi-fiber rope [138, 149 152 154 155 272, 273
+  Tendon/ligament/nerve; Non-woven B. mori SF net A
. 173 274
. ) ) Poly(L-lactide-co-e- £
:?Jrsnclli meshes/skin/ caprolacton €) (PLCL)/ [275,276)
collagen and or SF
Cornea/heart valves fibers
Orthopedic implants Non-woven/electrospinning SF matrix of bone [162,277)
Artificial ioints/b Braiding protein & nHAP [163 278)
. rtificial joints/bones ified silk li '
Implantable materials ) t'\\/l/v(i)gt:afclie\?visrgk ligature
. Dental floss/tape
Vascular implants Non-woven/braiding/woven 3-dimentional SF [175,183)
Woven/knitting/braiding/eletrospinning  scaffold [5,181 279
+  vascular grafts PET/silk yarns with C

sericin coating
Multifilament silk
yarn/SF coating

. Vascular prosthesis

Gastrointestinal stents Weft/warp knitting/braiding/non - Drug-loaded SF coating [164, 280

woven coating
. Tracheal/esophagus/bowel

Extracorporeal implants Artificial kidneys/lungs Silk film from B. mori SF Silk-polylysine block [173,28Y
Atrtificial liver Non-woven/fiber blending copolymers with [190;
plasmid DNA
Silk fibroin/collagen
blend films
Healthcare/hygiene products  Hospital/surgical textile fabrics Non-woven/weft knitting/warp SF finishing agents; [191_195)
(gowns/wear) knitting/woven/braiding/textile coated with
Face masks finishing antimicrobial
substances
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Table 3

Physical modifications of silk-based biomaterials for BTFIs

Page 34

Approaches General practice Findings Ref.
. Random-coil to alpha and then to
. To change silk beta for_m at 100 and 205°C,
Thermal treatment conformational structure respectively 282

Plasma treatment using Ar/cold
oxygen

y-ray/Raman irradiation treatment

Ultrasonic

Sericin finishing treatment

. To change the physical
and thermal properties;

. To evaluate influences on
silk fiber structure and
performance

. To increase the
degradation rate of silk
fiber;

. To detect flavonoids in
silk fiber;

. Removal of silk sericin
eco-friendly

. Modification of cellulose
fiber with silk sericin

. To increase comfort of silk
fabric

Degradation occurred at 240 °C

The ion energy determined the
tensile strength and hydrophobicity
of the treated silk fibers

Improvement in tensile strength and
hydrophobicity of treated silk fiber

30-500 kGy of y-ray irradiation
promoted the degradation of silk
fiber from B. mori

Crystalline areas degraded and silk
11 structure partially converted to
silk | structure.

Sericin removed by ultrasonic
methods.

Increasing sericin content greater
color depth in dyed silk and
reduced free formaldehyde content;

Silk electrical resistivity decreased
and water retention increased when
sericin content increase.

[207) 210, 283]

[284v 285]

[286]

[287]
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Table 4

Chemical modifications of silk-based biomaterials for BTFls

Page 35

Approaches

General practice

Findings

Ref.

Chemical assembly of TiO,-Ag nano

particles

Silk grafting with chitosan or vinyl
phosphate

lodine treatment

Crosslinking reaction of nano TiO,
and chitosan

chemically modified with sodium
hydroxide or poly(pyrrole)

Emulsion graft copolymerization

Sol-gel crosslinking

To produce a multifunctional
silk fabrics for biomedical
applications

To improve biocompatibility

To promote wound-healing
and antibacterial effects

To improve antibacterial
properties of silk fibers after
iodine treatment

To study the structure and
physical properties after the
iodine treatment

To modify B. morisilk fibers
including mechanical and
wrinkle recovery properties

To improve the interface of
the silk matrix

To used for bone repair and
remodeling

To change the yellowing
tendency, shrinkage and poor
wrinkle resistance

To develop silk/silica hybrid
materials in nano composite
biomaterials

Modified silk fabric possesses UV
protection and an efficient anti-
bacterial capability

With high photo catalytic and self-
cleaning capability

the modification of chitosan-
grafted silk fibroin structure was
stronger with glutaraldehyde than
with epoxy or dimethacrylate

The iodine component weakened
the hydrogen bonding between the
SF molecules forming the -sheet
structure and caused molecular
motions of the crystal to occur
more easily with heating

With heating above 270°C, the
iodine component introduced
intermolecular crosslinking to SF

Crystallinity of B. morisilk fibers
increased after treatment

Mechanical and wrinkle recovery
properties increased

Facilitated the formation of highly
ordered three-dimensional porous
networks

Increased the microhardness of the
composite;

Promoted the growth of HA
crystallites

Improved thermal stability and
water repellence of silk fibers

Formed silk/silica hybrid films
with even nanometer particles

Improved the thermal properties

[288]

[289,290;

[291’ 292]

[293]

[294’ 295]

[296]

[297]
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Tensile strength loss (%) of different sutures after implantation in a rat model [, 263)

Table 5

Suture

Time post-implantation

10days 30days 70 days

Black braided silk
Polyglycolic acid (PGA)
Multifilament nylon

Monofilament nylon

29% 73% 83%
65% 92% 99%
16% 19% 22%

3% 7% 16%
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