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ABSTRACT: Many polymeric materials have been developed and introduced for bone regeneration. Especially, their nanofibrous forms

are mostly applied for artificial extracellular matrices. Polymeric materials in their nanofibrous form show some potent properties

such as high surface-to-volume ratio, tunable porosity, and ease of surface functionalization. Benefiting from the properties of their

main polymer and additives, they can provide new opportunities for cell seeding, proliferation, and new 3D-tissue formation. This

article focuses on most cited polymeric nanofibrous scaffolds fabricated by electrospinning and recent achievements. They were

divided into two main categories: natural (collagen, silk, keratin, gelatin, chitosan, and alginate) and synthetic (e.g., polycaprolactone,

polylactic acid, and polyglycolic acid) polymers. The role of several additives like hydroxyapatite, bone morphogenetic proteins

(BMPs), tricalcium phosphate, and collagen type I in improving the adhesion, differentiation, and tissue formation of stem cells were

discussed. Finally, the osteogenic capacity and ability of nanofibrous scaffolds to support the growth of clinically relevant bone tissue

were briefly studied. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42883.
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INTRODUCTION

Bone is a hierarchical structure [Figure 1(a)]. It consists of a

dense compact shell called cortical bone and a porous core

called spongiosa or trabecular bone. The major components of

bone tissue are collagen fibrils, hydroxyapatite particles, and

proteoglycans. Collagen has a helical shape with a length of

10 nm; it can self-assemble into fibrous structures with varying

diameter ranging from 50 to 500 nm and plays a critical role in

the mechanical and biological properties of bones.1 Bone defects

and injuries pose significant medical challenges. However, bone

tissue engineering presents a versatile way for bone tissue regen-

eration and repair.1–3 As a complicated and dynamic process,

this technique regulates bone cell migration, proliferation, and

differentiation and accelerates bone matrix formation, resulting

in shorter healing time compared to traditional procedures

(e.g., autograft and allograft).4–12 Unlike permanent implants,

scaffolds are first supposed to provide temporary support for

cells adhesion.4–8 Figure 1(b) shows the degradation in growing

cells. Scaffolds deliver bioactive agents that promote tissue

regeneration, and they are able to mimic the intricate fibrillar

architecture of natural extracellular matrix (ECM) components.

Biomimetic scaffolds provide a synthetic osteogenic microenvir-

onment to facilitate the ossification process and improve clinical

therapy.8–12

Some criteria such as ability to deliver cells, osteoconductivity,

biodegradability, mechanical properties, porosity, and fabrica-

tion capability should be considered for selecting biomaterials

in bone tissue engineering. Selected materials should have

excellent chemistry to facilitate cell attachment, migration, dif-

ferentiation, and proliferation. Osteoconductivity has an

important effect on bonding between the scaffold and host

bone. Another important factor which must be noticed when

materials are going to be selected is biodegradability, which

controls biodegradation at sufficient rates for tissue regenera-

tion. In addition, the mechanical strength of scaffold should be

appropriate to provide mechanical stability for constructs in

load-bearing sites prior to synthesis of new ECM by cells.

Moreover, the material should possess desired fabrication capa-

bility, so that it can form into irregular shapes in order to

match the defects of bone.

Different methods such as solvent casting, particulate-leaching

techniques, gas foaming, phase separation, porogen leaching,

fiber mesh, fiber bonding, self-assembly, rapid prototyping, melt

molding, membrane lamination, freeze drying, and
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electrospinning are employed to fabricate scaffold. Nanofibrous

scaffolds are ideal for bone regeneration due to their intrinsic

properties1–5 and, so far, many different methods have been pre-

sented for their fabrication. In the last decade, electrospinning

technique as a versatile method is developed to produce nanofib-

ers with an architecture similar to natural fibrillar ECM. Nanofib-

ers are produced through an electrically charged jet of polymer

solution or polymer melts in this method.4–15 A wide range of

natural polymers such as collagen,16 chitosan,17 and silk fibroin18

and synthetic polymers such as polylactide acid,19–21 polyglyco-

lide,22 and poly (e-caprolactone) (PCL)20,23–26 have been studied

for this purpose so far. One of their distinctive properties is their

highly porous structure. It not only can provide enough and bet-

ter support for cell adhesion but also provides an ideal environ-

ment for cells migration and proliferation.14

This study aims to present a brief review on new achievements

in electrospun nanofibrous scaffolds, especially those mimicking

the natural ECM structure in bone. This study describes the

two categories of most commonly used polymers, namely, natu-

ral (collagen, silk, keratin, gelatin, chitosan, and alginate) and

synthetic (polycaprolactone, polylactic acid, and polyglycolic

acid) polymers. Next, the role of some additives such as

hydroxyapatite, bone morphogenic protein (BMP-2), tricalcium

phosphate (b-TCP), and collagen type I in improving the adhe-

sion, differentiation, and tissue formation of stem cells are

discussed.

MOST ELECTROSPUN POLYMERS USED FOR BONE
REGENERATION

Most electrospun polymers for the purpose can be divided into

two categories: natural and synthetic polymers.

Natural Polymers

The major examples of natural polymers used in scaffold

fabrication are proteins such as collagen,26–36 silk fibroin,37–42

keratin,43–47 gelatin,48–58 and polysaccharides such as chito-

san59–64 and alginate.65–72

Collagen. The native bone tissue itself contains a high level of

type I collagen and it has been used as one of the major fibrous

components of the ECM.73,74 Collagen is easily degraded and

absorbed by human body, leading to good attachment to cells,

although it has less mechanical strength (E � 100 MPa) than

bone (E � 2 GPa).75,76 Therefore, collagen is often utilized as a

composite material and blended with other materials such as

ceramics (hydroxypatite, b-tricalcium phosphate)77–82 and vari-

ous synthetic polymers (polycaprolactone, polylactic acid, and

polyglycolic acid).28,83–88 Yeo et al.80 fabricated a hierarchical

collagen/PCL/b-TCP scaffold with combined melt-plotting and

electrospinning technique. PCL/b-TCP is melt-plotted on elec-

trospun collagen nanofibers (diameter 5 160 nm). The cell

(MG63) attachment and proliferation rate was 2.2 and 2 times

higher for collagen/PCL/b-TCP scaffold than PCL/b-TCP.
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Using type I collagen nanofibers prepared by electrospin tech-

nology, Shih et al. (2005) investigated the effect of nanofiber

diameter on cellular activities such as proliferation, cell adhe-

sion, cell migration, and alkaline phosphate activity (ALP).89

They compared the results obtained from collagen nanofibers

with those on tissue culture polystyrene (TCP). The findings

revealed an increase in cell adhesion and a decrease in cell

migration when fiber diameters are increased. After 3 days in

culture, the cells on nanofibers had more polygonal and flat-

tened cell morphology on 500–1000 nm [Figure 2(A,B)] com-

pared to those on polystyrene tissue culture [Figure 2(C,D)].

Further, cells on the nanofibers displayed higher numbers of

filopodia-like thin protrusions, and the contour of cells

extended toward and along the lengths of nanofibers.

There are two main approaches to producing collagen/nanohy-

droxyapatite (nHA) nanofibers: for the first, an nHA suspension

is electrosprayed on electrospun collagen nanofibers; whereas, in

the second type, the collagen/nHA nanocomposite fibers can be

manufactured via precipitation process. Through elctrospraying/

electrospinning collagen/nHA scaffolds for the purpose of mim-

icking bone ECM, Ribeiro et al. (2014) addressed the effect of

collagen/nHA scaffolds on metabolic activity, distribution, and

morphology of cells in vitro.90 The collagen was dissolved in

acetic acid: ethyl acetate: water (40 : 30 : 30) for electrospin-

ning. Both collagen and biocomposite constructs were found to

be noncytotoxic and have the ability to support MC3T3-E1

osteoblast adhesion. However, osteoblasts cultured on pure elec-

trospun collagen nanofibers have less metabolic activity values

Figure 1. (a) Hierarchical organization of bone over different length scales.1 (Copyright 2013, reproduced with permission from Elsevier Ltd.) (b) Con-

cept of tissue engineering: (i) damaged bone, (ii) scaffold implanted into bone, (iii) new bone tissue formation on the scaffold, and (iv) degradation of

scaffold and complete regeneration of bone tissue.3 (Copyright 2013, reproduced with permission from Springer Ltd.) [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Cell distribution and morphology of mesenchymal osteoblast of (A, B) 500–1000 nm electrospun collagen nanofibers, (C, D) polystyrene tissue

culture, and (E) electrospun/electrosprayed collagen/nHA.89 (Copyright 2006, reproduced with permission from Wiley & Son Ltd.)

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4288342883 (3 of 19)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


compared to biocomposite constructs cultured at the latter time

points.90 The electrospun scaffold exhibited elastic moduli

between 0.3 and 2 GPa with fiber diameter of 30 nm. The inclu-

sion of nHA on type I collagen scaffold led proliferation of

MC3T3-E1 osteoblasts after 4 days of cell culture. It was found

that osteoblast cells were attached and spread out across the

surface with elongated shape and fusion fibroblastic appearance.

Thomas et al.78 dissolved electrospun collagen/nHA in

1,1,1,3,3,3,-hexafluoro-2-propanol (HFP) to mimic physical

nanofeatures and composition of bone. Depending on nHA

content, electrospun collagen scaffold exhibited 93–82% poros-

ity. The optimized spinning condition to obtain uniform nano-

fibers was as follows: electric potential: 25 kV; flow rate: 5 mL/

h; collagen concentration in HFP: 10% (wt/v); and distance

between needle and collector: 12.5 cm. The fabricated scaffold

had diameters ranging from 50 to 500 nm. However, the pure

collagen nanofiber had diameter in the range of 100 and

500 nm. It was found that the fiber would acquire greater diam-

eter if nHA content is increased. Mechanical properties of the

ECM environment can influence intracellular signaling and cell

response. The local nanomechanical properties of scaffolds in

contact with cytoskeleton likely have important implications for

cell differentiation and regenerative functions. It has been

reported that compared to microsized HA, cell adhesion, differ-

entiation, proliferation, osteointegration, and deposition of cal-

cium mineral of the surface are improved when nHA is added.

The pure collagen fibrous matrix showed a tensile strength of

1.68 6 0.10 MPa and modulus of 6.21 6 0.8 MPa with strain

to failure value 5 6 10%. It has been seen that the strength

increased to 5 6 0.5 MPa and the modulus increased to

230 6 30 MPa via increasing nHA content. Similar results were

obtained with composite scaffolds of collagen/perlecan domain

I (PlnDI) and heparin–BSA,91 collagen/gelatin/HA,92 collagen/

alginate/chitosan,93 collagen/PCL,83–85 and collagen/PLGA.87,88

Vozzi et al.92 seeded a human primary osteoblast on collagen/

gelatin/genipin and investigated cellular adhesion, proliferation,

ALP, osteopontin (OPN), and osteocalcin (OC) after 3, 7, 15,

and 21 days. The cellular proliferation, ALP, OPN, and OC

increased over time in culture (maximum at 21 days). It was

concluded that primary osteoblast cells are disposed as mono-

layer while their cellular shape is very flattened on collagen

nanofibers. Moreover, the cells could penetrate on collagen/gela-

tin scaffold which cross-linked with genipin and HA (10, 20,

and 30%) and they started to colonize inside the scaffold.92 Yu

et al.93 investigated the degree of disintegration of collagen from

Figure 3. (A) Confocal laser-scanning microscope cells attached onto silk nanofibers incubated after 4 h using rhodamine–phalloidin (magnification:

3003), (B) the proliferation of cells grown on the silk nanofiber membranes after different culture periods and ALP activity of cells. (C) Results from

cells grown on silk nanofibers and (D) those from cells grown on culture dishes (magnification: 403).90 (Copyright 2005, reproduced with permission

from Elsevier Ltd.) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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electrospun collagen/alginate/chitosan/HA in collagenase solu-

tion. The 35% disintegration is seen after 10 days. Casper

et al.91 fabricated collagen scaffold cross-linked with PlnDI

(2.6 mm in diameter) and heparin–BSA to improve binding of

basic fibroblast growth factor (FGF-2) for optimizing cell

growth, differentiation, migration, and survival. PlnDI and hep-

arin–BSA–biotin protein were attached to the collagen fibers via

coupling a reaction with 1-ethyl-3(3-dimethylaminopropyl) car-

bodiimide hydrochloride and N-hydroxy sulfosuccinimide. It

was seen the cells (MG63) could attach and infiltrate on electro-

spun matrix over a short time period and remained alive and

proliferated over 10 days.91

Silk. Following collagen, it is considered to be the most promis-

ing natural protein replacement in bone tissue engineering own-

ing to its biocompatibility and excellent mechanical properties.

In the past decade, a number of natural sources of silk, such as

silkworms (Bombyx mori) and dragline silks of spiders (golden

orb-web spider; Nephila clavipes) have been used to produce

nanofiber scaffolds using electrospinning technique.94–98 Fur-

ther, due to their excellent biocompatibility, a variety of bioma-

terial forms such as sponges, gels, and films are used for tissue

engineering.99–104 High oxygen and water vapor permeability, as

well as minimal inflammatory reactions in vivo have made silks

become one of the best materials of regenerating skeletal tis-

sues.105,106 Kim et al.107 observed that the cell numbers

(MC3T3-E1 of rabbit calvarial model) with stellate shape (Fig-

ure 3) and OC production increased after 4, 7, and 14 days on

silk fibroin membrane. It was seen that complete bony union

was produced after 8 weeks and the defects had completely

healed with new bone after 12 weeks.107 Ninety percent of sur-

face was covered with MC3T3-E1 cells after 7 days.

In order to improve cell differentiation and proliferation

capacity, silk fiber can be usually spun in combination with

other biopolymers such as Aloe Vera,108 chitosan,109 and colla-

gen.110,111 Several researchers have also combined silk fibroin

with other polymers as to enhance its processability. For exam-

ple, Jin et al. (2002) blended an aqueous silk fibroin with a

polyethylene oxide (PEO).112 In this study, the resultant electro-

spun silk/PEO mats were washed to remove PEO and then

treated with methanol to induce water-soluble b-sheet confor-

mation. Silk scaffolds demonstrated the ability to support the

attachment, growth, and differentiation of adult human progen-

itor bone marrow stromal cells (BMSCs).107 Lai et al.109 used a

mixture solvent system (trifluoroacetic acid/dicholoro methane)

to prepare silk/chitosan spinning solution. The osteogenic dif-

ferentiation ability of silk fibroin/chitosan scaffold was deter-

mined considering the alizarin red staining, ALP activity, and

expression of osteogenic marker gens. Blending chitosan with

silk enhanced osteogenic differentiation and proliferation of

human bone marrow mesenchymal stem cells (hMSCs).109

It was found that 3D electrospun fibroin nanofibrous scaffolds

offer high porosity and high bone regeneration ability, which are

important for cell adhesion and proliferation.113,114 In comparison

with 2D nanofiber sheets, the seeded cells adhered and prolifer-

ated well on produced 3D nanofibers because of its high poros-

ity.115,116 Western immunoblotting for activated paxillin, FAK,

AKT, C-Src, and ERK1/2 antibodies were significantly increased in

3-D nanofibrous fibroin scaffold (diameter 5 411 6 98 and

porosity 5 94 6 2).114

Recently, silk-based composite nanofibers incorporated in HA

nanoparticles117–121 and bone morphogenic protein 2 (BMP-2)

have been fabricated as to enhance bone formation.122 As

expected, the addition of HA and BMP-2 in electrospun scaf-

folds caused higher rate of calcium deposition than that on

pristine samples.117–122 Human mesenchymal stem cells were

cultured on eri silk fibroin (ESF) (diameter 5 800 m) and ESF/

HA (diameter 5 1000–1200 nm) scaffolds; then, cytocompati-

bity, blood compatibility, cells attachment, and growth were

studied.118 The average tensile stress of the pure ESF and ESF/

HA scaffold were found to be 1.84 and 0.378 MPa, respectively.

The hemolysis percentage of ESF and ESF/HA were <5% which

indicate their good blood compatibility. It was seen that crystal-

linity and thermal stability of the ESF/Ha were better than pure

ESF scaffold.118 Moreover, it has been found that ceramics such

as titanium oxide can improve the growth rate and bone forma-

tion ability.123–127 Anodized titanium dioxidenanotubes (TiO2

NTs) also exhibit enhanced growth and accelerated osteogenic

differentiation of human MSCs.128–131 Recently, Bayram et al.

(2014) found that silk/titanium nanotubes fabricated through

electrospinning had 92% ALP activity and 86% calcium content

after 14 days.132

Keratin. Keratin has been investigated as a biomaterial in vari-

ous forms such as gels, films, and scaffolds since 1972.133–135

Fibrous keratins consist of two major morphological parts: (1)

the cuticle layer composed of overlapping cells that surround

the cortex and (2) the inner part of the fiber (the cortex). The

cortex comprises spindle-shaped cortical cells that are separated

from each other by a cell membrane complex, made of non-

keratinous proteins and lipids.136–139 The cuticle cells constitute

10% of total weight and are laminar with a rectangular

shape.137,140,141

Some studies classify keratin proteins into two groups: interme-

diate filament proteins (IFPs) and matrix proteins.136–139 The

IFPs are also known as a-keratin that reside in the fiber cortex.

They have an a-helical secondary structure with low sulfur con-

tent. They have an average molecular mass of 40–60 kDa. The

matrix proteins (c-keratin) are low-weight globular molecules.

These are mostly distinguished using their high content in cys-

teine, glycine, and tyrosine residues. The high-sulfur matrix

proteins are divided in high-sulfur proteins (HSPs) or ultra-

high-sulfur proteins (UHSPs) depending on their cysteine con-

tent and molecular weight (in the range of 11–26 kDa). The

high-glycine/tyrosine proteins (HGTPs) have a molecular mass

of 6 and 9 kDa.142–144 The matrix protein functions surround

the IFPs that interact through intermolecular disulfide bonds.139

The formation of the cross-linked IFP composite matrices plays

a critical role in the rigidity of a-keratin.160 The combination of

IFPs and matrix proteins forms macrofibrils within the cortex,

which makes another group of keratin proteins called b-kera-

tin.145,146 This kind of protein forms the primary content of the

cuticle whose function is protecting keratin fibers from physical

and chemical damages. It is difficult to extract b-keratins
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and, moreover, they do not form useful reconstituted

structures.146,147

Similar to many naturally derived biomolecules, keratins

have intrinsic biological activity and biocompatibility.137 They

have shown potential for wide use in wound healing,138,139

drug delivery,140–142 tissue engineering, trauma, and medical

devices.142–145 These qualities encourage many researchers to

extract and purify keratin proteins from cheap keratin wastes

such as hair, wool, feathers, nail, and other similar sources. The

extracted keratin contains arginine–glycine–aspartic acid (RGD)

and leucine–aspartic acid–valine (LDV). These are the same as

amino acid sequences found in ECM proteins148,149 and make

favorable biomaterials for cellular attachment and growth.150,151

Purified keratin can be polymerized into fibrous and porous

films, microcapsules,142,143 and sponge structures both at the

microscale152–154 and macroscale levels.155

The first study on the use of keratin biomaterials for coating on

vascular grafts is presented in Ref. 156. In this study, the coated

graft was successfully implanted into a dog for more than

200 days, without thrombosis. Since then, keratin has been

Figure 5. (a) Live (green)/dead (red) assay of Saos-2 and (b) cytoskeletal and adhesion structures of Saos-2 cells after 1, 3, and 7 days of in vitro culture

cultured on PLLA, PLLA-keratin, and PLLA-HA-keratin membranes.165 (Copyright 2013, reproduced with permission from Royal Society Ltd.)

Figure 4. SEM of MC3T3 osteoblast on (A) electrospun PLLA, (B) PLLA/keratin after 7 days culturing, and (C) degradation of electrospun PLLA/keratin

fibrous membrane after 3 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4288342883 (6 of 19)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


evaluated for its usage in biomedicine such as wound heal-

ing,157–161 bone regeneration,162 hemostasis,163 and recently, in

the peripheral nerve repair.164,165

Keratin, as a natural protein, can be used instead of collagen

and gelatin. Like collagen and gelatin, however, because of their

low molecular weights (9–60 3 103), keratin or keratin-based

materials have relatively poor mechanical properties, and pure

keratin membranes are brittle. Therefore, appropriate polymer

blends are provided to improve keratin properties. Li et al.

(2009, 2013) tested wool keratin/HA particles to improve the

cell affinity of poly-L-lactic acid (PLLA).166,167 The PLLA/kera-

tin/HA nonwoven fibrous membrane was fabricated via electro-

spinning the blended solutions. Besides, osteoblast cells were

used to evaluate the cellular behavior of the composite mem-

brane. The presence of keratin was found to enhance the inter-

actions between osteoblast cells and the polymeric membranes

[Figures 4 and 5(A,B)]. Figure 5(C) shows the two factors con-

tributing to the fast release of keratin within a few hours of

degradation. These keratin particles were expected to be

exposed gradually with the degradation of PLLA. The

polylactic-co-glycolic acid/wool keratin fibrous composite was

electrospun for bone regeneration. Further, the results indicated

that the presence of keratin enhances cell adhesion and prolifer-

ation, and makes nanofibers thinner and more homogeneous.168

Gelatin. It is a natural protein obtained from hydrolyzed as a

collagen and it is derived usually from animal skin and bone.

Gelatin fibers can simulate ECM structure of human tissues and

organs. They can be used widely in the tissue engineering field

because of their excellent biocompatibility, biodegradability, and

commercial availability.169 For electrospinning, gelatin needs to

be blended with other polymers. Gao et al. (2013) fabricated

electrospun gelatin/bioactive glass nanofibers and evaluated

them in vitro.170 The authors found the formation of HA mate-

rial after 12 h which covered the whole surfaces of the fibers

after 5 days. Zhang et al. (2009) worked on cross-linking the

electrospun gelatin fibers by 1-ethyl-3-dimethyl-aminopropyl

carbodiimide (methanediimine) hydrochloride and N-hydroxyl-

succinimide to improve their stability and mechanical proper-

ties.171 Kim et al. (2005) produced the HA/gelatin nanofibers

using the electrospinning technique.172 These nanofibers showed

a significant improvement in bone-derived cellular activity in

comparison with pure gelatins.173 The same results were

obtained from gelatin/PCL174,175 and gelatin/calcium phosphate

particles.176

Chitosan (CS). As a natural biodegradable, biocompatible, and

nontoxic polymer polysaccharide, it is produced by deacetyla-

tion of chitin. Recent studies have demonstrated the potential

of electrospun chitosan nanofibers for177 bone tissue engineer-

ing and the high affinity of bone cells to their nanofiber scaf-

folds.178–182 In Ref. 183, the electrospun chitosan was found to

enhance cell growth with spherical morphology and mineral-

rich matrix deposition by osteoblasts in culture. This study

noticed that it has a positive influence on osteogenesis in vitro

and in vivo. Chitosan membranes can promote the differentia-

tion of osteoprogenitor cells and bone formation.184,185

Figure 6. Electrospun chitosan (PEO)/SiO2 (a) magnification 10,0003, (b) magnification 20,0003, and fluorescence images of bone cells on electrospun

nanofibers (c) after 1 day and (d) 6 days.192 (Copyright 2013, reproduced with permission from Elsevier Ltd.) [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Their low mechanical properties and high swelling ability lead

to easy deformation of chitosan. Therefore, chitosan may be

blended with other biopolymers such as hyaluronic acid,186 algi-

nate,16 gelatin,187 collagen,188 and silk fibroin.99 Adding other

biopolymers, CS still preserves its osteogenesis characteristics,

while improving its mechanical properties.189 A blend of CS/

biopolymer would be a feasible agent to develop a composite

scaffold for bone tissue engineering to obtain better biomechan-

ical features and tissue regeneration capacity.190 For example,

Bhattarai et al. (2005), reported the ability of electrospun chito-

san/poly ethylene oxide nanofibers to promote human osteo-

blast cell attachment and viability.191 Toskas et al. (2013)

prepared hybrid nanofibers with chitosan, containing polyethyl-

ene oxide and silica.192 Silica was synthesized from tetraethoxy-

silane and 3-glycidyloxypropyltriethoxysilane precursors through

the sol–gel process. Figure 6(a,b) shows the SEM photographs

of electrospun chitosan/SiO2 with different magnifications. The

adhesion and formation of bone cells on nanofiber mats were

excellent after 1 and 6 days [Figure 6(c,d)]. Further, several

mechanical properties of the resultant samples, such as elastic

modulus and loss modulus, were investigated as well. Due to

entangled polymer chains, the loss modulus was higher than the

elastic modulus (G00 > G0).

Hydroxyapatite (HA) (Ca10 (PO4)6 (OH)2) has been used to

improve the osteoconductivity of chitosan scaffolds.193–200 The

composites of polyvinyl alcohol (PVA)/chitosan/HA,201 collagen/

chitosan/HA,202 chitosan/HA,203,204 chitosan/BMP-2,205 and car-

boxymethyl chitin/PVA/HA206 might be mentioned as examples

applied to seed osteoblast cells. Thein et al. (2013) fabricated

electrospun nanofibers in an HA solution.204 The chitosan/HA

nanofibers had higher cell proliferation and alkaline phosphate

(ALP), than that of electrospun nanofibers. In another study,

the effects of nano- and micro-HA composites were compared.

The results showed that the nano-HA/chitosan nanofibrous

scaffolds had better human bone marrow mesenchymal stem

cell (MSC) attachment and proliferation than micro HA/chito-

san nanofibers, without osteogenic supplementation. The osteo-

genic gens including smad1, BMP-2/4, Runx 2, ALP, and

collagen I were upregulated in MSC culture on HA/chitosan

nanofiber scaffolds.207 Some organic solvents, such as

1,1,1,3,3,3-hexafluoroacetic acid, are employed in the fabrication

of chitosan electrospun solutions.206 The organic solvents or

acids are harmful when electrospun scaffolds are used in human

tissues. Shalumon et al. (2009) developed water soluble

Figure 7. Chemical structure of (a) “egg box” model of calcium alginate, (b) “egg box” model of calcium alginate with precursor ions for HA nuclea-

tion, and (c) mineralized “egg-box” structure with HA and (d) illustration of cross-linked/in situ synthesized HA/alginate nanocomposite fibrous scaf-

fold.199 (Copyright 2013, reproduced with permission from Springer Ltd.)

Table I. Cytotoxicity of Different Scaffold After 7 days

Type of
scaffold

The method of
measurement Cytotoxicity Reference

Collagen/PCL MTT assay 0.2 84

Chitosan MTT assay 0.2 204

Alginate MTS assay 87.5 216

PCL MTT assay 0.4 84
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carboxymethyl chitin through electrospinning an aqueous solu-

tion of PVA.206

Alginate. It is a linear natural polysaccharide with negative

charge (ACOO2), obtained from brown seaweed and bacte-

ria.208 Alginate contains a-L-guluronic acid and b-D mannuronic

acid, which forms a hydrogel by means of ionic cross-linking

with divalent cations such as calcium.209 Alginate has been used

for a variety of tissue engineering applications such as

skin,210,211 cartilage,70,212 bone,71,212,213 and nerve.213,214 Chae

et al. (2013) fabricated HA/alginate nanofibrous composites for

engineering the bone tissue.215 The HA was synthesized in situ

to generate a uniform deposition of HA nanocrystals on algi-

nate mats. Figure 7 illustrates the in situ synthesis of HA on

alginate nanofibers. The HA deposition on nanofibers increased

rat osteoblast cell attachment compared to the pure alginate

nanofibers. Jeong et al. (2011) fabricated electrospun alginate/

chitosan nanofibrous mats and investigated their osteogenic

capabilities.216 According to this study, alginate is naturally non-

adhesive to cells. In an alternative research, Yu et al. (2013) elec-

trospun scaffolds composing of alginate, chitosan, collagen, and

HA for the purpose of bone tissue engineering with scaffolds.217

Table I presents the cytotoxicity of different scaffolds such as

collagen/PCL, chitosan/HA, alginate, and PCL.

Synthetic Polymers

Polycaprolactone (PCL). It is a kind of biodegradable polyester,

synthesized via ring-opening polymerization of e-caprolactone

using catalysts. PCL is degraded by means of hydrolysis of its

ester linkages in physiological conditions (such as in the human

body) and has been, therefore, used as a potent substance for

tissue engineering.

PCL can be blended with other materials such as b-TCP,218,219

nHA,220–222 gelatin,223–225 collagen,226 chitosan,227 and calcium

phosphate228 in order to improve the differentiation and prolif-

eration capacity. Blended with collagen, gelatin, and silk, PCL

shows better mechanical properties. Costa et al. (2014)

Figure 8. (a) TEM images of PCL, HAp/PCL, and A187-HAp/PCL and (b) SEM images of fiber before and after immersion in 1.5SBF.3 (Copyright

2013, reproduced with permission from Springer Ltd.)

Figure 9. Schematic illustration of MSC adhesion of PCL–gel fiber matrix containing HA and FN-OCN.213 (Copyright 2013, reproduced with permission

from Elsevier Ltd.) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fabricated a PCL scaffold compromising about 20% of b-TCP

using the melt electrospinning technique, and then coated it

with calcium phosphate.229 This scaffold exhibited the potential

for establishing better interconnectivity between the bone and

periodontal ligament compartments. Figure 8(a) shows the

TEM images of HA/PCL scaffolds. It is seen that nHA agglom-

erated in HA/PCL scaffolds; whereas, HA treated with A-187

was well dispersed in PCL matrix. In vitro, the activity of fibers

was assessed in 1.5 simulated body fluid (1.5SBF), where no

apatite formation was observed for PCL fibers after 7 days.

However, apatite deposited on A187-HA/PCL and HA/PCL

fibers after 3 days of immersion (Figure 8), confirming that

polymeric fibers containing HA represent promising candidates

for guided bone regeneration. In their study, Eap et al. (2014)

functionalized PCL with neural growth factor (dental germ) for

bone and tooth regeneration.230

Lee et al. (2014) investigated the function of mesenchymal stem

cell functions in PCL-gel/HA scaffolds containing fibronectin 9–

10 domain (FNIII9–10) and osteocalcin (OCN).231 The OCN

attached to the interface of the HA-mineralized fiber surfaces

through binding c-carboxylglutamic acid (c) and aspartic acid

(D) sequences to five calcium ions in the HA crystal lattice (Fig-

ure 9). Binulal et al. (2014) produced electrospun composite

nanofibrous scaffolds with various PCL/gelatin ratios in a diluted

acetic and ethyl acetate mixture. It was found that viscosity and

solution conductivity improved due to the addition of gelatin.223

Poly (L-lactide) (PLLA). It has been widely used as scaffolding

materials for bone tissue engineering because of its superior

mechanical properties, biodegradability, and biocompatibil-

ity.232–234 With high spatial interconnectivity, high porosity, and

controlled alignment, electrospun 3D nanofibrous matrices pro-

vide cell migration ability.235 For instance, Cai et al. (2012)

demonstrated a practical 3D macroporous nanofibrous (MNF)

scaffold obtained from aligned electrospun nanofibrous yarns

for bone tissue engineering.236 Human embryonic stem cell-

derived mesenchymal stem cells (hESC-MSCs) were well

attached on the 3D MNF scaffolds and the cells changed their

original rounded shape to elongated and spindle-like shapes.

In vivo, radiography and histology results showed that the MNF

scaffold caused 3D bony tissue to form at 6 weeks. This study

demonstrated that the 3D MNF scaffold could provide a struc-

tural support for hESC-MSC growth and guide bone formation,

which may help promote the clinical translation of electrospun

nanofibers for regenerative medicine in the future.236

Torricelli et al. (2014) fabricated PLLA/gelatin scaffolds by co-

electrospinning.237 He et al. (2014) produced mineralized PLLA

nanofibrous scaffolds using the electrodeposition method. After-

ward, they compared it with an extensively explored simulated

body fluid (SBF) incubation method in terms of the deposition

rate, chemical composition, and morphology of calcium phos-

phate formed on electrospun fibrous thin matrices.238 It was

found that electrodeposition was two to three orders of magni-

tude faster than the SBF method in mineralizing the fibrous

matrices. As a result, it is able to reduce the mineralization time

from about 2 weeks to 1 h while the same amount of minerali-

zation is achieved. Nano-hydroxyapatite,238–242 type I colla-

gen,242 and calcium phosphate243 were appeared to be efficient

in inducing mineralization. When subcutaneously implanted

into nude mice, these scaffolds were able to form a new bone

matrix only within 2 weeks. Furthermore, the development of

bone matrix can be accelerated within 1 week, when the nanofi-

brous scaffold is enriched with human mesenchymal stem cells

before implantation. Akkouch et al. (2014) designed a collagen/

HA/poly(L-lactic-co-e-caprolactone) (PLCL) scaffold for bone

regeneration.244 This collagen/HA/PLCL nanofiber was com-

bined with hMSC cells for dental pulp stem cell differentiation

in order to regenerate bone tissue in vitro. It was found that the

3D Coll/HA/PLCL composite enabled the osteoblast-like cell

adhesion and growth owing to its highly porous structure. The

Coll/HA/PLCL scaffold showed the ability to produce alkaline

phosphatase and form nodules more than did PLCL alone.

The blend of polylactic and polyglycolic scaffold matrix (PLGA)

has also shown proper biomimetic structure, good mechanical

strength, and desirable bio-activity. Moreover, it could be fur-

ther integrated with inorganic minerals to facilitate bone regen-

eration.245–250 The PLLA and poly-D-lactide (PDLA) require at

least 24 months and 12–18 months to be degraded, respectively;

while the PGA completely degrades only after 6–12 months.21,250

The copolymer of polylactide-co-glycolide also shows proper

mechanical properties and its degradation time can be manipu-

lated by controlling the ratio of lactide to glycolide (GA);

thereby, it seems more flexible for clinical applications.250

Haider et al. (2014) chemically grafted insulin on the surface of

hydroxyapatite nanorods (nHA) to prepare electrospun PLGA/

nHA-I composite nanofiber scaffolds.251

Electrospun PLGA/nHA-I nanofiber scaffolds led to enhanced

osteoblastic cell growth. Samavedi et al. (2014) fabricated 2D

and 3D meshes consisting of an aligned PCL fibers region and

randomly oriented PLGA fibers.252 Cell culture on 2D meshes

showed that bone marrow stromal cells (BMSCs) were highly

aligned and possessed high aspect ratios when cultured on the

aligned PCL fiber region; however, they were polygonal shaped

and randomly oriented when grown on a random PLGA fiber

region. Lee et al. (2013) developed bioactive electrospun fibers

based on PLGA through immobilizing bone-forming peptide 1

(BFP1) derived from the immature region of bone morphoge-

netic protein 7 (BMP7).253 However, the poor bioactivity and

serious local inflammation induced by the acidic degradation

products of PLGA nanofibers may limit their applications.245,254

Therefore, some studies focused on electrospinning nanofibrous

by the introduction of gelatin255–257 and collagen258 biomimetics

as to improve the biocompatibility of PLGA. Recently, Adegani

et al. (2014) investigated PLGA coated with bioceramic

(Zn2SiO4) on bone reconstruction.259

Other Electrospun Polymeric Scaffolds

Polyhydroxyalkanoates are considered as biodegradable and

noncytotoxic thermoplastic polyesters.260 Among various poly-

hydroxyalkanoates, poly3-hydroxybutyrate has been shown to

preserve the chondrocyte261 and osteoblast phenotypes,262 pro-

mote chondrocyte regeneration,263,264 and initiate chondrogene-

sis of MSCs.265 Ramier et al. (2014) designed poly-3-

hydroxybutyrate (PHB)-based scaffolds. The authors fabricated
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three types of poly-3-hydroxybutyrate (PHB)-based scaffolds

using different approaches, namely, electrospinning of a PHB

solution, electrospinning of a mixed solution with PHB and

nHAs, and simultaneous electrospinning of a PHB solution and

electrospraying of an nHA dispersion.266 As a consequence of

incorporating nHAs within the fibers, the PHB/nHA-based

nanofibrous scaffolds showed better mechanical properties than

neat PHB mats. Nanofibers fabricated using the electrospinning/

electrospraying approach had higher porosity which led to less

mechanical properties, but they demonstrated better biological

properties. Ito et al. (2005) used poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBHHx), a copolymer of microbial poly-

ester, as a scaffold.267 Wang et al. (2012) investigated the

differential effect of electrospun poly-3-hydroxybutyrate-co-3-

hydroxyhexanoate fibers on the adipogenic and osteogenic

potential of MSCs.268

To produce bioactive 3D scaffolds with a cotton-wool-like struc-

ture, Poologasundarampillai et al. (2014) electrospun the

calcium-containing SiO2 fibers using sol–gel solutions for bone

regeneration.269 Tetraethylorthosilicate (TEOS) was hydrolyzed

and condensed under acid-catalyzed conditions to obtain

SiAOASi linear chains.

Mi et al. (2014) produced electrospun thermoplastic polyur-

ethane (TPU)/hydroxyapatite scaffolds for bone tissue engineer-

ing.270 The authors evaluated the effect of properties and

particle size of (micro- and nano) HA polymer on scaffold

physical properties and osteoblast-like cell performance. The

addition of micro-HA led to decreased diameter in the electro-

spun fiber. On the contrary, nano-HA increased the fiber diam-

eter in both soft and hard TPUs. The soft TPU had significantly

lower Young’s modulus and higher strain-at-break than the

hard TPU. The addition of both TPUs decreased tensile proper-

ties; in other words, tensile properties were decreased as a result

of adding both mHA and nHA. However, decrease rate resulted

from mHA was more considerable. The cells on hard scaffolds

actively proliferated and migrated compared to those on soft

scaffolds. On the other hand, soft scaffolds had effective osteo-

blast attachment than hard scaffolds. Moreover, the soft scaf-

folds with nHA more effectively improved osteogenesis of

hMSCs than those without nHA. Therefore, it was suggested

that the soft TPU scaffolds containing nHA had the potential

for being employed in bone tissue engineering applications.

Leszczak et al. (2014) electrospun a natural demineralized bone

matrix (DBM) without the use of a carrier polymer.193 DBM is

an allograft bone with its inorganic material removed, and it

contains the protein components of bone. These components

consist of important growth agents such as adhesive ligands and

osteoinductive signals. In another study, 3D conductive scaffolds

were prepared through applying a biocompatible conductive

polymer poly(3,4-ethylenedioxythiophene)-poly(4-styrene sulfo-

nate), gelatin, and bioactive glass by sol–gel method.271 Abdal-

hay et al. (2014) produced nylon 6/nHA nanofibers with HA

nanoplates deposited on electrospun nylon 6. The surface prop-

erty (wettability) of the fabricated scaffolds can influence on the

behavior of osteoblasts.200 An HA coated onto nylon 6 fibers

leads to increased surface roughness which, in turn, improves

surface wettability and some biological properties of nanofib-

ers.272 Furthermore, surface hydrophilicity regulates the adsorp-

tion of ECM proteins.273 Gentilini et al. (2012) fabricated a

poly-c-glutamic acid scaffold. c-PGA involves free carboxyl side

groups that make it a versatile candidate for producing scaf-

folds. Modified c-PGA with benzyl was found to have higher

viability and adhesion in comparison with PLLA scaffolds.274

Table II summarizes the bone cellular activity of different elec-

trospun polymers and Table III indicates the ALP activity of dif-

ferent electrospun scaffolds.

CONCLUSION

Bone defects and damages are a major clinical problem and

nanofibrous scaffolds can be considered as a promising solution

this problem and facilitate bone regeneration. Development of

more effective scaffolds with the aim of bone regeneration is a

challenging topic nowadays. Electrospinning technique is being

constantly developed to produce nanofibers with similar archi-

tecture of natural fibrillar ECM. Highly porous 3D structure of

scaffolds not only implies the better support for cell adhesion

but also provides an ideal environment for the migration and

proliferation of cells. Moreover, using some additives (such as

hydroxyapatite, bone morphogenic protein (BMP-2), tricalcium

phosphate (b-TCP), and type I collagen) on nanofibrous scaf-

fold enhance cell adhesion, stem cell differentiation, and tissue

formation. Nevertheless, developments in this area are being

more challenging and many practical and clinical problems have

to be solved. For example, nanofibrous scaffolds require in vitro

investigation for practical use.
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86. Gonçalves, F.; Bentini, R.; Burrows, M. C.; Carreira, A. C.

O.; Kossugue, P. M.; Mari, C.; Sogayar, M. C.; Luiz, H.;

Catalani, L. H. Materials 2015, 88, 408.

87. Wang, J.; Cui, X.; Zhou, Y.; Xiang, Q. J. Informa Health

Care 2014, 55, 292.

88. Ma, K.; Chan, C. K.; Liao, S.; Hwang, W. Y. K.; Feng, Q.;

Ramakrishna, S. Biomaterials 2008, 29, 2096.

89. Shih, Y. R. V.; Chen, C. N.; Tsai, S. W.; Wang, Y. J.; Lee, O.

K. Stem Cell 2006, 24, 2391.

90. Ribeiro, N.; Sousa, S. R.; Blitterswijk, C. A. V.; Moroni, L.;

Monteiro, F. J. Biofab. 2014, 6, 035015. 10).

91. Casper, C. L.; Yang, W.; Farach-Carson, M. C.; Rabolt, J. F.

Biomacromolecules 2007, 8, 1116.

92. Vozzi, G.; Corallo, C.; Carta, S.; Fortina, M.; Gattazo, F.;

Galletti, M.; Gordano, N. J. Biomed. Mater. Res. A 2014,

102, 1415.

93. Yu, C. C.; Chang, J. J.; Lee, Y. H.; Lin, Y. C.; Wu, M. H.;

Yang, M. C.; Chein, C. T. Mater. Lett. 2013, 93, 133.

94. Jin, H. J.; Fridrikh, S. V.; Rutledge, G. C.; Kaplan, D. L.

Biomacromolecules 2002, 3, 1233.

95. Zhang, X.; B. Baughman, C.; L. Kaplan, D. Biomaterials

2008, 29, 2217–2227.

96. Ohgo, K.; Zhao, C.; Kobayashi, M.; Asakura, T. Polymer

2003, 44, 841.

97. Zarkoob, S.; Eby, R. K.; Reneker, D. H.; Hudson, S. D.;

Ertley, D.; Adams, W. W. Polymer 2004, 45, 3973.

98. Ayutsede, J.; Gandhi, M.; Sukigara, S.; Ye, H.; Hsu, C.-M.;

Gogotsi, Y.; Ko, F. Biomacromolecules 2006, 77, 208.

99. Bhardwaj, N.; Kundu, S. C. Carbohydr. Polym. 2011, 85,

325.

100. Bhardwaj, N.; Kundu, S. C. Biomaterials 2012, 33, 2848.

101. Vepari, C.; Kaplan, D. L. Prog. Polym. Sci. 2007, 32, 991.

102. Zhang, X.; Tsukada, M.; Morikawa, H.; Aojima, K.; Zhang,

G.; Miura, M. Nanoscale Res. Lett. 2011, 6, 1.

103. Kundo, B.; Kurland, N. E.; Bano, S.; Patra, C.; Engel, F. B.;

Yadavalli, V. K.; Kundo, S. C. Prog. Polym. Sci 2014, 39,

251.

104. Kassoju, N.; Bora, u. Adv. Healthcare Mater. 2012, 1, 393.

105. Unger, R. E.; Sartoris, A.; Peters, K.; Motta, A.; Migliaresi,

C.; Kunkel, M.; Bulnheim, U.; Rychly, J.; Kirkpatrick, C. J.

Biomater. 2007, 28, 3965.

106. Jin, H. J.; Chen, J.; Karageorgiou, V.; Ahman, G. H.;

Kaplan, D. L. Biomaterials 2004, 25, 1039.

107. Kim, K. H.; Jeong, L.; Park, H. N.; Shin, S. Y.; Park, W. H.;

Lee, S. C.; Kim, T. I.; Park, Y. J.; Seol, Y. J.; Lee, Y. M.; Ku,

Y.; Rhyu, I. C.; Han, S. B.; Chung, C. P. J. Biotechnol. 2005,

120, 327.

108. Suganya, S.; Venugopal, J.; Ramakrishna, S.; Lakshmi, B. S.;

Giri Dev, V. R. J. Biomater. Tissue Eng. 2014, 4, 9.

109. Lai, G. -J.; Shalumona, K. T.; Chena, S. -H.; Chena, J. P.

Carbohydr. Polym. 2014, 111, 288.

110. Kim, J. Y.; Yang, B. E.; Ahn, J. H.; Park, S. O.; Shim, H. W.

J. Adv. Prosthodont. 2014, 6, 539.

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4288342883 (15 of 19)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


111. Shen, W.; Chen, X.; Hu, Y.; Yin, Z.; Zhu, T.; Hu, J.; Chen,

J.; Zheng, Z.; Zhang, W.; Ran, J.; Heng, B. C.; Ji, J.; Chen,

W.; Ouyang, H. W. Biomaterials 2014, 35, 8154.

112. Jin, H. J.; Fridrikh, S. V.; Rutledge, G. C.; Kaplan, D. L.

Biomacromolecules 2002, 3, 1233.

113. Liu, X.; Ma, P. X. Ann. Biomed. Eng. 2004, 32, 477.

114. Ki, C. S.; Park, S. Y.; Kim, H. J.; Jung, H. M.; Woo, K. M.;

Lee, I. W.; Park, Y. H. Biotechnol. Lett. 2008, 30, 405.

115. Min, B. M.; Lee, G.; Kim, S. H.; Nam, Y. S.; Lee, T. S.;

Park, W. H. Biomaterials 2004, 25, 1289.

116. Park, S. Y.; Ki, C. S.; Park, Y. H.; Jung, H. M.; Woo, K. M.;

Kim, H. J. Tissue Eng. A 2010, 1271.

117. Lee, M. J.; Park, J. B.; Kim, H. H.; Ki, C. S.; Park, S. Y.;

Kim, H. J.; Park, Y. H. Macromol. Res. 2014, 22, 710.

118. Andiappan, M.; Sundaramoorthy, S.; Panda, N.;

Meiyazhanban, G.; Winfred, S. B.; Venkatoraman, G.;

Krishna, P. Prog. Biomater. 2013, 2, 1.

119. Jin, J.; Wang, J.; Huang, J.; Huang, F.; Fu, J.; Yang, X.;

Miao, Z. J. Biosci. Bioeng. 2014, 1.

120. Sun, L.; Parker, S. T.; Syoji, D.; Wang, X.; Lewis, J. A.;

Kaplan, D. L. Adv. Healthcare Mater. 2012, 1, 729.

121. Wei, K.; Li, Y.; Kim, K. O.; Nakagawa, Y.; Kim, B. S.; Abe,

K.; Chen, G. Q.; Kim, I. S. J. Biomed. Mater. Res. A 2011,

97, 272.

122. Li, C.; Vepari, C.; Jin, H. J.; Kim, H. J.; Kaplan, D. L. Bio-

materials 2006, 27, 3115.

123. Brammer, K. S.; Oh, S.; Cobb, C. J.; Bjursten, L. M.; van

der Heyde, H.; Jin, S. Acta Biomater. 2009, 5, 3215.

124. Oh, S.; Daraio, C.; Chen, L. H.; Pisanic, T. R.; Fi~nones, R.

R.; Jin, S. J. Biomed. Mater. Res. A 2006, 78, 97.

125. Popat, K. C.; Daniels, R. H.; Dubrow, R. S.; Hardev, V.;

Desai, T. A. J. Orthop. Res. 2006, 24, 619.

126. Popat, K. C.; Leoni, L.; Grimes, C. A.; Desai, T. A. Bioma-

terials 2007, 28, 3188.

127. Swan, E. E.; Popat, K. C.; Grimes, C. A.; Desai, T. A. J.

Biomed. Mater. Res. A 2005, 72, 288.A

128. Bauer, S.; Park, J.; Faltenbacher, J.; Berger, S.; von der

Mark, K.; Schmuki, P. Integr. Biol. 2009, 1, 525.

129. Park, J.; Bauer, S.; Schlegel, K. A.; Neukam, F. W.; von der

Mark, K.; Schmuki, P. Small 2009, 5, 666.

130. Park, J.; Bauer, S; von der Mark, K.; Schmuki, P. Nano

Lett. 2007, 7, 1686.

131. Oh, S.; Brammer, K. S.; Li, Y. S.; Teng, D.; Engler, A. J.;

Chien, S.; Jin, S. Proc. Natl. Acad. Sci. USA 2009, 106,

2130.

132. Bayram, C.; Demirbilel, M.; Yalcan, E.; Bozkurt, M.;

Doyan, M.; Denkba, E. B. Appl. Surf. Sci. 2014, 288, 143.

133. Anker, C. A. US patent 3642498, 1972.

134. Kawano, Y.; Okamoto, S. Kagaku to Seibutsu 1975, 13, 291.

135. Okamoto, S. Nippon Shokuhin Kogyo Gakkaishi 1977, 24,

40.

136. Makinson, K. Shrinkproofing of Wool. Marcel Dekker Inc:

New York: 1979.

137. Rippon, J. The Structure of Wool in Wool Dyeing. Society

of Dyers and Colourists: England, Bradford, 1992, 1.

138. Negri, A. P.; Cornell, H. J.; Rivett, D. E. Tex. Res. J. 1993,

63, 109.

139. Feughelman, M. UNSW Press 1997, 1.

140. Plowman, J. J. Chromatogr. B 2003, 787, 63.

141. Speakman, P. T. Wool Fibres. Fibre Chemistry Handbook

of Fibre Science and Technology; Dekker, M., Ed.; New

York, 1984; p 589.

142. Naik, S. Study of Naturally Crosslinked Protein from Wool,

Including Membrane Protein. Leeds: University of Leeds

(School of Textile Industries): 1994.

143. Astbury, W. T. Street, P. A. Phil. Trans. R. Soc. 1931, 230,

75.

144. Pauling, L.; Corey, R. Nature 1951, 168, 550.

145. Pauling, L.; Corey, R. Nature 1953, 171, 59.

146. Parry, D. A. D.; Steinert, P. M. Curr. Opin. Cell. Biol. 1992,

4, 94.

147. Crewther, W.; Frase, R.; Lennox, F.; Lindley, H. The chem-

istry of keratins. Advances in protein chemistry. New York:

Academic Press: 1965; p 191.

148. Humphries, M. J.; Komoriya, A.; Akiyama, S. K.; Olden,

K.; Yamada, K. M. J. Biol. Chem. 1987, 262, 6886.

149. Hamasaki, S.; Tachibana, A.; Tada, D.; Yamauchi, K.;

Tanabe, T. Mater. Sci. Eng. C 2008, 28, 1250.

150. Tachibana, A.; Furuta, Y.; Takeshima, H.; Tanabe, T.;

Yamauchi, K. J. Biotechnol. 2002, 93, 165.

151. Verma, V.; Verma, P.; Ray, P.; Ray, A. R. Biomed. Mater.

2008, 3, 025007.

152. Hill, P.; Brantleya, H.; Van Dyke, M. Biomaterials 2010, 31,

585.

153. Thomas, H.; Conrads, A.; Phan, K. -H.; van de L€ocht, M.;

Zahn, H. Int. J. Biol. Macromol. 1986, 8, 258.

154. van de L€ocht, M. Melliand Textilberichte 1987, 10, 221.

155. Ikkai, F.; Naito, S. Biomacromolecules 2002, 3, 482.

156. Mogosanu, G. D.; Mihai Grumezescu, A.; Carmen

Chifiriuc, M. Curr. Drug Targets 2014, 15, 518.

157. Blanchard, CR; Smith, RA; Siller-Jackson, A. US Patent

6274163, 1999.

158. Blanchard, C. R.; Timmons, S. F.; Smith, R. A. US Patent

6159496, 2000.

159. Van Dyke, M; Blanchard, CR; Siller-Jackson, A. EP patent

1265570 B1, 2000.

160. Blanchard, C.; Siller-Jackson, A. J.; Smith, R. A. US Patent

6270793, 2001.

161. Van Dyke, M. EP patent 2146738 A2, 2008.

162. Tachibana, A.; Kaneko, S.; Tanabe, T.; Yamauchi, K. Bioma-

terials 2005, 26, 297.

163. Aboushwareb, T.; Eberli, D.; Ward, C.; Broda, C.;

Holcomb, J.; Atala, A.; Van Dyke, M. J. Biomed. Mater. Res.

2009, 90, 45. B

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4288342883 (16 of 19)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


164. Apel, P. J.; Garrett, J. P.; Sierpinski, P.; Ma, J.; Atala, A.;

Smith, T. L.; Koman, L. A.; Van Dyke, M. E. J. Hand Surg.

2008, 33, 1541.

165. Sierpinski, P.; Garrett, J.; Ma, J.; Apel, P.; Klorig, D.; Smith,

T.; Koman, L. A.; Atala, A.; Van Dyke, M. Biomaterials

2008, 29, 118.

166. Li, J. S.; Li, Y.; Liu, X.; Zhang, J.; Zhang, Y. J. Mater. Chem.

B 2013, 1, 432.

167. Li, J.; Li, Y.; Mak, A. F. T.; Ko, F.; Qin, L. Polym. Degrad.

Stab. 2009, 94, 1800.

168. Zhang, H. ; Liu, J. J. Bioact. Compat. Polym. 2013, 28, 141.

169. Zhan, J.; Lan, P. J. Res. Updates Polym. Sci 2012, 1, 59.

170. Gao, C.; Gao, Q.; Li, Y.; Rahaman, M. N.; Teramoto, A.;

Abe, K. J. Appl. Polym. Sci. 2013, 127 112,

171. Zhang, S.; Huang, Y.; Yang, X.; Mei, F.; Ma, Q.; Chen, G.;

Ryn, S.; Deng, X. J. Biomed. Mater. Res. A 2009, 90, 671.

172. Kim, H. W.; Song, J. H.; Kim, H. E. Adv. Funct. Mater.

2005, 15, 1988.

173. Yang, F.; Both, S. K.; Yang, X.; Walboomers, X. F.; Jansen,

J. A. Acta Biomater. 2009, 5, 3295.

174. Ji, W.; Yang, F.; Ma, J.; Bouma, M. J.; Boerman, O. C.;

Chen, Z.; Vanden Beucken, J. J. J. P.; Jansen, J. A. Biomate-

rials 2013, 34, 735.

175. Rajzer, I.; Menaszek, E.; Kwiatkowski, R.; Plane, J. A.;

Castano, O. Mater. Sci. Eng. C 2014, 44, 183.

176. Choi, M. O.; Kim, Y. J. Int. J. Biol. Macromol. 2012, 50,

1188.

177. Martino, A. D.; Sittinger, M.; Risbud, M. V. Biomaterials

2005, 26, 5983.

178. Kim, I. Y.; Seo, S. J.; Moon, H. S.; Yoo, M. K.; Park, I. Y.;

Kim, B. C.; Cho, C. S. Biotechnol. Adv. 2008, 26, 1.

179. Jang, J. H.; Castano, O.; Kim, H. W. Adv. Drug Deliv. Rev.

2009, 61, 1065.

180. Jiang, T.; Deng, M.; James, R.; Nair, L. S.; Laurencin, C. T.

Acta Biomater. 2014, 10, 1632.

181. Anitha, A.; Sowmya, S.; Kumar, P. T. S.; Deepthi, S.;

Chnnazhi, K. P.; Ehrlich, H.; Tsurkan, M.; Jayakumar, R.

Prog. Polym. Sci. 2014, 39, 1644.

182. Levengood, S. K. L.; Zhang, M. J. Mater. Chem. B 2014, 2,

3161.

183. Lahiji, A.; Sohrabi, A.; Hungerford, D. S.; Frondoza, C. G.

J. Biomed. Mater. Res. 2000, 51, 586.

184. Amaral, I. F.; Lamghan, M.; Sousa, S. R.; Sampaio, P.;

Barbosa, M. A. J. Biomed. Mater. Res. A 2005, 75, 387.

185. Shi, C.; Zhu, Y.; Ran, X.; Wang, M.; Su, Y.; Cheng, T. J.

Surg. Res. 2006, 133, 185.

186. Yamane, S.; Iwasaki, N.; Majima, T.; Funakoshi, T.;

Masuko, T.; Harada, K. Biomaterials 2005, 26, 611.

187. Huang, Y.; Onyeri, M.; Moshfeghian, A.; Madihally, S. V.

Biomaterials 2005, 26, 7616.

188. Ma, L.; Gao, C.; Mao, Z.; Zhou, J.; Shen, J.; Hu, X. Bioma-

terials 2003, 24, 4833.

189. Chen, J. P.; Chen, S. H.; Lai, G. J. Nanoscale Res. Lett.

2012, 7, 170.

190. Muzzarelli, R. A. A. Carbohydr. Polym. 2011, 1433.

191. Bhattarai, N.; Edmondson, D.; Velseh, O.; Matsen, F. A.;

Zhang, M. Biomaterials 2005, 26, 6175.

192. Toskas, G.; Cherif, C.; Hund, R. D.; Laourine, E.; Mahltig,

B.; Fahmi, A.; Heinemann, C.; Hanke, T. Carbohydr. Polym.

2013, 4, 713.

193. Leszczak, V.; Place, L. W.; Franz, N.; Popat, K. C.; Kipper,

M. J. Appl. Mater. Interfaces 2014, 6, 9328.

194. Long, T.; Liu, Y. T.; Tang, S.; Sun, J. L.; Guo, Y. P.; Zhu, Z.

A. J. Biomed. Mater. Res. B 2014, 102, 1740.

195. Zhang, J.; Nie, J.; Zhang, Q.; Li, Y.; Wang, Z.; Hu, Q. J.

Biomater. Sci. 2014, 25, 61.

196. Danilchenko, S. N.; Kalinkevich, O. V.; Pogorelov, M. V.;

Kalinkevich, A. N.; Sklyar, A. M.; Kalinichenko, T. G.;

Ilyashenko, V. Y.; Starikov, V. V.; Bumeyster, V. I.; Sikora,

V. Z.; Sukhodub, L. F.; Mamalis, A. G.; Lavrynenko, S. N.;

Ramsden, J. J. J. Biol. Phys. Chem. 2009, 9, 119.

197. Qu, Z. W.; Meng, Q. G.; Xiao, X.; Li, B. L.; Zhang, F. M. J.

Biomed. Mater. Eng. 2014, 24, 683.

198. He, X.; Liu, Y.; Yuan, X.; Lu, L. PLoS ONE 2014, 9, 1.

199. Liverani, L.; Abbruzzese, F.; Mozetic, P.; Basoli, F.; Rainer,

A.; Trombetta, M. Asia-Pac. J. Chem. Eng. 2014, 9, 407.

200. Abdal-hay, A.; Vanegas, P.; Hamdy, A. S.; Felix, B.; Engel,

F. B.; Lim, J. H. Chem. Eng. J. 2014, 254, 612.

201. Yang, D.; Jin, Y.; Ma, G.; Chen, X.; Lu, F.; Nie, J. J. Appl.

Polym. Sci. 2008, 110, 3328.

202. Zhang, Y.; Reddy, V. J.; wong, S. Y.; Li, X.; Su, B.;

Ramakrishna, S.; Lim, C. T. J. Tissue Eng. 2010, 16, 1949.

203. Zhang, Y.; Venugopal, J. R.; El-Turki, A.; Ramakrishn, S.;

Su, B.; Lim, C. T. Biomaterials 2008, 29, 4314.

204. Thien, D. V. H.; Hsiao, S. W.; Ho, M. H.; Li, C. H.; Shih,

J. L. J. Mater. Sci. 2013, 48, 1640.

205. Park, Y. J.; Kim, K. H.; Lee, J. Y.; Ku, Y.; Lee, S. J.; Min, B.

M.; Chung, C. P. Biotechnol. Appl. Biochem. 2006, 43, 17.

206. Shalumon, K. T.; Binulal, N. S.; Seluamurugan, N.; Nair, S.

V.; Menon, D.; Furuike, T.; Tamura, H.; Jayakumar, R. Car-

bohydr. Polym. 2009, 77, 863.

207. Liu, H.; Peng, H.; Wu, Y.; Zhang, C.; Cai, Y.; Xu, G.; Li,

Q.; Chen, X.; Ji, J.; Zhang, Y.; Ouyang, H. W. Biomaterials

2013, 34, 4404.

208. Sun, A. J.; Tan, H. Materials 2013, 6, 1285.

209. Augst, A. D.; Kong, H. J.; Mooney, D. J. Macromol. Biosci.

2006, 6, 623.

210. Hashimoto, T.; Suzuki, Y.; Tanihara, M.; Kakimaru, Y.;

Suzuki, K. Biomaterials 2004, 25, 1407.

211. Lee, W. R.; Park, J. H.; Kim, K. H.; Kim, S. J.; Park, D. H.;

Chae, M. H.; Suh, S. H.; Jeong, S. W.; Park, K. K. Wound

Repair Regen. 2009, 17, 505.

212. Alsberg, E.; Anderson, K. W.; Albeiruti, A.; Rowley, J. A.;

Mooney, D. J. Proc. Natl. Acad. Sci. USA 2002, 99, 12025.

213. Alsberg, E.; Anderson, K. W.; Albeiruti, A.; Franceschi, R.

T.; Mooney, D. J. J. Dent. Res. 2001, 80, 2025.

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4288342883 (17 of 19)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


214. Prang, P.; Muller, R.; Eljaouhari, A.; Heckmann, K.; Kunz,

W.; Weber, T.; Faber, C.; Vroemen, M.; Bogdahn, U.;

Weidner, N. Biomaterials 2006, 27, 3560.

215. Chae, T.; Yang, H.; Leung, V.; Ko, F.; Troczynski, T. J.

Mater. Sci. Mater. Med. 2013, 24, 1885.

216. Jeong, S. I.; Krebs, M. D.; Bonino, C. A.; Samorezov, E.;

Khan, S. A.; Alsberg, E. J. Tissue Eng. 2011, 59.

217. Yu, C. C.; Chang, J. J.; Lee, Y. H.; Lin, Y. C.; Wu, M. H.;

Yang, M. C.; Chien, C. T. Mater. Lett. 2013, 3 133.

218. Zhu, H.; Yu, D.; Zhou, Y.; Wang, C.; Gao, M.; Jiang, H.;

Wang, H. J. Biomed. Mater. Res. B 2013, 101, 541.B

219. Patlolla, A.; Arinzeh, T. L. Biotechnol. Bioeng. 2014, 111,

1000.

220. Suganya, S.; Vengopal, J.; Ramakrishna, S.; Lakshmi, B. S.;

Giridev, V. R. J. Appl. Polym. Sci. 2014, 131, 1.

221. Ganesh, N.; Ashokan, A.; Rajeshkkannan, R.; Chennazhi,

K.; Koyakutty, M.; Nair, S. V. Tissue Eng. A 2014, 20, 2783.

222. Venugopal, J. R.; Low, S.; Choon, A. T.; Kumar, A. B.;

Ramakrishna, S. Artif. Organs 2008, 32, 388.

223. Binulal, N. S.; Natarajan, A.; Menon, D.; Bhaskaran, V. K.;

Mony, U.; Nair, S. V. J. Biomater. Sci. Polym. Ed. 2014, 25,

325.

224. Pereira, I. H. L.; Ayres, E.; Averous, L.; Schlatter, G.;

Hebraud, A.; Depaula, A. C. C.; Viana, P. H. L.; Goes, A.

M.; Orefice, R. L. J. Mater. Med. 2014, 25, 1137.

225. Xue, J.; He, M.; Liang, Y.; Crawford, A.; Coates, P.; Chen,

D.; Shi, R.; Zhang, L. J. Mater. Chem. B 2014, 2, 6867.

226. Lee, H.; Yeo, M.; Ahn, S.; Kang, D. O.; Jang, C. H.; Lee,

H.; Park, G. M.; Kim, G. H. J. Biomed. Mater. Res. B 2011,

97B, 263.

227. Ferrand, A.; Eap, S.; Richert, L.; Lemoine, S.; Kalaskar, D.;

Demoustier-Champagne, S.; Atmani, H.; M�ely, Y.; Fioretti,

F.; Schlatter, G.; Kuhn, L.; Ladam, G.; Benkirane-Jessel, N.

Macromol. Biosci. 2014, 14, 45.

228. Dan, H.; Vaquette, C.; Fisher, A. G.; Hamlet, S. M.; Xiao,

Y.; Wohutmacher, D.; Ivanovski, S. Biomaterials 2014, 35,

113.

229. Costa, P. F.; Vaquette, C.; Zhang, Q.; Reis, R. L.; Ivanovski,

S.; Hutmacher, D. W. J. Clin. Periodontol. 2014, 41, 283.

230. Eap, S.; Becavi, T.; Keller, L.; Kokten, T.; Fioretti, F.;

Weickert, J.; Deveaux, E.; Jessel, N. B.; Bopp, S. K. Adv.

Healthcare Mater. 2014, 3, 386.

231. Lee, J. H.; Park, J. H.; El-Fiqi, A.; Kim, J. H.; Yun, Y. -R.;

Jung, J.-H.; Han, C.-M.; Lee, E.-J.; Kim, H.-W. Acta Bio-

mater. 2014, 10, 2750.

232. Peng, F.; Yu, X. H.; Wei, M. Acta Biomater. 2011, 7, 2585.

233. Hu, J.; Sun, X.; Ma, H. Y.; Xie, C. Q.; Chen, Y. E.; Ma, P.

X. Biomaterials 2010, 31, 7971.

234. Park, J. E.; Todo, M. J. Mater. Sci. Mater. Med. 2011, 22,

1171.

235. Shim, I. K.; Jung, M. R.; Kim, K. H.; Seol, Y. J.; Park, Y. J.;

Park, W. H.; Lee, S. J. J. Biomed. Mater. Res. B 2010, 95,

150.

236. Cai, Y. Z.; Zhang, G. R.; Wang, L.; Jiang, Y. Z.; Ouyang, H. W.;

Zou, X. H. J. Biomed. Mater. Res. A 2012, 100, 1187.

237. Torricelli, P.; Gioffre, M.; Fiorani, A.; Panzavolta, S.;

Gualandi, C.; Fini, M.; Focarete, M. L.; Bigi, A. Mater. Sci.

Eng. C 2014, 36, 130.

238. He, C.; Jin, X.; Ma, P. X. Acta Biomater. 2014, 10, 419.

239. Deng, X.-L.; Sui, G.; Zao, M.-L.; Chen, G.-Q.; Yang, X.-P.

J. Biomater. Sci. Polym. Ed. 2007, 18, 117.

240. Rajzer, I.; Menaszek, E.; Kwiatkowski, R.; Chrzanoowski,

W. J. Mater. Sci. Mater. Med. 2014, 25, 1239.

241. Sui, G.; Yang, X.; Mei, F.; Hu, X.; Chen, G.; Deng, X.; Ryu,

S. J. Biomed. Mater. Res. A 2007, 82, 445.

242. Liao, S.; Nguyen, L. T. H.; Ngiam, M.; Wang, C.; Cheng,

Z.; Chan, C. K.; Ramakrishna, S. Adv. Healthcare Mater.

2014, 3, 737.

243. Chae, T.; Yang, H.; Ko, F.; Troczynski, T. J. Biomed. Mater.

Res. A 2014, 102, 514.A

244. Akkouch, A.; Zhang, Z.; Rouabhia, M. J. Biomater. Appl.

2014, 28, 922.

245. Ngiam, M.; Liao, S.; Patil, A. J.; Cheng, Z.; Chan, C. K.;

Ramakrishna, S. Bone 2009, 45, 4.

246. Jose, M. V.; Thomas, V.; Johnson, K. T.; Dean, D. R.;

Nyairo, E. Acta Biomater. 2009, 5, 305.

247. Jiang, L. M.; Sun, H. Z.; Yuan, A. L.; Zhang, K.; Li, D. W.;

Li, C.; Shi, C.; Li, X. W.; Gao, K.; Zheng, C. Y.; Yang, B.;

Sun, H. C. J. Biomed. Nanotechnol. 2013, 9, 1921.

248. Zhang, P. B.; Hong, Z. K.; Yu, T.; Chen, X. S.; Jing, X. B.

Biomaterials 2009, 30, 58.

249. Liu, W.; Lipner, J.; Xie, J.; Manning, C. N.; Thomopoulos,

S.; Xia, Y. Appl. Mater. Interfaces 2014, 6, 2842.

250. Lau, L.; Wang, Y.; Zhu, Y.; Zhang, Y.; Gao, C. J. Mater. Sci.

Mater. Med. 2011, 22, 1873.

251. Haider, A.; Gupta, K. C.; Kang, I. K. Nanoscale Res. Lett.

2014, 9, 1.

252. Smavedi, S.; Vaidya, P.; Gaddam, P.; Whittington, A. R.;

Goldstein, A. S. Biotechnol. Bioeng. 2014, 111, 2549.

253. Lee, Y. J.; Lee, J.-H.; Cho, H.-J.; Kim, H. K.; Yoon, T. R.;

shin, H. Biomaterials 2013, 34, 5059.

254. Ji, W.; Yang, F.; Seyednejad, H.; Chen, Z.; Hennink, W. E.;

Anderson, J. M.; van den Beuckena, J. J. J. P.; Jansen, J. A.

Biomaterials 2012, 33, 6604.

255. Lee, J. B.; Kim, S. E.; Heo, D. N.; Kwon, I. K.; Choi, B. J.

Macromol. Res. 2010, 18, 1195.

256. Meng, Z. X.; Wang, Y. S.; Ma, C.; Zheng, W.; Li, L.; Zheng,

Y. F. Mater. Sci. Eng. C 2010, 30, 1209.

257. Li, D.; Sun, H.; Jiang, L.; Zhang, K.; Liu, W.; Zhu, Y.;

Fangteng, J.; Shi, C.; Zhao, L.; Sun, H.; Yang, B. Appl.

Mater. Interfaces 2014, 6, 9402.

258. Wang, J.; Cui, X.; Zhou, Y.; Xiang, Q. Connect. Tissue Res.

2014, 55, 292.

259. Adegani, F. J.; langroudi, L.; Ardeshiry, A.; Dinarvand, P.;

Dodel, M.; Doostmohammadi, A.; Rahimian, A.; Zohrabi,

P.; Seyedjafari, E.; Soleimani, M. Cell Biol. Int. 2014, 38,

1271.

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4288342883 (18 of 19)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


260. Wu, Q.; Wang, Y.; Chen, G. Q. Artif. Cells Blood Subst. Bio-

technol. 2009, 37, 1.

261. Zheng, Z.; Deng, Y.; Lin, X. S.; Zhang, L. X.; Chen, G. Q.

J. Biomater. Sci. Polym. Ed. 2003, 14, 615.

262. Wang, Y. W.; Wu, Q.; Chen, G. Q. Biomaterials 2004, 25,

669.

263. Wang, Y.; Bian, Y. Z.; Wu, Q.; Chen, G. Q. Biomaterials

2008, 29, 2858.

264. Ye, C.; Hu, P.; Ma, M. X.; Xiang, Y.; Liu, R. G.; Shang, X. W.

Biomaterials 2009, 30, 4401.

265. Yan, C.; Wang, Y.; Shen, X. Y.; Yang, G.; Jian, J.; Wang, H. S.;

Chen, G. Q.; Wu, Q. Biomaterials 2011, 32, 6435.

266. Ramier, J.; Bouderlique, T.; Stoilova, O.; Manolova, N.;

Rashkov, I.; Langlois, V.; Renard, E.; Albanese, P.; Grande,

D. Mater. Sci. Eng. C 2014, 38, 161.

267. Ito, Y.; Hasuda, H.; Kamitakahara, M.; Ohtsuki, C.;

Tanihara, M.; Kang, I.-K.; Kwon, O. H. J. Biosci. Bioeng.

2005, 100, 43.

268. Wang, Y.; Gao, R.; Wang, P.-P.; Jian, J.; Jiang, X.-L.; Yan,

C.; Lin, X.; Wu, L.; Chen, G.-Q.; Wu, Q. Biomaterials

2012, 33, 485.

269. Poologasundarampillai, G.; Wang, D.; Li, S.; Nakamura, J.;

Bradley, R.; Lee, P. D.; Stevens, M. M.; McPhail, D. S.;

Kasuga, T.; Jones, J. R. Acta Biomater. 2014, 10, 3733.

270. Mi, H.-Y.; Palumbo, S. M.; Jing, X.; Turng, L.-S.; Li, W.-J.;

Peng, X.-F. J. Biomed. Mater. Res. B 2014, 102, 1434.

271. Shahini, A.; Yazdimamaghani, M.; Walker, K. J.; Eastman,

M. A.; Hatami-Marbini, H.; Smith, B. J.; Ricci, J. L.;

Madihally, S. V.; Vashaee, D.; Tayebi, L. Int. J. Nanomed.

2014, 9, 167.

272. Ravichandran, R.; Venugopal, J. R.; Sundarrajan, S.;

Mukherjee, S.; Ramakrishna, S. Biomaterials 2012, 33, 846.

273. Gentilini, C.; Dong, Y.; May, J. R.; Goldoni, S.; Clarke, D.

E.; Lee, B. H.; Pashuck, E. T.; Stevens, M. M. Adv. Health-

care Mater. 2012, 1, 308.

274. Gupta, D.; Venugopal, J.; Mitra, S.; Giri, V. R.;

Ramakrishna, S. Biomaterials 2009, 30, 2085.

275. Maghdouri-White, Y.; Bowlin, G. L.; Lemmon, C. A.;

Dr�eaua, D. Mater. Sci. Eng. C 2014, 43, 37.

REVIEW WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4288342883 (19 of 19)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

