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Abstract: Bombyx mori silk fibroin (SF) is one of the most important fibers among biomedical porous 

materials due to its superior machinability, and biocompatibility. It is also chosen for its biodegradability 

and bioresorbability. It is a protein-based fiber. In this paper, we have reviewed the key features of SF. 

Moreover we have focused on the morphous, technical processing and biocompatibility of SF porous 

materials. We have also dealt with its application in research. Finally, a perspective on potential applications 

and problems of SF porous materials were provided. 
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1. Introduction 
 

Porous three-dimensional materials and the network 

structure materials are composed of interconnected or 

closed pores. They possess some excellent 

characteristics, such as favourable mechanical 

properties and optic-electrical properties, good perm-

selectivity, selective adsorption and chemical activity. 

Porous three-dimensional biomaterials provide a 

microenvironment for attachment, increase surface 

area, support a large cell mass, form an extracellular 

matrix and play an important role in manipulating cell 

functions in regenerative medicine [1]. Moreover, 

tissue engineering is an interdisciplinary and multi-

disciplinary field that aims at the development of 

biological substitutes that restore, maintain, or improve 

tissue function [2].  

Bombyx mori silk is a naturally occurring polymer 

that has been used in textile production and as clinical 

suture for centuries [3]. Silk in its natural form is 

composed of a filament core protein, SF, and a glue-

like coating consisting of a family of sericin protein. 

SF consists of heavy (H) and light (L) chain 

polypeptides
 
of ~390 kDa and ~26 kDa, respectively, 

linked by a disulfide bond
 
at the C-terminus of the two 

subunits, and associates
 

with the H-L complex 

primarily by hydrophobic interactions
 

[4]. The 

hydrophobic blocks tend to form β-sheets or crystals 

through hydrogen bonding and hydrophobic 

interactions, forming the basis for the tensile strength 

of SF [5]. These ordered hydrophobic blocks combine 

with the less ordered hydrophilic blocks to give rise to 

the elasticity and toughness of SF [6]. SF also exhibits 

diverse structures, mechanical properties and 

biocompatibility. Based on these features, interest has 

arisen in the use of Bombyx mori SFs as starting 

materials for biomaterials and scaffolds for tissue 

engineering [7]. Recently, there have been many 

reports about SF porous materials which have been 

widely investigated in controlled drug delivery system, 

anticoagulant blood materials, biosensors, artificial 

ligaments, artificial tendon and artificial skin, etc
 
[8]. 

In this paper, we will focus on SF based porous 

materials derived from Bombyx mori silkworms. 

Several preparation methods, different morphous of SF 

porous materials and its applications are reviewed as 

follows. 

 

2. Silk fibroin processing 
 

2.1 Solution of silk fibroin 
 

Because SF is coated by sericin, degummimg is very 

important. High-purity SF fiber can be obtained easily 

from degummed silk [9]. SF can be dissolved in 

neutral solutions of salts such as LiSCN, LiBr, and 

CaCl2 [10,11]. In the processing of SF porous 

biomaterials, preparation of SF-based scaffolds with 

high porosity and interconnected homogeneous pores 

has become one of the major challenges. Several 

methods including salt leaching, freeze-drying, gas 

forming and freeze-drying/foaming have been 

developed to fabricate porous fibroin scaffolds [12]. 

 

2.2 Non-woven silk fibroin mats 
 

Non-woven SF nets/mats/membranes can be prepared 

using SF with diameters in the range of several to tens 

of micrometers in their native or partially dissolved 

forms [13]. A process for producing non-woven SF 
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nets/mats/membranes comprises the following steps 
[14]: firstly, degumming and removal of the sericin; 
secondly, by a homogenization and drying step (Figure 
1) that yields 3D, nonwoven nets/mats/membranes. 
Non-woven mats can also be obtained by 
electrospinning SF fibers with different diameters [15]. 
Electrospinning uses electrical forces to produce 
polymer nanofibers with diameters around fifty 
nanometers and arbitrary length. Electrospinning 
occurs when electrical force at the surface of a polymer 
solution or melt overcome surface tension and 
viscoelastic forces and create an electrically charged 
jet. When the jet dries or solidifies, an electrically 
charged fiber remains, which can be directed or 
accelerated by electrical force and then collected in 
sheets or other useful shapes [16]. The two methods as 
mentioned above are the predominant ways to obtain 
SF-based porous mats.  
 

 
 
Figure 1. (A) Silk fibroin is purified from sericins via 
boiling in an alkaline solution. (B) Processing of silk 
morphologies from aqueous silk fibroin solution [17]. 
 

2.3 Silk fibroin hydrogels 
 

Hydrogels are three-dimensional polymer networks 
which are physically durable for swelling in aqueous 
solution but do not dissolve in these solution [17]. 
Hydrogels are formed from regenerated SF solution by 
a sol-gel transition in the presence of acid, ions, or 
other additives [18]. During the gelation process, SF 
experiences a structural transition from random coil to 
β-sheet due to enhanced hydrophobic interactions and 
hydrogen bond formation [19, 20]. The processes for 
producing regenerated SF hydrogels are as follows: a) 
silk is obtained from silk cocoons; b) the sericin layer 
covering the silk fibers is removed; c) the disulfide 
bonds are broken in order to obtain aqueous SF 
solutions; d) the silk aqueous solutions are 
concentrated; e) some acid, ions, or other additives are 
added; f) after further processing, such as freeze-drying, 
microporous SF sponges are formed from hydrogels. 
Recently, many applications suggest the potential of 
porous hydrogels for cell culture and in regenerative 
medicine [21]. Those will be reviewed in later sections. 

 
2.4 Silk fibroin porous sponges 

 
Porous sponges are important tissue engineering 
materials. SF porous sponges can be obtained using 
porogens, gas forming, and freeze-drying, freeze-
drying/foaming, electrospun fibers [22]. Solvent-based 
sponges were prepared using salt (e.g., sodium chloride) 
or sugar as porogen. Porogens such as NaCl were 
added into SF aqueous solutions in disk-shaped 
containers, and then the containers were covered and 
left at room temperature for 24 hours, and then 
leaching the salt in water at room temperature for 24 
hours and drying it [1]. Freeze-drying-based sponges 
were prepared using crosslinking agent, freezing and 
drying [9]. The freeze-drying/foaming method was a 
composite processing method to prepare 3-D SF 
scaffolds. Unlike the freeze-drying method, the ice/silk 
composites were firstly placed in the atmosphere at 
20°C for different times to make them partly thaw and 
then lyophilized leaving a porous material [12]. 
Electrospinning has also been one of the important 
methods to obtain SF porous scaffolds. There are many 
ways to prepare the 3-D SF scaffolds. Those 
mentioned above does not cover all the ways, but 
rather the predominantly used methods to produce the 
material. 
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3. Biocompatibility and degradation of 
silk fibroin porous materials 
 

As a biomaterial, the “heterogeneity” or 
immunogenicity of a SF porous biomaterial is a crucial 
limitation for its clinical applications. Once a 
heterologous antigen enters the body, B cells [23], 
macrophages, dendritic cells [24] and mast cells [25] 
from our immune system are activated and produce 
antibodies and various cytokines targeting antigen 
epitopes on the biomaterials to attack and get rid of the 
“foreigners” by humoral and cellular immune 
responses. The biocompatibility of SF porous materials 
is an important first consideration. Several primary 
cells and cell lines have been successfully grown on 
different SF porous materials to demonstrate a range of 
biological outcomes. SF porous materials are 
biocompatible when studied in vitro and in vivo [26, 
27]. SF nonwoven nets may be excellent candidates for 
clinical applications since they both enjoy a long-
lasting biocompatibility, inducing a quite mild foreign 
body response, but no fibrosis, and efficiently guide 
reticular connective tissue engineering. In recent years, 
some researchers have studied the immunogenity of SF 
biomaterials. The residual sericin plays a crucial role 
affecting the biocompatibility of SF porous materials. 
Small fibroin particles and soluble sericin protein 
extracted from native silk fibers did not induce 
significant macrophage activation [7]. While sericin 
did not activate macrophages by itself, it demonstrated 
a synergistic effect with bacterial lipopolysaccharide. 
The in vitro inflammatory response of degummed SF 
compared with polystyrene and poly (2-hydroxyethyl 
methacrylate) shows less adhesion of 
immunocompetent cells [28]. SF films [29] implanted 
in vivo and SF non-woven mats implanted 
subcutaneously in rats induced a lower inflammatory 
response. Surface modification is also an important 
method to improve the performance of SF porous 
materials. For example, surface modification with the 
integrin recognition sequence (Arg-Gly-Asp) RGDs 
can increase cell attachment [30]. Glucose-oxidase was 
immobilized on SF films for use as a glucose sensor 
[31], and so on. 

Biodegradation behaviours of SF porous materials 
play an important role in regenerative biomedicine. 
Many in vitro and in vivo studies have show that the 
degradability of SF porous biomaterials was related to 
the mode of processing and the corresponding content 
of β-sheet crystalline form [17]. A useful scaffold for 
tissue engineering materials should be biocompatible, 
as well as biodegradable [32]. Li et al. [33] 

investigated the degradation behavior of porous SF 
sheets by in vitro enzymatic experiments with α-
chymotrypsin, collagenase IA, and protease XIV. 
Rebecca et al. [34] researched SF yarns’ degradation. 
Results support that silk is a mechanically robust 
biomaterial with predictable long-term degradation 
characteristics by many detection methods. Wang et al. 
[35] implanted 3-D SF porous scaffolds into two kinds 
of rats and observed the morphous of the materials at 
different times. Gu et al. [36] have investigated the 
degradation behaviors of SF-nerve guidance conduits 
(SF-NGCs) versus SF fibers. The results collectively 
indicated that SF-NGCs were able to degrade at a 
significantly increasing rate to meet the requirements 
of peripheral nerve regeneration. These results 
demonstrate that the in vivo behavior of the three-
dimensional SF scaffolds is related to the 
morphological and structural features that resulted 
from different scaffold preparation processes.  

In summary, the in vitro biocompatibility and 
degradability of SF porous material has been proved. 
An important characteristic of SF is an increasing 
instability and solubility over time in vitro and in vivo, 
due to enzymolysis. Long-term stability and 
mechanical integrity are essential for cells that require 
sufficient time and stiffness to produce their tissue-
specific matrix. Therefore, it is necessary to adjust 
degradation rate of the SF scaffolds material in order to 
match with the tissue regeneration. 

 
4. Application of silk fibroin based 

porous materials 
 

Recently, SF porous material has been investigated in 
biomedical materials fields including bone and 
cartilage, skin tissue, vascular grafts, nerve repairing, 
ligaments and tendons. In addition to all the mentioned 
above, SF porous material was also studied in repairing 
of cornea, wound dressings, drug release, sensors and 
so on. All of these aspects exhibit the great prospects 
of SF porous materials in biomedical applications. 

 
4.1 Bone and cartilage 

 
Bone tissue is a specialized form of connective tissue, 
which is composed of calcified extracellular matrix 
and bone cells including osteoprogenitor, osteoblasts, 
osteocytes and osteoclasts. The bone matrix consists of 
both an organic and inorganic matrix [37]. The 
biodegradability, distinguishing mechanical properties, 
and low inflammatory response of SF [38] ensure its 
role as one of the promising porous materials for 
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osteogenic applications. Recently, SF porous material 
has been the primary biomaterial observed as bone and 
cartilage materials.  

In vivo implantation of electrospun Bombyx mori 
SF fibers in calvarial defects in mice facilitated the 
complete healing of the defect with new bone within 
12 weeks [39]. Similarly, Bombyx mori SF hydrogels 
have been used as scaffolds for bone tissue growth 
both in vitro and in vivo in rabbits without 
inflammatory effects [40]. Aside from biologically 
generated bone as above, options to control 
hydroxyapatite mineralization on silk biomaterial 
matrices have also been reported [41]. The results 
suggest increased osteoconductive outcomes with an 
increase in initial content of apatite and BMP-2 in the 
SF porous scaffolds. The premineralization of these 
highly porous SF protein scaffolds provided enhanced 
outcomes for the bone tissue engineering [42]. 
Calcium-phosphate (Ca-P) coatings have been shown 
to reduce the fibrous encapsulation layer and enhance 
direct bone contact and stimulate differentiation of 
bone marrow stromal cells along the osteogenic 
lineage [43]. Survival rate of seeded cells is very 
critical for bone tissue engineering, but the seeded cells 
inside the scaffold may not survive sufficiently to 
repair a large critical sized defect. These cells like 
recruiting host cells to participate in new bone 
formation and defect repair [44-47]. Moreover, highly 
porous scaffolds which performed the role of a 
temporary matrix for anchorage dependent cells are an 
important factor in the success of tissue engineering. 
Vascularization which is also critical for osteogenesis, 
seeded cells, as well as resident host cells is essential 
to repair critical sized defects successfully. 

 
4.2 Skin tissue 

 
Skin tissue is the biggest organ in human’s body. It 
plays a crucial role in protecting human body from the 
environment, dehydration, and infectious agents. 
Several studies show that SF porous material can 
accelerate wound healing, improve adhesion and 
spreading of normal human keratinocytes and 
fibroblasts, upgrade the growth and development of 
skin tissue. Proteins are among the most successful 
materials applied as skin grafts [48]. Fibrin is a kind of 
good skin substitute [49]. 

Some people carried out a series of studies to 
investigate the potential of SF matrices and SF blend 
matrices for improving the skin repairing [50-53], and 
the outcomes demonstrated the strong potential of SF 
or SF blend matrices as skin regeneration substitutes. 
In our studies, SF porous materials were prepared by 

freeze-drying. The L929 cells can attach and 
proliferate well in the SF porous materials, and it was 
similar to that in collagen materials. No signs of 
cellular lysis, intracellular granulation or cell 
morphological changes were observed. In conclusion, 
SF porous materials have great potential in skin tissue 
repairing. But reduction of the scar and regeneration of 
coil gland are still some problems that need to be 
resolved in skin repairing. 

 
4.3 Vascular grafts 

 
SF porous matrices have potential applications as 
vascular graft matrices due to their ability to support 
the attachment, proliferation and differentiation of 
vascular cells and resist shear stress and pressure from 
simulated blood flow.  

Many attempts have been made to develop small-
diameter blood vessels due to increasing demands for 
vessel transplants, but all these approaches have almost 
failed. Greatly reduced graft patency was observed 
when cell-free synthetic prostheses were utilized for 
small diameter arteries, such as coronary and 
infragenicular vessels [54]. Bondar et al. [55] have 
investigated endothelial cell (EC) responses to nano- 
and micro-scale silk fibers in terms of cell morphology, 
proliferation, formation of intercellular contact, and 
expression of adhesion molecules. Outcomes revealed 
no significant differences between micro- and 
nanofibrous scaffolds. Also, interactions between ECs 
and SF matrices were investigated through the 
expression of specific transmembrane receptor 
molecules. The results of real-time PCR revealed 
significant up-regulation of integrin-β1 in ECs grown 
on nanofibrous compared to microfibrous scaffolds. 
Soffer et al. [56] have developed SF into porous 
tubular structures. The average burst strength of the 
tubular scaffolds was greater than those prepared with 
collagen [57]. However, further development is needed 
to reach the gold standard of the saphenous vein whose 
burst strength is very large [58]. Following Soffer’s 
work, the evaluation of the biological potential of these 
electrospun SF porous matrices for vascular grafts was 
determined [59]. The proliferation, metabolic viability, 
morphology and phenotype of human aortic 
endothelial cells (HAECs) and human coronary artery 
smooth muscle cells (HCASMCs) on 2-D electrospun 
SF porous matrices were examined. The results show 
that electrospun SF porous matrices have good 
biocompatibility. Thus, the need for further research 
into both the biological and mechanical properties was 
demonstrated. Future work with SF small-diameter 
vascular grafts will need to focus on co-cultures of 
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endothelial and smooth muscle cells in a tubular, 
perfusion environment to more closely mimic the in 
vivo environment. 

 
4.4 Nerve grafts 

 
Peripheral nerve repair represents a common clinical 
challenge, and the current gold standard for treating 
large nerve defects involves the implantation of nerve 
auto-grafts that is limited by graft availability, 
secondary deformities, and potential differences in 
tissue structure and size [60]. It has been previously 
reported on good in vitro biocompatibility of SF fibers 
with peripheral nerve tissues and cells [61]. Several 
authors have reported that nerve conduits (NC) 
releasing neurotrophic factors can enhance nerve 
regeneration across long nerve gaps [62]. The SF graft 
was used for bridge implantation across a 10-mm long 
sciatic nerve defect in rats, and the outcome shows that 
SF grafts could promote peripheral nerve regeneration 
with effects approaching those elicited by nerve 
autografts which are generally considered as the gold 
standard for treating large peripheral nerve defects [63]. 
However, involving the implantation of nerve auto-
grafts, research gold standard for treating large nerve 
defects is still endeavored. For example, the methods 
of preparation of nerve material, some new starting 
material obtained for nerve material, the interaction 
between material and organism and so on. 
 
4.5 Drug delivery 

 
Drug delivery technologies were used in modifying 
drug release profile, absorption, distribution and 
elimination for the benefit of improving product 
efficacy and safety, as well as patient convenience and 
compliance [64]. However, many medications such as 
peptides and proteins, vaccines, and gene based drugs, 
in general, may not be delivered using conventional 
routes. Bombyx mori SF materials for drug delivery 
may improve the drug delivery situation. And SF is a 
protein soluble in water, and, when processed into 
scaffolds, resulting in a biomaterial with excellent 
mechanical properties, slow bio-degradation and well 
established biocompatibility. So, SF has been 
suggested as a platform for drug delivery either in the 
form of films [65] or as genetically engineered silk-
elastine hydrogels [66] and other SF or SF blended 
materials [67-70]. 

Because SF protein might be susceptible to 
enzymatic degradation or cannot be absorbed into the 
systemic circulation efficiently due to its molecular 

size and charge issues. For this reason, we still have 
many problems in further research. Current efforts in 
the area of drug delivery include the development of 
targeted delivery in which the drug is only active in the 
target area of the body (for example, in cancerous 
tissues) and sustained release formulations in which 
the drug is released over a period of time in a 
controlled manner from a formulation. Types of 
sustained release formulations include liposomes, drug 
loaded biodegradable microspheres and drug polymer 
conjugates. 
 

4.6 Other application studies 
 

Besides all those mentioned above, SF porous 
materials were also studied in some other fields. For 
example, glucose oxidase was immobilized onto the 
blended membrane of poly (vinyl alcohol) (PVA) and 
regenerated into silk fibroin. The morphology and 
application to glucose biosensor were investigated [71]. 
Moreover, SF porous materials were regarded as 
cornea material [72], tracheal scaffolds [73], ligaments 
and tendons [74] and so on. In summary, application 
research of SF porous material demonstrated that it has 
great potential to be used in biomaterial field.  

 
5. Further prospects 

 
With the development of SF porous materials, more 
and more novel SF porous materials will be fabricated. 
However, there are still some problems which should 
be solved: 
(1) SF can be processed into diverse morphologies to 

meet the different needs. Novel methods should be 
originated to create a wide variety of exciting SF 
porous materials. 

(2) Biodegradation rate should be controlled and made 
to match with the growth of an organism. 

(3) Surface modification also should be used to 
improve biocompatibility of SF porous materials. 
To develop SF porous biomaterials for clinical 
usage, the materials with lower immunogenicity or 
without the immunogenicity should be taken into 
consideration. 

(4) To ensure that more and more new and promising 
SF porous materials could be applied in clinical 
medicine. 

 
Acknowledgements 
 
This work was supported by the National Natural 
Science Foundation of China (30970714), Nature 

5



Porous Materials Based on Bombyx mori Silk Fibroin  
Qiang Zhang  et al. 

 

Science Foundation of Jiangsu Province (BK2010252), 
and Priority Academic Program Development of 
Jiangsu Higher Education Institutions. 
 
References: 
 
[1] Hutmacher DW. Scaffolds in tissue engineering 

bone and cartilage. Biomaterials 2000; 21: 2529-
2543. 

[2] Rice MA, Dodson BT, Arthur JA, Anseth KS. 
Cell-based therapies and tissue engineering. 
Otolaryngol Clin North Am 2005; 38: 199-214. 

[3] Moy RL, Lee A, Zalka A. Commonly used suture 
materials in skin surgery. Am Fam Physician 1991; 
44: 2123-2128. 

[4] Kaplan DL, Adams WW, Farmer B, Viney C. Silk: 
Biology, structure, properties and genetics. In Silk 
Polymers: Materials Science and Biotechnology. 
In: Kaplan DL, Adams WW, Farmer B, Viney C. 
Eds. American Chemical Society: Washington: 
DC, USA, 1994.ACS Symposium Series 544. p. 2. 

[5] Simmons AH, Michal CA, Jelinski LW. 
Molecular orientation and two-component nature 
of the crystalline fraction of spider dragline silk. 
Science 1996; 271: 84-87. 

[6] Vollrath F. Spiders’ webs. Curr Biol 2005; 15: 
R364-R365. 

[7] Panilaitis B, Altman GH, Chen JS, Jin HJ, 
Karageorgiou V, Kaplan DL. Macrophage 
responses to silk. Biomaterials 2003;24: 3079- 
3085. 

[8] Li C, Vepari C, Jin H, Kim H, Kapalan DL. 
Electrospun silk-BMP-2 scaffolds for bone tissue 
engineering. Biomaterials 2006; 27: 3115-3124. 

[9] Li MZ, Lu SZ, Wu ZY, Yan HJ. Study on porous 
silk fibroin materials.1.Fine structure of freeze 
dried silk fibroin. J Appl Polym Sci 2001; 79: 
2185-2191. 

[10] Liu YC, Liu HY, Qian JH, Deng JQ, Yu TY. 
Regenerated silk fibroin membrane as 
immobilization matrix for peroxidase and 
fabrication of a sensor for hydrogen peroxide 
utilizing methylene blue as electron shuttle. Anal 
Chim Acta 1995; 316: 65-72. 

[11] Ajisawa A. Dissolution of silk fibroin with 
calcium chloride/ethanol aqueous solution. J Seric 
Sci Jpn 1998; 67: 91-94. 

[12] Lv Q, Feng QL. Preparation of 3-D regenerated 
fibroin scaffolds with freeze drying method and 
freeze drying/foaming technique. J Mater Sci 
Mater Med 2006; 17: 1349-1356. 

[13] Unger RE, Wolf M, Peters K, Motta A, Migliaresi 
C, James KC. Growth of human cells on a non-

woven silk fibroin net: a potential for use in tissue 
engineering. Biomaterials 2004; 25: 1069-1075. 

[14] Armato U, Dal PI, Motta A, Migliaresi C, Kesenci 
K. Method for the preparation of a non-woven silk 
fibroin fabric. US Patent No. 10398252, 2001. 

[15] Ayutsede J, Gandhi M, Sukigara S, Micklus M, 
Chen HE, Ko F. Regeneration of Bombyx mori 
silk by electrospinning, Part 3: Characterization of 
electrospun nonwoven mat. Polymer 2005; 46: 
1625-1634. 

[16] Reneker D, Chun I. Nanometer diameter fibers of 
polymer produced by electrospinning. 
Nanotechnology 1996; 7: 216-223. 

[17] Vepari C, Kaplan DL. Silk as a biomaterials. Prog 
Polym Sci 2007; 32: 991-1007. 

[18] Yoo MK, Kweon HY, Lee KG, Lee HC, Cho CS. 
Preparation of semi-interpenetrating polymer 
networks composed of silk fibroin and poloxamer 
macromer. Int J Biol Macromol. 2004; 34: 263-
270. 

[19] Ayub ZH, Arai M, Hirabayashi K. Quantitative 
structural analysis and physical-properties of silk 
fibroin hydrogels. Polymer 1994; 35: 2197-2200. 

[20] Kang GD, Nahm JH, Park JS, Moon JY, Cho CS, 
Yeo JH. Effects of poloxamer on the gelation of 
silk fibroin. Macromol Rapid Commun 2000; 21: 
788-791. 

[21] Morita Y, Tomita N, Aoki H, Wakitani S, Tamada 
Y, Suguro T, Ikeuchi K. Visco-elastic properties 
of cartilage tissue regenerated with fibroin sponge. 
Biomed Mater Eng 2002; 12: 291-298. 

[22] Ki CS, Park SY, Kim HJ, Jung H.M, Woo KM, 
Lee JW, Park YH. Development of 3-D 
nanofibrous  fibroin scaffold with high porosity 
by electrospinning: implications for bone 
regeneration. Biotechnol Lett 2008; 30: 405-410.   

[23] Liu L, Callahan MK, Huang D, Ransohoff RM. 
Chemokine receptor CXCR3: An unexpected 
enigma. Curr Top Dev Biol 2005; 68: 149-181. 

[24] Romai N, Reider D, Heuer M, Ebner S, Kampgen 
E, Eible B, Niederwieser D, Schuler G. 
Generation of mature dendrict cell from human 
blood: An improved method with special regard to 
clinical applicablity. J Immunol Methods 1996; 
196: 137-151. 

[25] Zhaoming W, Codina R, Fernandez CE, Lockey 
RF. Partial characterization of the silk allergens in 
mulberry silk extract. J Inv A1lergy Clin Immun 
1996; 6: 237-241. 

[26] Sofia S, McCarthy MB, Gronowicz G, Kaplan DL. 
Functionalized silk-based biomaterials for bone 
formation. J Biomed Mater Res 2001; 54: 139-148. 

6



Porous Materials Based on Bombyx mori Silk Fibroin  
Qiang Zhang  et al. 

 

[27] Wang Y.; Kim, H.J.; Vunjak-Novakovic, G.; 
Kaplan, DL. Stem cell-based tissue engineering 
with silk biomaterials. Biomaterials 2006; 27: 
6064-6082. 

[28] Okamoto Y, Watanabe M, Miyatake K, Morimoto 
M, Shigemasa Y, Minami S. Effects of 
chitin/chitosan and their oligomers/monomers on 
migrations of fibroblasts and vascular 
endothelium. Biomaterials 2002; 23: 1975-1979. 

[29] Santin M, Motta A, Freddi G, Cannas M. In vitro 
evaluation of the inflammatory potential of the 
silk fibroin. J Biomed Mater Res 1999; 46: 382-
389. 

[30] Pierschbacher MD, Ruoslahti E. Cell attachment 
activity of fibronectin can be duplicated by small 
synthetic fragments of the molecule. Nature 1984; 
309: 30-33. 

[31] Demura M, Asakura T. Porous membrane of B. 
mori silk fibroin-structure characterization, 
physical-properties and application to glucose-
oxidase immobilization. J Membr Sci 1991; 59: 
39-52. 

[32] Ripamonti U, Duneas N. Tissue engineering of 
bone by osteoinductive biomaterials. MRS Bull 
1996; 21: 36-39. 

[33] Li MZ, Ogiso M, Minoura N. Enzymatic 
degradation behavior of porous silk fibroin sheets. 
Biomaterials 2003; 24: 357-365. 

[34] Horan RL, Antle K, Collette AL, Wang YZ, 
Huang J, Moreau JE, Volloch V, Kaplan DL, 
Altman GH. In vitro degradation of silk fibroin. 
Biomaterials 2005; 26: 3385-3393. 

[35] Wang YZ, Rudym D, Walsh A, Abrahamsen L, 
Kim HJ, Kim HS, Kirker-Head C, Kaplan DL. In 
vivo degradation of three-dimensional silk fibroin 
scaffolds. Biomaterials 2008; 29: 3415-3428. 

[36] Yang YM, Zhao YH, Gu Y, Yan XL, Liu J, Ding 
F, Gu XS. Degradation behaviors of nerve 
guidance conduits made up of silk fibroin in vitro 
and in vivo. Polym Degrad Stab 2009; in press. 

[37] Griffith LG, Naughton G. Tissue engineering-
current challenges and expanding opportunities. 
Science 2002; 295: 1009-1014. 

[38] Meinel L, Betz O, Fajardo R, Hofmann S, 
Nazarian A, Cory E, Hilbe M, McCool J.; Langer, 
R.; Vunjak-Novakovic, G.; Merkle, HP, 
Rechenberg B, Kaplan DL, Kirker-Head C. Silk 
based biomaterials to heal critical sized femur 
defects. Bone 2006; 39: 922-931. 

[39] Meinel L, Fajardo R, Hofmann S, Langer R, Chen 
J, Snyder B, Vunjak-Novakovic G, Kaplan DL. 
Silk implants for the healing of critical size bone 
defects. Bone 2005; 37: 688-698. 

[40] Migliaresi C, Motta A, Torricelli P, Fini M, 
Giardino R. Abstr Papers Am Chem Soc. 2004; 
228:U384. 

[41] Li C, Jin H, Botsaris G, Kaplan D. Silk apatite 
composites from electrospun fibers. J Mater Res 
2005; 20: 3374-3384. 

[42] Kim HJ, Kim UJ, Kim HS, Li C, Wada Ma, Leisk 
GG, Kaplan DL. Bone tissue engineering with 
premineralized silk scaffolds. Bone 2008; 42: 
1226-1234. 

[43] Ohgushi H, Caplan AI. Stem cell technology and 
bioceramics: from cell to gene engineering. J 
Biomed Mater Res 1999; 48: 913-927. 

[44] Ripamonti U. Soluble osteogenic molecular 
signals and the induction of bone formation. 
Biomaterials 2006; 27: 807-822. 

[45] Lee SY, Miwa M, Sakai Y, Kuroda R, Matsumoto 
T, Iwakura T, Fujioka H, Doita M, Kurosaka M. 
In vitro multipotentiality and characterization of 
human unfractured traumatic hemarthrosis derived 
progenitor cells: A potential cell source for tissue 
repair. J Cell Physiol 2007; 3: 561-566. 

[46] Urist MR. Bone: Formation by autoinduction. 
Science 1965; 150: 893-899. 

[47] Rickard DJ, Sullivan TA, Shencker BJ, Leboy PS, 
Kazhdan I. Induction of rapid osteoblast 
differentiation in rat bone marrow stromal cell 
cultures by dexamethasone and BMP-2. Dev Biol 
1994; 161: 218-228. 

[48] Kumba SG, Nukavarapu SP, James R, Nair LS, 
Laurencin CT. Electrospun poly (lactic acid-co-
glycolic acid) scaffolds for skin tissue engineering. 
Biomaterials 2008; 29: 4100-4107. 

[49] Wu XM, Kathuria N, Patrick CW, Reece GP. 
Quantitative analysis of the microvasculature 
growing in the fibrin interface between a skin 
graft and the recipient site. Microvasc Res 2008; 
75: 119-129. 

[50] Min BM, Jeong L, Lee KY, Park WH. 
Regenerated silk fibroin nanofibers: water vapor-
induced structural changes and their effects on the 
behavior of normal human cells. Macromol Biosci 
2006; 6: 285-292.  

[51] Yoo CR, Yeo IS, Park KE, Park JH, Lee SJ, Park 
WH, Min BM. Effect of chitin/silk fibroin 
nanofibrous bicomponent structures on interaction 
with human epidermal keratinocytes. Int J Biol 
Macromol 2008; 42: 324-334. 

[52] Yeo IS, Oh JE, Jeong L, Lee TS, Lee SJ, Park 
WH, Min BM. Collagen-based biomimetic 
nanofibrous scaffolds: Preparation and 
characterization of collagen/silk fibroin 

7



Porous Materials Based on Bombyx mori Silk Fibroin  
Qiang Zhang  et al. 

 

bicomponent nanofibrous structures. 
Biomacromolecules 2008; 9: 1106-1116. 

[53] Park KE, Jung SY, Lee SJ, Min BM, Park WH. 
Biomimetic nanofibrous scaffolds: Preparation 
and characterization of chitin/silk fibroin blend 
nanofibers. Int J Biol Macromol 2006; 38: 165-
173. 

[54] Veith FJ, Gupta SK, Ascer E, White-Flores S, 
Samson R, Scher HLA, Towne JB, Bernhard VM, 
Bonier P, Flinn WR, Astelford P, Yao JST, 
Bergan JJ. Six year prospective multicenter 
randomized comparison of autologous saphenous 
vein and expanded polytetrafluoroethylene grafts 
in infrainguinal arterial reconstructions. J Vasc 
Surg 1986; 3: 104-114.  

[55] Bondara, Fuchsa S, Mottab A, Migliaresib C, 
Kirkpatricka CJ. Functionality of endothelial cells 
on silk fibroin nets: Comparative study of micro- 
and nanometric fiber size. Biomaterials 2008; 29: 
561-572. 

[56] Soffer L, Wang X, Zhang X, Kluge J, Dorfmann 
L, Kaplan DL, Leisk G. Silk-based electrospun 
tubular scaffolds for tissue-engineered vascular 
grafts, J Biomater Sci Polym Edn 2008; 19: 653-
664.  

[57] Orban JM, Wilson LB, Kofroth JA El-Kurdi MS, 
Maul TM, Vorp DA. Crosslinking of collagen 
gels by transglutaminase. J Biomed Mater Res A 
2004; 68: 756-762. 

[58] Nishibe T, Kondo Y, Muto A, Dardik A. Optimal 
prosthetic graft design for small diameter vascular 
grafts. Vascular 2007; 15: 356-360. 

[59] Zhang X, Baughman CB, Kaplan DL. In vitro 
evaluation of electrospun silk fibroin scaffolds for 
vascular cell growth. Biomaterials 2008; 29: 
2217-2227. 

[60] Beris A, Lykissas M, Korompilias A, Mitsionis G. 
End-to-side nerve repair in peripheral nerve injury. 
J Neurotrauma 2007; 24: 909-916. 

[61] Yang YM, Chen XM, Ding F, Zhang P, Liu J, Gu 
XS. Biocompatibility evaluation of silk fibroin 
with peripheral nerve tissues and cells in vitro. 
Biomaterials 2007; 28: 1643-1652. 

[62] Piotrowicz A, Shoichet MS. Nerve guidance 
channels as drug delivery vehicles. Biomaterials 
2006; 27: 2018-2027. 

[63] Yang YM, Ding F, Wu J, Hu W, Liu W, Liu J, Gu 
XS. Development and evaluation of silk fibroin-
based nerve grafts used for peripheral nerve 
regeneration. Biomaterials 2007; 28: 5526-5535. 

[64] Ravi Kumar MNV. Handbook of Particulate Drug 
Delivery; Kumar RMNV, Eds. American 
Scientific Publishers: Los Angeles, CA, USA, 
2008; 2: 26-27.  

[65] Mandal BB, Mann JK, Kundu SC. Silk 
fibroin/gelatin multilayered films as a model 
system for controlled drug release. Eur J Pharm 
Sci 2009; 37: 160-171. 

[66] Megeed Z, Haider M, Li D, O'Malley Jr B W, 
Cappello J, Ghandehari H. In vitro and in vivo 
evaluation of recombinant silk-elastinlike 
hydrogels for cancer gene therapy. J Control Rel 
2004; 94: 433-445. 

[67] Mandal BB, Kapoor S, Kundu SC. Silk 
fibroin/polyacrylamide semi-interpenetrating 
network hydrogels for controlled drug release. 
Biomaterials 2009; 30: 2826-2836. 

[68] Uebersax L, Merkle HP, Meinel L. Insulin-like 
growth factor I releasing silk fibroin scaffolds 
induce chondrogenic differentiation of human 
mesenchymal stem cells. J Control Rel 2008; 127: 
12-21. 

[69] Wenk E, Meinel AJ, Wildy S, Merkle HP, Meinel 
L. Microporous silk fibroin scaffolds embedding 
PLGA microparticles for controlled growth factor 
delivery in tissue engineering. Biomaterials 2009; 
30: 2571-2581. 

[70] Numata K, Subramanian B, Currie H.A, Kaplan 
DL. Bioengineered silk protein-based gene 
delivery systems. Biomaterials 2009; 30: 5775-
5784. 

[71] Liu YC, Zhang XH, Liu HY, Yu TY, Deng JQ. 
Immobilization of glucose oxidase  onto  the  
blend  membrane  of  poly(vinyl  alcohol)  and  
regenerated  silk  fibroin:  morphology  and 
application  to  glucose  biosensor. J Biotechnol 
1996; 46: 131-138. 

[72] Lawrence BD, Marchant JK, Pindrus MA, 
Omenetto FG, Kaplan DL. Silk film biomaterials 
for cornea tissue engineering. Biomaterials 2009; 
30: 1299-1308. 

[73] Ni YS, Zhao X, Zhou L, Shao ZZ, Yan WH, Chen 
X, Cao ZB, Xue Z, Jiang JJ. Radiologic and 
histologic characterization of silk fibroin as 
scaffold coating for rabbit tracheal defect repair. 
Otolaryngol Head Neck Surg 2008; 139: 256-261. 

[74] Liu HF, Fan HB, Toh SL, Goh JH. A comparison 
of rabbit mesenchymal stem cells and anterior 
cruciate ligament fibroblasts responses on 
combined silk scaffolds. Biomaterials 2008; 29: 
1443-1453

 

8




