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drug delivery and tissue engineering 

Chuanglong He,
* 

Wei Nie and Wei Feng 

Biomimetic nanofibers have emerged as promising candidates for drug delivery and tissue 

engineering applications. In this paper, recent advances on the fabrication and application of 

biomimetic nanofibers as drug carriers and scaffolding materials are reviewed. First, we 

delineate the three popular nanofiber fabrication techniques including electrospinning, phase 

separation and molecular self-assembly, covering the principal materials used for different 

techniques and surface functionalization strategies for nanofibers. Furthermore, we focus our 

interest on the nanofiber-based delivery strategies and underlying kinetics for growth factors 

and other bioactive molecules, following which we summarize the recent advances in the 

development of these nanofibrous matrices for bone, vascular and neural tissue engineering 

applications. Finally, research challenges and future trends in the related areas are discussed. 

 

1. Introduction 

Tissue engineering combines the principles and technologies 

from the life, material and engineering sciences to develop 

functional substitutes for damaged tissues and organs. Its 

underlying concept is to combine a scaffold with living cells 

and/or bioactive molecules to form a living construct 

promoting the repair and regeneration of human tissue. To be 

successful in tissue regeneration, the living cells should be 

effectively reorganized into a three-dimensional (3D) scaffold 

with morphological and physiological features resembling 

those in vivo.1 In this context, the scaffold should be properly 

designed to provide more than only temporary physical support 

for cells but also the correct mechanical, topographical and 

biological cues to regulate cellular responses and direct tissue 

growth.2 With an ever expanding knowledge of cell-matrix 

interactions in natural tissues, the last few years has evidenced 

a paradigm shift in design criteria of ideal tissue engineered 

scaffolds, a variety of biomimetic scaffolds capable of 

recapitulating critical structural and biological features of 

natural extracellular matrix (ECM) are currently being 

developed.3,4 

Cells are supported in vivo by a 3D network of ECM, which 

contains various proteins, growth factors and polysaccharides 

that contributes physical structure and a biochemical context to 

the extracellular microenvironment (Fig. 1).5 The major ECM 

components such as collagen and elastin exist in the form of 

interwoven nanofibers with diameters ranging from tens to 

hundreds of nanometers, which are covered with nanoscale 

adhesion proteins such as laminin and fibronectin that provide 

specific binding sites for cell adhesion.1,3,5,6 Such a nanoscale 

structure of the ECM provides a fibrillar matrix network to 

support cells and present an instructive background to guide 

their behavior. Cells can interact with their ECM 

microenvironments by receptor-mediated interactions, the 

sequestration of growth factors by the ECM, spatial cues and 

mechanical fore transduction, to trigger various intracellular 

signaling pathways that regulate various essential cell 

behaviors and cell fate determination.3,7,8 Therefore, it is highly 

desirable to develop an engineered ECM analog that 

incorporates nanoscale structural, biochemical and 

biomechanical cues required for optimal tissue regeneration. 

Recent advances in the fabrication of nanofibers make it 

possible to engineer novel scaffolding materials with these 

levels of complexities. 

Polymer nanofibers have been fabricated using several 

different techniques including physical, chemical, thermal and 

electrostatic fabrication techniques.9 The dominating 

techniques capable of producing ECM-mimicking nanofibrous 

scaffold are electrospinning,10 thermally induced phase 

separation (TIPS)11 and molecular self-assembly.12 Due to their 

unique properties such as large specific surface-to-volume ratio 

and the capacity of mimicking native ECM, biomimetic 

nanofibers are highly suitable as scaffolds for tissue 

regeneration and carriers for drug delivery.6,13 Consequently, it 

comes to a common view that tissue scaffolds and drug carriers 

developed by these nanofibers had great potential in 

biomedical application. 

The aim of this review is to provide an overview of the 

recent progress in the design, fabrication and modification of 

biomimetic nanofibers for drug delivery and tissue engineering 

applications, with a particular focus on fabricating electrospun 

nanofibers in a biomimetic perspective. First, we present a 

comprehensive description to the three main nanofiber 

fabrication techniques including electrospinning, TIPS and 

molecular self-assembly, covering the principal materials used 

for different fabrication techniques and surface 

functionalization strategies for nanofibers, with emphasis on 

issues for biomimetic design. Next, we highlight the nanofiber-

based delivery strategies and underlying kinetics for growth 

factors and other bioactive molecules, following which we 

summarize the recent advances in the development of these 

nanofibrous matrices for bone, vascular and neural tissue 

engineering applications. Finally, we conclude with current 
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challenges and future directions in the development of 

biomimetic nanofibers for drug delivery and tissue engineering 

applications. 

2. Biomimetic nanofibers  

2.1 Preparation methods 

Depending on different materials used, three well-

established techniques can be applied for fabrication of 

biomimetic nanofibers. Although all of these techniques 

enable to produce 3D nanofibrous scaffolds suitable for 

use in tissue engineering applications, each has inherent 

advantages and limitations.14 With respect to their 

individual advantageous, TIPS generally requires minimal 

equipment,15 molecular self-assembly can produce 

nanofibers with a smaller size,16 but electrospinning is the 

most widely adopted technique for nanofiber fabrication 

because of its versatility and flexibility and is the focus of 

this review.  

2.1.1 Electrospinning. Electrospinning, which utilizes 

electrostatic forces to create nanofibers, have been 

invented over 100 years.17 A typical electrospinning 

apparatus includes a high voltage power source, a syringe 

pump, a metallic spinneret and a conductive collector (Fig. 

2a).18 In order for electrospinning to occur, a high voltage 

is applied to create an electric field between polymer 

solution and the grounded collector. With the use of a 

syringe pump, the polymer solution is delivered to the tip 

of spinneret at a constant rate. The polymer droplet is 

initially held by its surface tension at the tip and gradually 

drawn from the tip as the electric field increased. When the 

electrostatic force is sufficient to overcome the surface 

tension, a taylor cone forms and a fine jet ejects from its 

surface toward the collector (Fig. 2a). The polymer jets 

travel from the tip to the collector allowing the solvent to 

evaporate, thus the solid nanofibers formed and deposited 

on the collector (Fig. 2d). The morphology and diameter of 

the resulting nanofibers can be tuned by the variation of 

the processing parameters, which includes the intrinsic 

properties of polymer solution such as the nature and 

molecule weight of the polymer, the rheological properties 

of polymer solution (concentration, surface tension, 

elasticity and electrical conductivity), various operational 

conditions such as applied voltage, feeding rate for the 

polymer solution and collecting distance between spinneret 

tip to collector, as well as ambient parameters such as 

temperature, humidity and air velocity.10,19 The diameter 

of the electrospun nanofibers is mainly dependent on the 

concentration and viscosity of polymer solution, applied 

voltage and collecting distance. Concurrently, the porosity 

and pore sizes of the resulting nanofibous scaffolds can be 

regulated by fiber diameter and their packing density. As a 

result, the feeding rate for the polymer solution exerts an 

impact on the fiber porosity and geometry, and some bead-

like defects are frequently observed at high feeding rate 

due to the insufficient solvent evaporation. In addition, the 

collecting distance between spinneret tip to collector is 

considered as another factor contributing to the diameter 

and morphology of nanofibers. The fiber diameter tends to 

decrease with increasing tip-collector distance, while some 

bead-like or conglutinated fibers may be occurred at high 

collecting distance.10,20  

The spinneret system can be suitably modified to 

produce diverse nanofibers such as blend and core-sheath 

nanofibers, which can be realized by using a multiple 

spinneret system21-23 (Fig. 2b) and a coaxial one (Fig. 

2c).24,25 Compared with typical electrospinning setup, 

multiple spinneret system allows the same polymer 

solution to simultaneously eject from different spinnerets, 

or the different polymer solutions to separately eject from 

different spinnerets (Fig. 2b), hence it more suitable for 

larger-scale production or fabrication of multi-component 

fibers (Fig. 2e). While coaxial spinneret system, which 

consisted of a syringe-like apparatus with an inner 

capillary coaxially placed inside an outer one (Fig. 2c), is a 

feasible and versatile method to prepare core-sheath 

nanofibers (Fig. 2f).26,27 Apart from multiple and coaxial 

electrospinning, some needless electrospinning setups 

were recently invented for the mass nanofiber production, 

including bubble electrospinning28 and rotating spinnerets 

combined electrospinning.29,30 

Recently, many modified electrospinning techniques 

have been developed to meet certain requirements. By 

improving the spinneret design and collecting apparatus, 

nanofibers with different shapes and structural 

characteristics were obtained for specific tissue 

regeneration and drug delivery applications. Rotating 

collectors were frequently employed for collection of the 

aligned nanofibers,13,31,32 which are mainly composed of a 

metal cylinder collector that can rotate by motor driving 

(Fig. 3a). When the fiber jets deposited on the rotating 

collector, the generated centrifugal force can induce the 

orderly deposition of nanofibers. The other variations 

based on this method were also developed, including a 

rotating wheel13,32,33 (Fig. 3b) or a rotating wire drum (Fig. 

3c).34 During electrospinning, a strongly concentrated 

electrostatic field can be created by using a rotating wheel 

collector, which directs the charged jet toward the knife-

edge of the wheel, resulting in a well-aligned fibrous mat 

along the edges of the disc.13 The as-prepared aligned 

nanofibers can be used for the tissue suturing13,32 and 

tissue regeneration35 applications. To fabricate nanofibrous 

scaffolds with complex geometries, a broad array of 

collecting apparatus were also proposed, such as counter 

electrodes array and parallel ring collector for fiber 

assembles (Fig. 3d and e),36,37 as well as liquid or dynamic 

liquid deposition for nanoyarn fabrication.38-40 In addition, 

the patterned electrospun nanofibers and 3D nanofibrous 

architecture can be fabricated using a continuous 

conductive collector with patterned protrusions (Fig. 3f 

and g).41-43 

2.1.2 Phase separation. TIPS is a prevailing method to 

generate nanofibers in the same size range as natural ECM 

collagen (50-500 nm), in which inter-connected 

macroporous architecture can be facilely made by 

combined with other techniques such as porogen 

leaching44-46 and solid freeform fabrication,47 allowing 

sufficient space for cell migration, matrix deposition and 

tissue formation.48-52 The principle of this technique is that 

a homogeneous polymer-solvent system would be 

thermodynamically unstable under some specific 

conditions, such as exposure of the solution to another 

immiscible solvent or rapid cooling the solution below a 

bimodal solubility curve. As a result, polymer solution is 

separated into a polymer-rich phase and a polymer-lean 
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phase. After removal of solvent, the polymer-rich phase 

solidifies and forms a porous scaffold. Furthermore, the 

unique nanofibrous structure can be produced by suitably 

manipulating the phase separation process such as the 

gelation and solvent exchanging process (Fig. 4). The 

technique was initially validated with aliphatic polyesters 

such as poly(L-lactide) (PLLA),52 but several other 

polymers including copolymers of PLLA and poly(ε-

caprolactone) (PCL), such as poly(ε-caprolactone)-block-

poly(L-lactide) (PCL-b-PLLA)53 and poly(ε-caprolactone)-

block-poly(L-lactic acid-co-ε-caprolactone) (PCLA),54 

polyhydroxyalkanoate,55 chitosan56 and gelatin45,57 have 

been successfully processed into nanofibers by TIPS 

technique. Despite the advantages, this approach has 

limitations in its ability to develop a wide spectrum of 

polymer nanofibers for broader biomedical applications.  

2.1.3 Molecular self-assembly. Unlike electrospinning 

and TIPS, molecular self-assembly is a bottom-up 

approach to create nanofibers from small molecules, 

proteins, peptides and nucleic acids. The process, 

resembling those that occur naturally in biological 

systems, generally involves the spontaneous organization 

of individual components into ordered and stable 

aggregating structures.58 Self-assembling process is 

mediated by non-covalent forces including van der Waals 

forces, hydrogen bonds and electrostatic forces.12 So far 

several different types of peptide-based self-assembly 

fibrous biomaterials have been demonstrated, which 

mainly include amyloid-like structures, α-helical 

assemblies and peptide amphiphiles (PAs).59 Among these, 

PAs containing both a hydrophobic tail group and a 

hydrophilic head group are a common building block for 

self-assembled nanofibers. Stupp and co-works fist 

demonstrated that this type of molecules could be self-

assembled into cylindrical micelles or peptide 

nanofibers.16 For efficient self-assembly, PAs were 

designed to include five key structure features: a 16-carbon 

alkyl tail providing the hydrophobic driving force to 

trigger self-assembly, a peptide region with four 

consecutive cysteine residues to form disulfide bonds for 

polymerization, a head group region with three glycine 

residues to provide flexibility, a phosphorylated serine 

residue that helps to direct mineralization, and an Arg-Gly-

Asp (RGD) sequence to facilitate cell adhesion. The self-

assembly of these PA monomers into cylindrical 

nanofibers can be triggered by a change in pH or the 

concentration of divalent ions, which neutralize the 

electrostatic repulsion between molecules and to allow for 

clustering of the hydrophobic tails in the core, while 

exposing the hydrophilic heads on the exterior of the fiber 

(Fig. 5a-d). These PAs can be further modified by 

changing the alkyl tail length and peptide amino acid 

composition, and create nanofibers with varying 

morphology, surface and bioactivity.60 The resulting PA 

nanofibers possess fiber dimensions similar to that of 

native ECM and can form gel networks at low media 

concentrations, allowing for 3D cell encapsulation.61 The 

self-assembly approach can be tailored in vivo to create an 

injectable scaffold for in situ scaffold formation.62,63 

Furthermore, several bioactive cues can be presented 

simultaneously by co-assembling multiple PA molecules 

bearing different signals.64 Recent works have increasingly 

demonstrated potential biomedical applications for a 

variety of PA nanofibers. For example, different PA fibers 

have been used as tunable scaffolds for the tissue 

engineering of bone,65,66 cartilage,67 blood vessel68 and 

nerve,69-72 and as the platforms or carriers for the 

controlled release of growth factors and therapeutic 

agents.73,74  

Ionic self-complementary peptides can also serve as 

building blocks to construct nanofibers.75-78 These peptides 

have alternating positively and negatively charged amino 

acids, such as 16-amino acid peptides RADA16-I (Ac-

RADARADARADARADA-NH2) and RADA16-II (Ac-

RARADADARARADADA-NH2), which form β-sheet 

structures in aqueous solution with two distinct 

hydrophilic and hydrophobic surfaces. When expose these 

peptides to a salt solution or to physiological media, they 

can be self-assembled into hydrogels with interwoven 

nanofibrous structure (Fig. 5d).12 Such a scaffold is not 

only highly porous having a pore size of 5-200 nm but also 

possesses an extremely high water content of more than 

99.5%, and thus is particularly suitable for the cell growth 

and the delivery of bioactive molecules in various fields of 

tissue engineering.75,77,79-82 In addition, the engineering of 

collagen-like83-85 and elastin-like86-88 polypeptides as 

building blocks for self-assembled nanofibers with specific 

structural and mechanical properties is of great interest to 

the biomedical community. Despite these impressive 

advances, however, the self-assembly process is still a 

time-consuming and relatively expensive approach for 

nanofiber fabrication at the moment. 

2.2 Nanofibers from different polymers 

Polymer nanofibers represent excellent structures for the 

design of tissue engineering scaffolds and drug delivery 

carriers because of their unique characteristics such as 

very large surface area-to-volume ratio, high porosity with 

very small pore size, and tunable structural and mechanical 

properties. Most importantly, their nanoscale fibrous 

structure closely resembles the native ECM niche that cells 

grow in and provides appropriate physical cues for 

manipulating cellular functions. A large variety of 

biocompatible polymers can be formed into nanofibrous 

structures by using several different processing techniques. 

Among which, phase-separated nanofibers are currently 

restricted to a narrow range of polymers, whereas self-

assembled nanofibers are mainly originated from peptides, 

PAs, peptide-polymer conjugates and proteins. In contrast, 

electrospinning is the most versatile technique for 

nanofiber production that nanofibers can be produced from 

a wide range of materials including natural and synthetic 

polymers, ceramics and their composites. To date, more 

than 200 polymers have been successfully electropun into 

nanofibers for various potential applications.89 For 

building up more biomimetic platforms, numerous 

bioactive molecules and therapeutic drugs can be 

introduced into polymer nanofibers by either in situ 

incorporation or by post-modification processes. 

The most widely used synthetic polymers available for 

electrospinning are linear aliphatic polyesters, such as 

PLLA, poly (glycolic acid) (PGA), PCL and their 

copolymers. These synthetic polymers nanofibers allow for 

easy tailoring of their mechanical, architectural and 

degradation properties, but they are generally hydrophobic 

and lack active binding sites for cell adhesion and 

therefore require additional modifications. In addition, 

several water-soluble synthetic polymers such as poly(N-
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vinylpyrrolidone) (PVP),90 poly(ethylene glycol) (PEG),91 

polyvinyl alcohol (PVA)92,93 and polyethylene oxide 

(PEO)94 are also the ideal candidates to fabricate 

nanofibers for biomedical applications, especially for use 

as drug carriers. For example, Dai et al.95 applied blend 

electrospinning to prepare emodin-incorporated PVP 

nanofibers. In vivo test and histological evaluation 

revealed that the emodin-loaded nanofibrous membrane 

had an accelerated therapeutic effect. Li et al.92 developed 

a rapid-dissolving drug delivery system by using 

electrospun PVA as the fiber-forming polymer and drug 

carrier. The model drugs including caffeine and riboflavin 

were evenly distributed into the medicated nanofibers, and 

the in vitro dissolution test showed that the encapsulated 

drugs can be released in a burst manner from the PVA 

nanofibrous carriers. In addition, PEO was usually severed 

as an additive or a booster to improve the spinnability of 

some refractory polymers that are not amenable to 

electrospinning.96-100  

Nanofibers from natural polymers, such as collagen,101-

103 gelatin,104,105 elastin,106 silk fibroin,107-111 spider silk,112 

fibrinogen,113-115 chitosan,116-118 hyaluronic acid119 and 

alginate,120 represent more attractive alternative for 

biomimetic applications. Many of these materials contain 

specific cell-binding sites that are very beneficial for cell 

attachment, proliferation and even differentiation. 

However, natural polymers also have some limitations 

including weak mechanical properties, poor processibility, 

rapid degradation rate and potential immunogenic 

properties. Thus, the fabrication of polyblend nanofibers 

by blending two or multiple polymers has been recognized 

as a powerful approach to maximize the advantages of 

each component.14,114,121 For example, polyblend approach 

enables to integrate the advantages of different types of 

materials into a new material, thus providing enhanced 

mechanical strength, bioactivity and degradation profile. 

2.3 Surface modification and crosslinking of nanofibers 

Surface modification provides a robust approach to 

improve the physicochemical and biological properties of 

nanofibers. Several different techniques have been 

proposed for surface modification of nanofibers by 

increasing the hydrophilicity and introducing active sites 

for further biomolecules immobilization, including 

physical adsorption and coating, plasma modification, wet 

chemical methods and surface graft polymerization. To 

construct a more cell-friendly surface, various 

biomolecules with specific bioactive moieties can be 

physically absorbed or chemically bonded to the surface of 

polymer nanofibers without affecting bulk properties. Such 

biologically functionalized nanofibers possess optimized 

surface hydrophilicity and chemical compositions, thus 

providing a more favorable environment for cell growth 

and tissue regeneration. 

2.3.1 Physical absorption. Physical absorption is a 

simplest technique to immobilize biomolecules onto the 

nanofiber surfaces, which is driven by non-covalent 

interactions such as Van der Waals force, electrostatic 

forces, hydrophobic interactions and hydrogen bonding.9 

However, the immobilization strength and efficiency of 

biomolecules is relatively weak by direct physical 

coating.122 To circumvent this limitation, plasma 

modification is commonly applied to increase the 

efficiency of physical absorption onto hydrophobic 

nanofiber scaffolds by creating a more hydrophilic surface. 

Plasma-treated polymer nanofibers could enhance cell 

attachment and migration because of the large quantity of 

hydrophilic amine and carboxyl surface groups.123 

Furthermore, several types of ECM protein components 

such as collagen,124 gelatin,125,126 laminin127 and 

fibronectin128 can be subsequently immobilized onto the 

plasma treated nanofibrous surface for enhanced cell 

function. Other biomolecules such as heparin129-131 and the 

mussel-inspired protein poly(dopamine) (PDA)132-134 can 

be also introduced to the nanofibrous scaffolds for 

enhanced anticoagulant and surface adhesion properties. 

Layer-by-layer (LbL) assembly is another versatile 

surface modification approach that typically utilizes 

electrostatic attraction to assemble polyelectrolyte 

multilayers (PEM) onto a substratum, allowing nanoscale 

control over composition and structure.135-137 This 

technique has recently been utilized for the surface 

modification of nanofibrous scaffolds due to the ease of 

the film assembly and the ability to manipulate the 

physicochemical, mechanical and biological properties of 

the coating. For example, PEM containing 

poly(diallyldimethylammonium chloride) (PDADMAC) 

and poly(sodium 4-styrene sulfonate) (PSS) can be coated 

onto the surface of PCL nanofibrous mats by using a LbL 

self-assembly approach, the coated nanofibers exhibited 

better mechanical stability and enhanced adhesion and 

proliferation of fibroblasts than their uncoated 

counterparts.138 

2.3.2 Chemical bonding. In contrast to physical 

absorption, chemical bonding provides a more efficient 

method for long term preservation of biomolecules. To 

ensure effective immobilization of bioactive compounds, 

the appropriate chemical modification should be 

undertaken to introduce reactive functional groups prior to 

chemical bonding. Carboxyl and amine groups are the 

most widely used functional groups for surface 

modification of polymer nanofiber, which can be 

introduced to the surface of nanofibrous films by 

hydrolysis reaction using mild solutions of bases and 

acids, respectively. For example, carboxyl groups can be 

exposed on the surface of several polyester nanofibers 

after treating with alkaline aqueous solution.139,140 In 

addition, amine groups can also be grafted onto the surface 

of polyester nanofibers128 or be incorporated into the bulk 

material of nanofibers during the fabrication.141,142 After 

activation of these surface reactive groups, biomolecules 

can be immobilized onto the nanofiber surface, majorly by 

means of N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride/N-hydroxysuccinimide 

(EDC/NHS) chemistry. A variety of bioactive molecules 

such as ECM proteins, ECM-derived peptides, antibody 

and heparin have been covalently bonded to the surface of 

polymer nanofibrous scaffolds to meet various specific 

requirements in tissue engineering and drug delivery. For 

example, collagen, one kind of ECM protein, was 

immobilized onto the nanofiber surface through EDC/NHS 

chemistry.143 The collagen-modified nanofibers showed 

enhanced the attachment and viability of the neural stem 

cells. In another studies, several specific cell adhesive 

RGD sequences such as Gly-Arg-Gly-Asp-Ser 

(GRGDS)144,145 and Gly-Arg-Gly-Asp-Tyr (GRGDY),142 

can be covalently attached to the surface of polyester 

nanofibers, resulting in specific cell/material interaction 

while reducing protein adsorption. Recently, Zhang et 

al.146 suggested a convenient approach for achieving stable 
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hydrophilic surfaces where PCL nanofibers were firstly 

modified with a class II hydrophobin (HFBI), and the 

second protein layer of anti-CD31 antibody was 

subsequently immobilized on the HFBI surface through 

protein-protein interactions. The resultant PCL scaffolds 

showed dramatic enhancement in specific binding of 

human umbilical vein endothelial cells (HUVECs), thus 

allowing rapid endothelialization on the vascular grafts 

surface. In addition, heparin is now commonly bonded to 

the external surface of the nanofibrous scaffolds by EDC 

chemistry for enhanced cell infiltration129 or for 

subsequent growth factors loading.147 

2.3.3 Crosslinking of nanofibers. Natural nanofibers, 

fabricated either by electrospinning or self-assembly, 

generally possess poor mechanical properties and water 

stability, which limit their use in tissue engineering and 

drug delivery. To overcome these limitations, crosslinking 

via either physical or chemical methods is a useful way for 

improving the mechanical and degradation properties of 

polymer nanofibers for tissue engineering 

applications.148,149  

Chemical crosslinking is a highly versatile method to 

create nanofibers with good mechanical stability and 

water-resistant ability, where the commonly used 

crosslinkers are glutaraldehyde and EDC/NHS chemistries. 

These crosslinking methods have been largely employed 

for crosslinking of protein and polysaccharide nanofibers, 

such as collagen,150,151 elastin,152 gelatin,153-156 

fibrinogen,157 silk fibroin,158 chitosan159,160 and 

cellulose.161 However, glutaraldehyde treated materials can 

be cytotoxic162,163 and induce some side effects in vivo, 

such as calcification and infection.164,165 Although the 

crosslinking processes with EDC/NHS chemistries were 

proven to be nontoxic, the crosslinked nanofibers might 

lose their stability in aqueous solution.155,166 To this end, 

several natural plant crosslinkers including genipin,154,167 

phytic acid168 and procyanidins169 have been developed for 

crosslinking nanofibers. Genipin is an aglycone derived 

from the fruit of Gardenia jasminoides Ellis, obtained via 

enzymatic hydrolysis with β-glucosidase.170 It participates 

in both short- and long-range covalent cross-linking of ε-

amino groups in amine-containing polymers,171 and can 

react with amino acid or proteins to form blue pigments 

that are used in Chinese medicine and the production of 

food dyes.172,173 Furthermore, genipin exhibits good 

biocompatibility and negligible toxicity, making it one of 

the most widely used crosslinking agent for 

biomaterials.174 Due to the ability to covalently bind with 

the free amine groups on the surface of nanofibers, genipin 

has recently been utilized for fixing collagen,175 gelatin,167 

chitosan176 and silk fibroin177,178 nanofibrous scaffolds 

with very minimal cytotoxic effects compared to studies 

performed with glutaraldehyde. In a recent study, anothor 

natural plant crosslinker, phytic acid, was applied to 

crosslink the hemoglobin/gelatin/fibrinogen composite 

nanofibers for the regeneration of ischemic 

myocardium.168 The in vitro results showed that the phytic 

acid-crosslinked scaffold had a significantly higher cell 

proliferation than glutarladehyde-crosslinked scaffold. In 

addition, procyanidin was also used for crosslinking of 

bacterial cellulose/gelatin composite nanofibers, and in 

vitro culture of fibroblasts on the crosslinked scaffold 

demonstrated good cell viability and a normal cell 

morphology.179 

To achieve an effective chemical crosslinking, the 

polymers must contain specific functional groups which 

can participate in crosslinking reactions. Therefore, it is 

difficult to crosslink a polymer without such functional 

groups. Physical crosslinking such as dehydrothermal 

treatment (DHT), plasma treatment, gamma or electron 

beam irradiation, and ultraviolet (UV) treatment can be 

used as alternative approaches. However, the single use of 

the physical treatment generally produces a low 

crosslinking degree because the reaction occurs only at the 

surface of the materials. Compared with physical 

crosslinking alone, the combination of physical and 

chemical crosslinking resulted in a significantly higher 

crosslinking degree because the crosslinking 

simultaneously occur in both the surface and the bulk of 

the nanofibers.149 Most recently, Lin et al.148 reported an in 

situ UV-crosslinking method for crosslinking of gelatin 

electrospun fibers. The UV-crosslinked nanofibers 

possessed good water-resistant ability with improved 

mechanical strength. Moreover, they exhibited better 

biocompatibility for fibroblasts than the glutaraldehyde-

crosslinked ones. In another study,180 a similar in situ 

method was also applied to fabricate polyurethane 

(PU)/Poly(ethylene glycol) methacrylate (PEGMA) 

crosslinked scaffolds for vascular tissue engineering 

application. In order to obtain better thermal stability and 

mechanical properties of PLLA nanofibers, He et al.181 

recently suggested a gamma radiation-induced crosslinking 

method in which trially isocyanurate (TAIC) was 

incorporated into PLLA nanofibers and then crosslinked 

by gamma radiation at different doses. The effective 

crosslinking networks can be formed at the appropriate 

TAIC content and radiation dose. Moreover, the 

crosslinked PLLA nanofibers were demonstrated to be 

noncytotoxic and capable of serving as scaffolds for tissue 

engineering. 

3. Biomimetic nanofibers for drug delivery 

3.1 Drug-loaded nanofibers 

Over the last decade, various kinds of nanofiber-based drug 

delivery systems have been investigated for delivery of a broad 

spectrum of bioactive compounds, including therapeutic drugs, 

proteins,91 growth factors,182 genes183 and even living 

cells.184,185 Electrospun nanofiber has been regarded as the 

most suitable candidate for this purpose, mainly due to its 

unique functionality and broad selection of building materials. 

Depending on the polymer carrier and fabrication method used, 

the eluting profiles of bioactive compounds can be designed as 

rapid, immediate and delayed manner.26,27 Currently, bioactive 

molecules can be formulated within the bulk phase of 

electrospun nanofibers or on their surface by using different 

ways, including post treatment of nanofibers (Fig. 6a), 

immobilization of drug-loaded nanocarriers to nanofibers (Fig. 

6b), co-electrospinning of drug/polymer blends (Fig. 6c), 

coaxial electrospinning and emulsion electrospinning (Fig. 6d). 

Among these, co-electrospinning is the most popular drug-

incorporated method due to its simple process and cheap 

equipment. The early phase of these studies mainly focused on 

the encapsulation of various therapeutic drugs within the 

electrospun nanofibers, with the purpose of developing 

localized drug delivery system for antibacterial and antitumor 

therapy. A variety of antibiotics such as tetracycline 

hydrochloride,186 mefoxin,187 ibuprofen,188 cefazolin,189 

rifampin,190 Itraconazole,191 rapamycin192 and antitumor drugs 
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such as carmustine,193 paclitaxel,190 doxorubicin hydrochloride 

(DOX),194-197 cisplatin,198 5-fluorouracil,199 polyphenol200 and 

camptothecin201 have been incorporated into a broad range of 

electrospun fibers, by fine tuning drug-polymer interactions. 

However, only a few studies182,202-205 have involved the 

incorporation and release of proteins and growth factors from 

electrospun polymer fibers. Although many studies206 have 

demonstrated that the entrapped drugs can maintain their 

structural integrity and physiological activity, these systems 

still retain certain limitations. For example, Kim et al.206 

investigated the release of cefoxitin sodium from electrospun 

poly(lactide-coglycolide) (PLGA) nanofibers. In vitro release 

studies demonstrated that the incorporation of the amphiphilic 

copolymer PEG-b-PLA into polymer matrix decreased the 

initial burst drug release and provided a sustained drug release 

over 1 week. Therefore, the authors proposed that the majority 

of the drug molecules were primarily located at the fiber 

surface owing to their high ionic strength in solution and the 

limited drug-polymer interactions during electrospinning, thus 

resulting in an initial drug burst release. A more severe 

problem for some bioactive molecules such as growth factors is 

their loss of bioactivity upon exposure to harsh solvents. To 

address these problems, several nanoscale carriers including 

mesoporous silica nanoparticles (MSNs),207 halloysite 

nanotubes208 and nano hydroxyapatite (HAp)194 have been 

entrapped into electrospun nanofibers or immobilized on the 

surface of nanofibers for the prolonged delivery of therapeutic 

drugs. In a recent study,207 an anticancer drug (DOX) was 

encapsulated into the MSN carriers and the DOX-loaded MSNs 

were then incorporated in PLLA nanofibers via 

electrospinning. Thus prepared PLLA composite nanofibers 

were used as implantable local drug delivery scaffolds for 

postsurgical cancer treatment and showed higher in vitro 

antitumor efficacy than their MSNs-free counterparts. The 

authors suggested that incorporation of drugs into MSNs can 

provide effective protection of the encapsulated drugs against 

harmful solvents and electric field in the electrospinning 

process. In order to achieve the desired sustained release 

profile and ensure a complete package of bioactive molecules 

within nanofibers, both coaxial and emulsion elctrospinning 

techniques have been developed for the fabrication of core-

sheath nanofibers. In such ways, drugs or bioactive molecules 

can be enclosed within the polymer shell to form a reservoir-

type drug delivery device, within which polymer shell can 

provide a temporal protection for drug molecules and thus 

facilitate a controlled drug release.27,209,210 Huang et al.27 

entrapped resveratrol and gentamycin sulfate in the core of the 

biodegradable PCL nanofibers through co-axial 

electrospinning. The release of the drugs from the core was 

mediated by the biological degradation of PCL by 

Pseudomonas lipase. The release profiles of both drugs 

exhibited a sustained release characteristic without burst 

release phenomenon. He et al.13 compared the release behavior 

of two tetracycline hydrochloride-loaded PLLA nanofibers 

prepared using blend and coaxial electrospinning. The results 

showed that the blend fibers still produced an initial burst 

release, while the threads made of core-sheath fibers provided a 

sustained drug release. Coaxial electrospinning has been 

ranked as the most popular approach to produce core-sheath 

fibers for delivery of sensitive bioactive molecules, with the 

potential beneficial of suppressing burst release and providing 

protection for the incorporated drugs. Different types of 

proteins have been successfully encapsulated into coaxially 

electrospun scaffolds and exhibited efficient bioactivity to 

regulate corresponding cell behaviors, including BSA,210,211 

lysozyme,210 vascular endothelial growth factor (VEGF),212,213 

platelet-derived growth factor-bb (PDGF-bb)214,215 and 

fibroblast growth factor (FGF).216 Emulsion electrospinning is 

a relatively simple technique than coaxial electrospinning.217,218 

However, it requires two immiscible spinning solutions 

simultaneously. Moreover, some procedures involved in the 

preparation of protein emulsions such as mechanical stirring, 

homogenization or ultrasonication, can damage the structure 

and function of protein molecules.219 These disadvantages limit 

its widespread applications.  

Another strategy for biomolecules delivery can be achieved 

by integrating some separate microcarrier systems such as 

microspheres into nanofibrous scaffolds, where an 

interconnected macroporous structure is perfected (Fig. 6b). 

Nanofibrous scaffolds fabricated by TIPS technique commonly 

require freezing gelation and solvent exchanging process, upon 

which biomolecules may lose their bioactivity due to harsh 

environment. Therefore, integrating additional release systems 

into such scaffolds is desirable to impart scaffolds with drug 

delivery. In this sense, various growth factors were first 

incorporated into PLGA microspheres using a double emulsion 

technique,220,221 and the medicated microspheres were 

subsequently attached onto the pore wall surface. The release 

profiles of biomolecules from such scaffolds are predominantly 

determined by the intrinsic properties of microspheres. 

3.2 Release kinetics of drug-loaded nanofibers 

Over the past decade, extensive studies have been conducted to 

examine the effects of different nanofibers-based 

pharmaceutical formulations on their release kinetics, and 

particularly in the arena of the electrospun nanofibers. The 

researchers have identified several factors that can affect the 

drug release from electrospun fibers, which mainly include 

nature of the polymer nanofibers,186,222,223 fiber geometry,224 

properties of drug,223,225-227 initial drug loading222,227 and drug-

matrix interaction.204,228 The release profiles of nanofibers-

based drug delivery systems are highly influenced by the state 

of the drug and the structure of the polymer. Drug release from 

semi-crystalline polymer nanofibers exhibits a rapid burst 

release and a subsequent relatively slower sustained release.186 

The crystalline state of incorporated drug in the fibers is also 

an important factor. For example, high crystalline drugs tend to 

move onto the surface of fibers during electrospinning and 

trigger burst release, while drug in amorphous state can be 

easily encapsulated inside of the fibers and be released in a 

sustained manner.226,229,230 The amount of drug loading can 

also affect the drug release rate, and a higher initial drug 

loading can result in a faster drug release.222,227,229 Moreover, 

the compatibility of drug and polymer solution as well as the 

interaction between drug and the polymer is also important 

factors determining the drug release kinetics in nanofibers-

based drug delivery system.225,228 These results and findings 

obtained from the experimental studies provide important 

insights for designing nanofibers-based drug delivery system. 

However, it is desirable to use mathematical models of drug 

release to predict release kinetics and to better understand the 

mechanisms controlling drug release from these advanced 

delivery systems.2 

In a controlled drug delivery system, drug can be released 

following three main mechanisms: diffusion, chemical reaction 

and solvent activation.231 Most of the current nanofibers-based 

drug delivery systems are classified as diffusion-controlled 

system, which can be divided into matrix-type system and 

reservoir-type system. In a matrix type device, such as 

Page 6 of 30Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal of Materials Chemistry B ARTICLE 

This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. B, 2014, 00, 1-3 | 7 

electrospun polyblend nanofibers, the drug is homogeneously 

distributed into the polymeric matrix. On the other hand, in 

reservoir type device, such as coaxially electrospun nanofibers, 

drug core is surrounded by a polymer shell and thus form a 

core-sheath structure.196 Generally, a matrix device is easy to 

provide diffusion-mediated biphasic drug release consisting of 

a burst release followed by a slow controlled release, while a 

reservoir device allows a constant and prolonged release of the 

included drugs.232 Furthermore, depending on the polymer 

degradation characteristics, each of the two delivery systems 

can be surface erosion type where degradation occurs only at 

the surface or bulk erosion type where degradation takes place 

throughout the whole body of the polymer matrix. So far, a 

number of mathematical models have been used to describe 

drug release profiles from electrospun nanofibrous matrices, 

such as zero order model,233,234 first order model,233,234 Higuchi 

equation,233-235 particle diffusion model,233 Hixon-Crowell 

model234 and power law equation (Korsmeyer-Peppas 

equation).234-236 Among these models, the simple and more 

widely used model is the so-called power law equation (or 

Korsmeyer-Peppas equation) and is as follows: 

Mt / M∞ = K tn 

where Mt is the accumulative amount of drug released at 

time t, M∞ is the initial drug loading, K is a constant 

characteristic of the drug-polymer system, and n is the 

diffusion exponent suggesting the nature of release mechanism. 

As mentioned previously, however, drug release kinetics may 

be affected by many factors such as polymer swelling and 

erosion behavior, the drug dissolution and diffusion 

characteristics, drug distribution in the polymer matrix, 

drug/polymer ratio and system geometry (slab, cylinder and so 

on). None of the existing single model can fully describe the 

whole kinetics of release.2 Consequently, further efforts should 

be addressed to develop advanced mathematical models 

suitable for various nanofibers-based drug delivery systems. 

4. Biomimetic nanofibers for tissue engineering 

Although various nanofibrous matrices have been applied to 

almost all the areas of tissue engineering as both scaffolds and 

carriers for bioactive molecules, this section will focus on a 

sample of recent applications in the areas of bone, vascular and 

neural tissue engineering, which represent the active 

application areas of the above-mentioned three main nanofiber 

fabrication techniques. 

4.1 Bone tissue engineering 

The treatment of bone defect with biomimetic nanofiber 

scaffolds has received significant progress in recent years.11,237 

Natural bone ECM is a type of complex inorganic-organic 

nanocomposite, in which inorganic HAp and organic collagen 

fibers are well organized in a multilevel hierarchical 

architecture.6,238 These ECM components play important roles 

in maintaining bone structure and strength. Thus, polymeric 

nanofibers can be uniquely designed to mimic the components 

and architecture of bone ECM.239  

The osteogenic potential of various single component 

nanofibers has been demonstrated by several in vitro and in 

vivo studies. Electrospun PCL scaffold was first applied as a 

nanofibrous matrix for the bone regeneration, which showed 

good support for the differentiation of rat bone marrow stromal 

cells (BMSCs) and in vitro calcium phosphate mineralization 

and collagen deposition.240 The in vivo osteogenic ability of the 

PCL nanofibrous scaffold was also evaluated by implanting 

mesenchymal stem cells (MSCs)-seeded scaffolds in the 

omenta of rats for 4 weeks. MSCs cultured in such a scaffold 

showed the desired osteogenic differentiation ability and in 

vivo ECM production.241 To improve the cell compatibility of 

nanofibrous scaffolds, a variety of polyblend nanofibers 

consisting of natural and synthetic polymers were developed by 

either blending242,243 or coating125,244 procedures and used as 

scaffolds for the bone regeneration, which showed good initial 

adhesion and growth of the different osteogenic cells. 

Although some success has been achieved, these polymeric 

nanofibrous scaffolds may lack adequate osteoconductive 

ability due to absence of inorganic mineral component. Thus, it 

is of great importance to fabricate a nanofibrous scaffold 

comprising a biodegradable polymer and calcium phosphate 

ceramic for bone regeneration, which not only provides 

enhanced mechanical properties, but also possesses distinct 

bioactivity and osteoconductive properties. The most popular 

approach and easy way to fabricate ceramic/polymer fibrous 

composites is in situ electrospinning of the ceramic and 

polymer mixture solution. This has led to numerous ceramic-

filled polymeric fibrous structures.245-248 However, due to the 

incompatibility between ceramic particles and polymeric 

matrix, this approach usually resulted in uneven distribution of 

ceramic particles within the polymeric matrix and poor loading 

capacity of ceramic component, which thereby causes 

insufficient mechanical strength and poor bioactivity of the 

composite matrix.245,249 One of the most common method to 

create a calcium phosphate coating on the surface of polymer 

nanofibers is immersing them in simulated body fluid (SBF), 

which has ion concentrations similar to that of human blood 

plasma.250,251 This method allows forming bone-like apatite on 

the surface of nanofibers, resembling the natural bone mineral 

phase in composition and structure, and therefore is regarded as 

the most effective method of creating a biomimetic coating on 

scaffolds. This method has been adopted to mineralize different 

types of electrospun nanofibers140,252-254 and phase-separated 

nanofibers,51,57 and some in vitro studies demonstrated that the 

mineralized scaffolds possessed significantly higher bioactivity 

than the non-mineralized scaffolds.253,254 However, this is 

generally a time-consuming process that takes even several 

weeks to form a homogenous mineral coating on 

scaffold,51,140,255 which would probably result in the 

degradation of polymer materials prior to their clinical 

applications. Mineralization time can be shortened by using 

several different methods, including alkaline erosion,139 plasma 

treatment252 and surface functionalization,253,256 wherein the 

mineralization can be accelerated by activating and introducing 

some active functional groups on scaffold surface that are 

responsibility for apatite mineralization, such as carboxyl, 

amino and hydroxyl groups. Recently, He et al.257-259 developed 

an electrodeposition process in which mineralization can be 

rapidly completed on different polymer substrates. Compared 

with SBF incubation, electrodeposition reduced the 

mineralization time from about two weeks to an hour for 

deposition the same amounts of calcium phosphates on the 

PLLA electrospun fibrous matrices (Fig. 7). The mineralization 

rate also varied with the fiber diameter but in opposite 

directions between both mineralization methods. The increase 

of fiber diameter produced a faster mineralization rate for the 

electrodeposition method but a slower mineralization rate for 

the SBF incubation. The electrodeposition process tended to 

form a calcium phosphate layer on the surface of a nanofibrous 

matrix (Fig. 7c and d). Depending on the deposition potential 

and electrolyte temperature, the chemical composition and 

morphology of the calcium phosphate can be custom-made 
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within a mixture of dicalcium phosphate dehydrate (DCPD) 

and HAp. In contrast, the SBF process resulted in core-shell 

mineralized fibers where low-crystallinity HAp crystals were 

deposited around the individual nanofibers (Fig. 7a and b). 

Based on these results, the authors suggested the possible 

deposition mechanisms involved in the two methods. The 

mineralized PLLA fibrous matrices from either method were 

found to similarly promote the proliferation and osteogenic 

differentiation of preosteoblastic MC3T3-E1 cells as compared 

to neat PLLA matrices. Therefore, the electrodeposition 

method can be utilized as a fast and versatile technique to 

fabricate mineralized scaffolds for bone tissue engineering.257 

Moreover, the versatility of electrodeposition method has been 

demonstrated by the rapid deposition of calcium phosphate on 

electrospun and phase-separated PLLA fibrous matrices and 3D 

porous gelatin scaffolds.257-259 

Osteogenic growth factors and related genes have been 

incorporated into nanofiber-based scaffolds for enhanced and 

accelerated bone regeneration. To create an osteoinductive 

environment, bone morphogenetic protein 2 (BMP-2) was 

encapsulated directly into silk fibroin/PEO/HAp electrospun 

nanofibers. The sustained release of BMP resulted in an 

enhanced osteogenic differentiation of mesenchymal stem cell 

and calcium deposition.182 For gene therapy, BMP-2 and 

plasmid DNA was pre-loaded within chitosan particles and 

then encapsulated into the PLGA/HAp electrospun scaffold.260 

The composite scaffold showed higher cell viability and more 

desirable transfection efficiency than other scaffolds in which 

DNA was only adsorbed on the surface of nanofibers. Using an 

additional microsphere delivery system, bone morphogenetic 

protein 7 (BMP-7) and PDGF can be separately incorporated 

into phase-separated nanofibrous scaffolds for stimulating 

osteogenesis and angiogenesis in vivo.261-263 Wei et al.261 

reported that BMP-7-loaded PLGA nanospheres could be 

readily immobilized on the nanofibers of a phase-separated 

nanofibrous scaffold without blocking interpore connections. 

After implantation into rats for 3 weeks, the scaffolds soaked 

with BMP-7 revealed only fibrous tissue formation, whereas 

scaffolds containing BMP-7 nanospheres showed initial bone 

formation. 

4.2 Vascular tissue engineering 

Cardiovascular diseases are still a major cause of mortality and 

morbidity worldwide. The development of tissue-engineered 

vascular grafts, especially those of small diameters (inner 

diameter < 6 mm), is of particular importance for patients who 

lack sufficient autologous vessels for surgery. To engineer 

vascular grafts, nanofiber-based strategies have been employed 

to create vascular grafts with nanoscale structural features. A 

clinically useful vascular graft should have a confluent 

endothelium to prevent thrombosis, a biocompatible component 

with high tensile strength to provide mechanical support, as 

well as an elastic component to provide recoil and prevent 

aneurysm formation.264,265 

Electrospinning has become the most convenience approach 

to fabricate tubular scaffolds by using a rotating collector and 

various natural polymers, synthetic polymers and their 

combination. In this procedure, the fiber composition, size and 

alignment as well as the scaffold geometry can be fine-tuned 

for a more efficient vascular cell attachment and 

spreading.106,266-270 Using a disk collector, Xu et al.35 fabricated 

Poly (L-lactide-co-ε-caprolactone) (PLCL)) nanofibrous 

scaffold with an aligned nanofibers configuration that imitates 

the medial layer of native artery. The aligned nanofibrous 

scaffold was found to have a higher adhesion and proliferation 

rate of smooth muscle cells (SMCs) than controls. 

Cytoskeleton proteins were observed to arrange parallel to the 

alignment direction of the nanofibers, and the SMCs migrated 

along the axis of nanofibers and acquired a contractile 

phenotype. To create more biomimetic microenvironments for 

vascular regeneration, various bi-layered or multilayered 

tubular scaffolds were developed by combining different 

materials and techniques.271-275 To mimic the morphological 

and mechanical properties of a blood vessel, Vaz et al.273 

electrospun a bi-layered tubular scaffold consisting of an 

oriented PLLA outside layer and a randomly oriented PCL 

inner layer. By adjusting the rotation speed of collector, the 

fiber orientation between different layers can be tuned to create 

scaffolds with the desired elasticity. A major limitation for 

electrospun sacffolds is their inherent small pore size that 

restricts cellular infiltration. To address this problem, a 

bilayered vascular graft scaffold were developed by the 

combination of electrospinning and TIPS techniques, where a 

highly porous TIPS inner layer served as tunica media and an 

electrospun outer layer with limited porosity used as tunica 

adventitia.271 This bilayered scaffold exhibited artery-like 

mechanical properties and a rapid and efficient cellularization, 

which is desirable for vascular applications. In another study, 

Ju et al.272 fabricated a bi-layered vascular scaffold using two 

different sizes of PCL/collagen nanofibers, where the inner 

layer contained a small fiber diameter of 0.27 mm for EC 

adhesion, while the outer layer was composed of a large fiber 

diameter of 4.45 mm for SMC infiltration. The scaffolds 

showed an optimal mechanical properties and compliance that 

matched to the native artery. Furthermore, some well-designed 

vascular scaffolds have been examined using in vivo models. 

Wise et al.274 electrospun a bi-layered vascular graft comprised 

a luminal layer of pure synthetic elastin (SE) nanofibers and an 

outer layer of SE/PCL hybrid nanofibers. The incorporation of 

SE into scaffolds showed an enhanced vascular compatibility 

by reducing platelet attachment and increasing 

endothelialization, and a good suturability and mechanical 

durability in a rabbit model. Most recently, a bi-layered 

electrospun scaffold was developed for dual delivery of VEGF 

and PDGF.212 In this system, VEGF and PDGF were separately 

encapsulated into the inner and outer layer of scaffolds by 

using coaxial and emulsion electrospinning, respectively. After 

implanted into rabbit carotid artery in vivo for 4 weeks, the 

vascular graft developed into a cellularized tubular construct 

that the ECs attached on the lumen and SMCs grew on the 

outer surface. The most promising advance in electrospinning 

is the direct fabrication of cell-bearing vascular scaffolds either 

by combining an electrospray technique with 

electrospinning276,277 or by applying cell electrospinning 

technique.184,278 In these studies, various living vascular cells 

were in situ encapsulated into electrospun fibers to form cell-

laden scaffolds under a cell friendly environment. More 

interestingly, Jayasinghe’s group recently reported that living 

vessel-like architectures could be fabricated with different 

vascular cell types at different layers by using custom-made 

cell electrospinning equipment. The encapsulated cells can 

retain their viability and functionality in the fabricated cell-

bearing sheet and 3D vessel-like architecture, and the vessel-

like architecture contains the two cores each having a different 

type of vascular cell (Fig. 8).184,185 As such, the technique 

could enable the rapid generation of living vascular grafts, 

which obviates the need for manual cell seeding and 

subsequent bioreactor incubation, thus reducing the spatial 

non-uniformity of the seeded cells and the time required for 

cell infiltration into the scaffold.184,185,278  
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Phase separation has been used for fabricating nanofiber-

based vascular scaffolds.279-282 With phase separation, it is able 

to generate a scaffold with pre-defined and precisely controlled 

macropore structures, which can enable a more efficient 

scaffold cellularization. Several studies279,281,282 have 

demonstrated that the phase-separated PLLA nanofibrous 

scaffolds could promote the cellular differentiation and 

vascular tissue infiltration. However, PLLA is a rigid polymer 

that is unable to provide intrinsic viscoelasticity for vascular 

graft, which is critical for its long-term patency and overall 

biological performance. Hence, the mechanical properties are 

of a major concern for the development of phase-separated 

vascular grafts. A recent study showed that mechanical 

properties of the PLLA-based nanofibrous vascular grafts could 

be greatly improved by phase separating a polymer blend of 

PLLA and more elastic polymer (such as PLCL). 283 

Self-assembling peptide nanofibers have also been 

considered promising candidates for vascular tissue 

engineering applications. Several self-assembled peptide 

scaffolds, such as RAD16-I and RAD16-II, which contain an 

RGD-like motif, have been shown to provide an angiogenic 

environment promoting survival of ECs and angiogenesis both 

in vitro and in vivo.284-287 A recent in vivo study suggested that 

the pro-angiogenic effect of RAD16-II might result from a 

weak interaction between ECs and RAD peptides, which 

triggers angiogenic responses via the β3 integrin/MAPK/ERK 

pathway.285 Similarly, several self-assembled PA nanofibers 

containing different cell adhesive sequences have been 

demonstrated to enhance the adhesion and spreading of 

vascular cells.68,288 To mimic the cellular and matrix 

organization found in native arteries,  McClendon et al.68 

recently developed a kind of tubular hydrogel scaffold with 

circumferential alignment PA nanofibers, which allows for the 

growth of the 3D encapsulated human SMCs into a living 

vessel-like tissue containing the circumferentially aligned 

SMCs layer. The tubular constructs were fabricated in a custom 

built flow chamber by sequentially shearing the PA solution 

with suspended SMCs then gelling through exposure to Ca2+ 

ions (Fig. 9a-d). The SEM image indicated that PA nanofibers 

were well-aligned on the inner surface of the fabricated tube 

(Fig. 9e). The calcein staining of viable cells revealed that the 

encapsulated SMCs had good cell viability in tubular construct 

after 7 days of culture (Fig. 9f). Furthermore, the cross-

sectional fluorescence image of F-actin staining showed that 

almost all cells were aligned in the circumferential direction 

after 4 days of culture, which resembles histological cross 

sections of native arterial medial layers (Fig. 9g). Therefore, 

this technique may be suited for developing the highly 

organized tissue engineered blood vessels. Additionally, the 

self-assembled peptide hydrogels could be chemically modified 

to improve their mechanical properties and enhance the 

proliferation and phenotypic expression of endothelial cells.289 

Taken together, molecular self-assembly approach opens a new 

avenue for efficient vascular regeneration and repair. However, 

the complexity of the self-assembly process, plus the current 

low productivity limits its practical applications. 

4.3 Neural tissue engineering 

The regeneration of injured nervous tissues poses a tremendous 

challenge, especially in the central nervous system (CNS) 

where neural regeneration is even more complex due to the 

non-permissive regenerative environment created after injury 

in the CNS.290 Tissue engineering approach has become an 

effective strategy to repair neural defects, which is focused on 

the development of artificial nerve guidance conduits (NGCs) 

to overcome the limitations of conventional autologous and 

allogeneic nerve grafts.291 An ideal nerve conduit requires a 

biocompatible, biodegradable, neuroconductive, neuroinductive 

and mechanically robust 3D porous scaffold, which can be 

custom engineered to provide the essential biochemical, 

mechanical, electrical and topographical signals for regulating 

cell behavior and tissue progression. Nanofibers are intriguing 

materials for this application due to their structural similarity to 

the native neural ECM and ability to direct neurite 

outgrowth.292 

The feasibility of using electrospun nanofibers for neural 

regeneration has been demonstrated both in vitro and in vivo 

assays. In these applications, nanofibers could be not only 

fabricated from a multitude of synthetic, natural and combined 

materials, but also assembled into a variety of scaffolds or 

conduits with hierarchical structure by manipulating fiber 

morphology, alignment, stacking and folding.291 Scaffold 

properties including material composition, fiber diameters and 

scaffold porosity have been demonstrated to greatly affect cell 

behavior and function.141,293,294 More interestingly, the aligned 

nanofibers have been shown to provide topographical cues and 

contact guidance for different types of neural cells, and thus 

promote cell migration and axonal extension in the designated 

direction.294-299 The aligned PLLA nanofibrous scaffolds have 

been found to be better suited for the growth of C17.2 neural 

stem cells (NSCs) than non-aligned nanofibrous scaffolds. On 

the aligned nanofibrous scaffolds, the NSCs were able to sense 

the anisotropic topography of the underlying scaffold by 

elongating and neurite outgrowth along the fiber orientation.298 

Similarly, the aligned PCL nanofibers have also been 

demonstrated to provide contact guidance for human Schwann 

cells, resulting in that cell cytoskeleton and nuclei aligned and 

elongated along the fiber axes. Furthermore, the up-regulation 

of the myelin-specific gene expression only on aligned 

electrospun fibers suggested that aligned fibers may promote 

Schwann-cell maturation, which is beneficial for peripheral 

nerve regeneration.297 By manipulating electrospun scaffolds 

with varying orders, structures and surface properties, a recent 

study has shown that neurite outgrowth can be pronouncedly 

affected by fiber alignment, architecture and density in the 

scaffolds (Fig. 10). When embryonic chick dorsal root ganglia 

(DRG) were cultured on single-layered scaffolds that only 

contained either randomly oriented or aligned nanofibers (Fig. 

10a and c), the neurites were uniformly distributed on scaffolds 

with random fibers and grew preferentially along the fibers on 

scaffolds with aligned fibers (Fig. 10b and d). When DRG were 

cultured at the border between regions of aligned and random 

nanofibers (Fig. 10e), the same DRG simultaneously expressed 

aligned and random neurite fields to recognize the 

topographical cues from the underlying nanofibers (Fig. 10f). 

However, when DRG were seeded on a bilayered scaffold 

comprising two layers of perpendicularly aligned nanofibers, 

the extension of neuritis was regulated in a density dependent 

manner by the fiber orientation in both layers rather than the 

surface layer only. At low fiber density (Fig. 10g), some of the 

neuritis grew initially along the direction of fiber alignment in 

one layer, but they then extended parallel to the long axis of the 

fibers in the other layer (Fig. 10h).300 Furthermore, a more 

recent study by the same group reported that the direction of 

DRG neurite growth on uniaxially aligned electrospun 

nanofibers could be either parallel or perpendicular to the 

direction of fiber alignment. The direction is determined by 

various parameters including fiber density, surface chemistry 

of the fibers and surface property of the supporting substrate.301 

Some in vivo studies302,303 have also suggested that the 
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scaffolds consisting of aligned nanofibers could enhance nerve 

regeneration and functional recovery through contact guidance. 

The efficiency of nerve regeneration could be further improved 

by incorporating of bioactive molecules such as ECM 

proteins304 and growth factors299,305,306 into electrospun 

nanofibers. Additionally, several electroconducting polymers 

such as polypyrrole (PPy) and polyaniline (PANI) have been 

introduced into electrospun nanofibers to provide electrical 

signals for directing the neurites and axonal growth in vitro.307-

311 PPy-coated PLGA electrospun scaffolds have been found to 

promote the growth and differentiation of rat 

pheochromocytoma 12 (PC12) cells and hippocampal neurons 

than uncoated scaffolds. After electrical stimulated at a 

potential of 10 mV/cm, PC12 cells cultured on PPy-PLGA 

scaffolds have been shown to exhibit 40-50% longer neurites 

and 40-90% more neurite formation compared to unstimulated 

cells on the same scaffolds. Further study have demonstrated 

that electrical stimulation of the cells on aligned electrically 

active fibers resulted in longer neurites and more neurite-

bearing cells than stimulation on randomly oriented conductive 

fibers.311 In another separate study,308 conductive PLLA-PPy or 

PCL-PPy core-sheath nanofibers were fabricated by a 

combination of electrospinning and in situ aqueous 

polymerization. Two types of aligned conductive nanofibers 

have shown to be more effective in promoting neurite 

outgrowth in terms of the length of extended neurites. 

Consequently, the optimal nerve regeneration and functional 

recovery would be expected by simultaneously integrating 

electrical stimulation, topographic cues and biochemical 

signals into a nanofibrous scaffold. 

Self-assembling peptide based materials have also been 

extensively used in nerve regeneration due to their inherent 

biocompatibility, the ability to display natural signaling 

epitopes at controlled densities, and ease of incorporation of 

cells and growth factors into a nanofibrous gel.72 By 

incorporating different bioactive peptide sequences, the self-

assembled PAs can be customized to suit specific needs in 

nerve regeneration.312 For instance, self-assembled PAs 

containing a laminin-derived epitope Ile-Lys-Val-Ala-Val 

(IKVAV) were demonstrated to enhance cell adhesion, 

proliferation, spreading, migration and neurite outgrowth,70,313 

and selectively promote development of neural progenitor cells 

into neurons while reduce astrocyte formation and hence 

minimizing the risk of glial scars.71 Furthermore, the use of 

IKVAV PA nanofibers in a mouse model of spinal cord injury 

(SCI) have shown to reduce astrogliosis and cell apoptosis at 

the injury site and promote the regeneration of motor and 

sensory axons.63 Integration of RGD motifs into self-assembled 

nanofibers is another popular method that facilitates neural cell 

growth and tissue regeneration.314 Additionally, RAD16 self-

assembling peptide scaffolds are also considered as promising 

material for application in both peripheral and central nerve 

regeneration.75,81,315-317 By culturing different types of neuronal 

cells on the RAD16 self-assembling peptide scaffolds, Holmes 

et al.75 demonstrated that these peptide scaffolds could support 

neuronal cell attachment and differentiation as well as 

extensive neurite outgrowth. Furthermore, these scaffolds 

could also promote the formation of functional synapses in rat 

hippocampal neurons. The possibility of using RAD16 peptide 

scaffolds for treatment of spinal cord injury was also 

demonstrated in a rat model of spinal cord injury.317 The neural 

progenitor cells and Schwann cells were cultured within the 

nanofibous gels, and then transplanted into the transected 

dorsal column of spinal cord of rats. After 6 weeks of 

transplantation, the implants integrated well with the host 

tissue via host cells migration, blood vessel formation and 

axons outgrowth within the scaffolds. Therefore, RAD16 

peptide scaffold would be a potential material to bridge the 

injured axons cross the lesion site after spinal cord injury. 

5. Conclusion and future prospects 

Over the past decade, biomimetic nanofibers have emerged as 

powerful tools for constructing ECM-mimicking scaffolds to 

promote tissue regeneration. The nanofibrous scaffolds have 

proved to be particularly advantageous for cell adhesion and 

tissue repair due to their unique nanoscale characteristics. 

Recent advances in nanofiber fabrication techniques have 

allowed for the development of nanofibrous scaffolds with 

controllable compositions, structures and surface chemistries. 

Such nanofibrous scaffolds can also be used as platforms for 

the delivery of bioactive and therapeutic agents, thus 

providing beneficial signaling microenvironment to regulate 

cell growth and tissue regeneration. Relying on different 

fabrication techniques used, various bioactive compounds can 

be incorporated within nanofibrous scaffolds by physical 

adsorption, in situ incorporation and covalent immobilization, 

potentially creating a more biomimetic environment for tissue 

regeneration. Moreover, the nanofibrous features can be 

integrated into complex 3-D geometrical scaffolds by 

combining with other new-emerging technologies like 

additive manufacturing,318 which offers opportunities for fine-

tuning the scaffold architecture and pore distribution, whilst 

preserving nanoscale dimensions.  

Despite heady progress, several technique hurdles remain 

to be addressed for moving these promising techniques from 

bench top to bed side. While a major hurdle encountered in 

current electrospinning technique is the limited ability to 

control architectural properties such as pore size and porosity 

of the scaffolds, which probably leads to poor cell infiltration 

and the failure in tissue engineering, the limitations of 

molecular self-assembly and phase separation techniques are 

the low productivity, relatively narrow range of work 

materials and high costs. Additionally, current knowledge on 

the role of the material composition, fiber arrangement, 

structural geometry, surface properties and release profiles of 

various nanofibrous scaffolds in the modulation of cellular 

responses and tissue morphogenesis is still incomplete. A 

thorough understanding of cell-nanofibrous matrix 

interactions would yield better design of biomimetic 

nanofibrous scaffold for tissue engineering applications. 

Improvement of existing techniques and combination of novel 

techniques in the nanofiber fabrication area would greatly 

accelerate the progress in the burgeoning field of tissue 

engineering. 
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Figure Captions 

Fig. 1. Schematic of the ECM. The major ECM components such as collagen and elastin exist in the form of 

interwoven nanofibers, which provides a fibrillar matrix network to support cells and direct their behavior. Cells 

interact with their ECM microenvironments by receptor-mediated interactions, the sequestration of growth factors by 

the ECM, spatial cues and mechanical force transduction, to trigger various intracellular signaling pathways that 

regulate various essential cell behaviors and cell fate determination. 

Fig. 2. Schematic of different electrospinning apparatus and the fabricated electrospun nanofibers. (a) Typical 

electrospinning apparatus. (b) Multiple spinneret electrospinning setup. (c) Coaxial electrospinning setup used to 

fabricate core-sheath nanofibers. (d) SEM image of the electrospun PLLA nanofibers. Reproduced with permission 

from ref. 258. (e) Fluorescent image of the dual-polymer composite fibrous scaffold, which fabricated by using a dual 

spinneret electrospinning apparatus. Red and green represents the Cell Tracker Red-stained PCL and the 

fluorescein-stained PEO electrospun fibers respectively. Reproduced with permission from ref. 21. (f) TEM image of 

the resultant core-sheath nanofibers with tetracycline hydrochloride in the core and PLLA in the sheath. Reproduced 

with permission from ref. 13.  

Fig. 3. Schematic illustration of different collectors for aligned and patterned nanofibers fabrication. (a) Rotating 

cylinder collector. (b) Rotating wheel collector. (c) Rotating wire drum collector. (d) The collector contained two 

pieces of conductive silicon stripes separated by a gap. Reproduced with permission from ref. 37. (e) Dark-field 

optical micrograph of PVP nanofibers collected on top of a gap formed between two silicon stripes. Reproduced with 

permission from ref. 37. (f) Cylindrical collector with equally spaced circular protrusions (es, electrospinning process; 

pc, patterned collector). Reproduced with permission from ref. 41. (g) SEM image of the patterned electrospun 

nanofibers using cylindrical collector with equally spaced circular protrusions. Reproduced with permission from ref. 

41.  

Fig. 4. Schematic diagram of the phase separation process that generally includes gelation and solvent exchanging 

procedures.  

Fig. 5. Schematic illustration of the molecular self-assembly process using PA or ionic self-complementary peptides 

as building blocks. (a) The molecular structure of a typical PA molecule, which consists of a bioactive head, 

hydrophilic peptide sequence and a hydrophobic aliphatic tail. (b) Formation of micelle at the initial phase of the 

self-assembly process. (c) A cylindrical micelle formed by self-assembly of PA molecules. (d) SEM image of the PA 

nanofibers by self-assembly. Reproduced with permission from ref. 71. (e) β-Sheet forming short peptides with 
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alternating ionic complementary properties: peptide sequences of 4 β-sheet 16-mer peptides, including the 

commercially available RADA16-I (PuraMatrix™). Structure and assembly of RADA16-1 peptide into fibers and 

nanofibrous scaffolds (electron microscopy image of RADA16-I is shown). Reproduced with permission from ref. 

76. 

Fig. 6. Schematic illustration of different methods of preparing drug-loaded nanofibers. (a) Post treatment of 

nanofibers. (b) Immobilization or incorporation of drug-loaded nanocarriers to nanofibers. (c) Co-electrospinning of 

drug/polymer blends. (d) Coaxial (or emulsion) electrospinning. 

Fig. 7. SEM images of mineralized PLLA nanofibrous matrices by SBF incubation and electrodeposition, 

respectively. (a) Mineralized in 1.5x SBF for 12 days. Reproduced with permission from ref. 257. (b) Mineralized in 

1.5x SBF for 30 days. Reproduced with permission from ref. 257. (c) Electrodeposition at 60 °C and 3V for 30 min. 

Reproduced with permission from ref. 258. (d) Electrodeposition at 60 °C and 3V for 60 min. Reproduced with 

permission from ref. 258. 

Fig. 8. The living electrospun nanofibers and vessel-like architecture fabricated by cell electrospinning. (a) 

Nanofibers encapsulated green fluorescent protein (GFP) expressing mouse neuroblastoma N2A cells. Adapted with 

permission from ref. 185. (b) Fluorescent image of a living vessel-like architecture which generated by using custom 

made cell electrospinning equipment. (c) Optical micrograph of the cross-section of the vessel-like architecture. (d) 

Fluorescent image of the inner layer which accommodated endothelial cells. The cells were labelled with 

dsTomato-expressing lenti-vectors at multiplicity of infection (MOI) 4. (e) Fluorescent image of the outer layer which 

contained a mixed population of fibroblasts and smooth mussel cells. Cells were labelled with eGFP-containing 

fusion construct expressing lenti-vectors at MOI 25. (f) The superimposed fluorescent image of the fabricated 

vessel-like architecture. Adapted from ref. 184 with permission from The Royal Society of Chemistry. 

Fig. 9. Fabrication and evaluation of the circumferentially aligned PA tubular gel. (a) The custom made shear 

chamber contains a glass tube equipped with three O-ring grooves and a stainless steel rod. The glass tube was fixed 

to a modified 50 mL Falcon tube cap. (b) PA solution loaded in shear chamber. For better visual effect, pyrenebutyric 

acid was mixed into PA solution, and the photo was taken under UV light. (c) Fabrication procedure showing the 

inner rod's combined rotation and retraction movement allowing the Ca2+ solution to flow into the lumen of the tube. 

(d) Macroscopic photo of the fabricated PA tube retaining its tubular shape. (e) SEM image of the aligned PA 

nanofibers on the inner surface of PA tube. (f) SMCs within aligned PA tube visualized by live fluorescence stain 

after 7 days in culture. (g) Cellular alignment viewed from cross-section of PA tubes after 4 days of culture stained 

with Alexa Fluor® 568 phalloidin. Adapted with permission from ref. 68. 
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Fig. 10. The influence of fiber alignment and architecture of the nanofibrous scaffolds on the neurite outgrowth. SEM 

images of: (a) randomly oriented PCL nanofibers, (c) uniaxially aligned PCL nanofibers, (e) disorder-to-aligned 

nanofibrous mat, (g) double-layered nanofibrous scaffold with low fiber density. Fluorescence micrographs showing 

the typical morphology of dorsal root ganglia cultured on: (b) random nanofibers, (d) aligned nanofibers, (f) a border 

between random and aligned nanofibers, (h) a mat of perpendicular nanofibers. All the nanofibers were coated with 

laminin. Adapted with permission from ref. 299. 
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Fig. 1 

  

Page 20 of 30Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 5

 

 

 

Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Graphical abstract 
 

    

    

Biomimetic nanofibrous matrices were fabricated by electrospinning, phase separation and molecular 

self-assembly for drug delivery and tissue engineering applications. 
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